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Abstract

Boronization is a widely employed technique for oxygen gettering and impurity suppression. It
is expected to be an initial routine wall conditioning method for tungsten (W) plasma-facing
components (PFCs) in ITER. To assess boron (B) performance under metal wall conditions,
experimental campaigns with boronization were conducted in the Experimental Advanced
Superconducting Tokamak. A quartz crystal microbalance installed at the mid-plane of port C
(C-QMB), positioned 0.5 m behind the limiter, enabled in-sifu monitoring of material erosion
and deposition in magnetic shadowed areas during the wall conditioning processes and
subsequent plasma discharges. Material erosion was detected in the majority (>50%) of
discharges, regardless of whether they were normal plasma operations or terminated by
disruptions. Transitions from erosion to deposition during normal discharges at the C-QMB
have been shown to provide critical insights for estimating the lifetime of B-based coatings on
nearby PFCs. Erosion rates were also found to be significantly influenced by the heating
configuration. Electron cyclotron resonance heating (ECRH) discharges induced erosion rates
1.95 times higher than those in combined lower hybrid wave and ECRH discharges. Following a
single boronization using 10 g of carborane, the B-based coating on C-QMB exhibited a
lifetime of ~10* s under plasma exposure. Post-mortem analyses revealed that about 30 nm of a
boron-carbon film remained on the C-QMB, demonstrating strong oxygen gettering capability
and minor iron and copper contamination. This residual film exhibited a deuterium retention at a
level of 2.12 x 10?° m~2, more than eight times higher than that of pure W, highlighting the
pronounced trapping capacity of B-containing films in low-flux regions. These results provide
valuable insights into the application of boron in next-step devices such as ITER.
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Abbreviations

PFC Plasma-Facing Component

QMB Quartz crystal microbalance

MSA Magnetic Shadowed Area

ECRH Electron Cyclotron Resonance Heating
LHW Lower Hybrid Wave

ELM Edge Localized Mode

FwW First Wall

TZM Titanium—Zirconium—Molybdenum
ICRF Ion Cyclotron Range of Frequency
GD Glow Discharge

ICRH Ion Cyclotron Resonance Heating
NBI Neutral Beam Injection

SEM Scanning Electron Microscopy
EDS Energy Dispersive Spectroscopy
XPS X-ray Photoelectron Spectroscopy
FIB Focused Ion Beam

TDS Thermal Desorption Spectroscopy
UFO Unidentified flying object

vUv Vacuum Ultraviolet

AXUV Absolute eXtreme UltraViolet

LFS Low-Field-Side

EUV Extreme Ultraviolet

LSN Lower Single Null

LENPA Low Energy Neutral Particle Analyzer
XCS X-ray Crystal Spectroscopy

NRA Nuclear Reaction Analysis

1. Introduction

Transport of impurities into core plasma during plasma-wall
interactions can result in increased power radiation losses
and degradation of plasma performance in fusion devices [1].
Finding an effective way to inhibit impurities from migrating
into plasma has become a crucial task. Boronization [2] has
proven effective in reducing particle recycling and preventing
oxygen and other impurities from entering the plasma. It has
been widely used in machines with carbon (C) [3, 4], molyb-
denum (Mo) [5-7], and tungsten (W) [8, 9] PFCs. Moreover,
boronization will also become a routine initial wall condi-
tioning method for the success of the ITER project, which
will have a full W wall configuration according to the new
baseline [10]. A comprehensive understanding of the erosion
and deposition evolution of boron (B) is essential to evaluate
the application of boronization in fusion devices. Significant
efforts have been made to study boron erosion and depos-
ition in fusion devices, such as ASDEX Upgrade [11, 12],
REX [13-15], Globus-M [16], and TEXTOR [17], typically
based on post-mortem material analysis after experimental
campaigns. The study in ASDEX Upgrade has revealed that
boron films were deposited mainly in the main chamber, from
which they were eroded and redeposited in the divertor regions

[11]. Boron has also been found in the MSA of the divertor
in Globus-M [16] and in gaps of the main toroidal limiter in
TEXTOR [17], with a significant amount of deuterium (D).
Fuel retention in boron co-deposits in the MSAs is a major
concern for burning plasma operations, as it can cause safety
and fuel cycle issues [18, 19]. Therefore, real-time studies
of boron film erosion and deposition behavior in MSA play
an important role in understanding the hydrogen (H) isotope
retention. The QMB diagnostic system, which is based on
the piezoelectric effect, enables in-situ and real-time measure-
ments of material erosion and deposition with a high mass res-
olution of ng x cm™2. Its results have shown good agreement
with post-mortem ion beam analysis [20], making QMB a reli-
able tool for studying plasma-wall interactions. QMBs have
been widely used in Alcator C-Mod [21], NSTX [22], JET
[23], and Experimental Advanced Superconducting Tokamak
(EAST) [24]. In NSTX, QMBs located in MSAs at the outer
divertor and vessel wall, exhibited a complex temporal pattern
of mass gain and loss [22]. Studies in JET demonstrated that
ELMs enhanced erosion of carbon-deuterium co-deposits in a
nonlinear manner, prompting accelerated material dislocation
towards shadowed areas [23].

EAST is a fully superconducting tokamak equipped with
tungsten upper and lower divertor. Since 2021 the plasma-
facing FW is made from TZM alloy containing 99 wt.%
of Mo. The boronization technique, employing carborane
(C,B1pH}2) as a boron source and assisted by ICRF plasma has
been developed [25, 26]. During the 2021 EAST campaign,
material deposition and erosion rates during wall conditioning
processes [27] and plasma discharges [28] were successfully
measured by QMBs. The results revealed that during lithium
(Li) coating, material deposition was strongly influenced by
the location of the Li oven [27]. In normal plasma discharges,
net erosion was found to be predominant, whereas in disrupt-
ive discharges, the proportion of net erosion cases decreased
significantly [28].

During the EAST 2024 spring experimental campaign, a
QMB system located at the mid-plane of port C 0.5 m away
from the FW has been developed. A 50 nm W coating was
adopted on the QMB sensors to study the boron evolution
behavior in EAST with metal wall environment. This paper
reports on the evolution of B-based material erosion and
deposition in MSA during the 2024 spring campaign (from 20
February 2024 to 4 May 2024) in EAST. Section 2 introduces
the boronization process in EAST tokamak, plasma expos-
ure conditions, the QMB diagnostic, and post-mortem ana-
lysis methods. Section 3.1 discusses the evolution of B-based
material erosion and deposition during plasma operation,
while section 3.2 investigates the distinct erosion—deposition
transitions observed during normal plasma operation. The
influence of different heating configurations on the erosion of
B-based films is examined in section 3.3. Section 3.4 presents



Nucl. Fusion 65 (2025) 096024

Y. Liu et al

the results of post-mortem analyses. The main conclusions and
outlook are summarized in section 4.

2. Experimental setup

2.1. Boronization

Nine boronizations were carried out during the 2024 spring
campaign. These boronizations are designated as B1 to B9
correspondingly. Boronizations B1 to B7 employed D, ICRF
plasma, while B8 and B9 utilized D, GD plasma. For ICRF-
assisted boronizations, a toroidal magnetic field of 0.5 T and
a working pressure of 0.05 Pa were applied. As shown in
figure 1, two ICRF antennas were used: one located between
ports A and B (A-B), and the other between ports I and J (I-]).
During B1, both antennas were operated at a power of 55 kW,
while for B2 to B7, the A-B antenna was set to 30 kW, and the
I-J antenna power varied between 20 kW (B2-B6) and 15 kW
(B7). In contrast, GD-assisted boronizations were performed
without a magnetic field and at a higher working pressure of
0.5 Pa. In B8 three anodes were employed, located at ports P
and A (P-A), F and G (F-G), and J and K (J-K), while B9 used
two anodes at ports P-A and F-G (figure 1). In both cases, each
anode operated at an average power of approximately 400 W
(2 A,200 V).

The boronization process was conducted with the FW
maintained at approximately room temperature. Each boron-
ization began with a 0.5-3 h pre-cleaning using ICRF or GD
plasma to remove surface impurities. The F oven, loaded with
5 g of carborane, was inserted at a major radius of 1.9 m and
heated to 80 °C-100 °C, enabling carborane volatilization.
The volatilized carborane was then ionized in the plasma, ini-
tiating the coating. After complete evaporation, the F oven was
retracted, and the O oven (also containing 5 g of carborane),
was inserted to perform an identical process. Following the
coating, a 0.5-2 h post-cleaning using ICRF or GD plasma
was performed to reduce hydrogen retention in the depos-
ited B-rich layer. It should be noted that ICRF cleaning was
routinely performed overnight following daytime plasma dis-
charges, regardless of whether boronization took place.

2.2. Plasma exposure

EAST is equipped with several different auxiliary heating sys-
tems, including 10 MW of LHW (4 MW at 2.45 GHz of LHW 1
and 6 MW at 4.6 GHz of LHW2), 3 MW of ECRH, 12 MW
of ICRH, and 4 MW of NBI in both co- and counter-current
configurations [29]. The locations of auxiliary heating systems
are shown in figure 1.

The 2024 spring campaign, conducted from 20 February
to 4 May, lasted 74 d. After the first boronization, a total
of 3865 plasma discharges were carried out, including 2505
normal and 1360 disruptive shots, with a total plasma dura-
tion of 40 497.49 s. Test discharges conducted every morn-
ing without plasma initiation were excluded from the statist-
ics. The plasma initiation was primarily achieved through EC
pre-ionization, with subsequent heating typically provided by
either pure ECRH or a combined approach utilizing both LHW

and ECRH. To investigate the effects of heating configurations
on B-based material erosion, plasma operations conducted on
the first day after each boronization were selected. Among nor-
mal discharges on these days, approximately 34% employed
pure ECRH, while 38% utilized a combination of LHW?2 and
ECRH. The ECRH power ranged from 0.6 to 3 MW, whereas
LHW?2 power ranged from 0.5 to 2.2 MW. The line-averaged
electron density (n.) was ranging from 1 to 6 x 10'° m—3. The
plasma current (/) ranged from 250 to 500 kA.

2.3. QMB system

A QMB system was installed at the mid-plane of port C (C-
QMB) at the major radius of 2.85 m (0.5 m behind the limiter),
as shown in figure 1. The system comprises two sensors (work-
ing and reference), dual oscillators, a water-cooling system, a
vacuum feedthrough, and a controller [24, 27]. The working
sensor, oriented directly toward the plasma, detects changes
in resonant frequency due to material erosion or deposition.
In contrast, the reference sensor is shielded by a Mo baffle
to protect it from plasma exposure. This dual-sensor con-
figuration effectively minimizes the interference from envir-
onmental factors, such as temperature and radiation. Both
sensors were equipped with full-pad gold (Au) electrodes with
a diameter of 14 mm and a thickness of 300 nm for electrical
conductivity. A ~20 nm chromium (Cr) film was employed as
a cohesion layer between the quartz substrate and Au elec-
trode. During the 2024 spring campaign, the sensors were
coated with a 50 nm W film of 8 mm diameter, consistent with
the FW material proposed for ITER.

The QMB system was used to monitor mass changes dur-
ing boronization, cleaning processes and plasma discharges in
the EAST campaign. Mass change was derived from the dif-
ferential frequency shift between the two crystals, following
a linear relationship as described by the Sauerbrey equation
[30]. Data collection was temporarily interrupted from 15—
26 March 2024, due to an oscillator failure, with normal data
acquisition resuming after its replacement on 26 March 2024.
Beyond this period, the QMB data showed no abnormal drift
or interruptions.

2.4. Samples characterization

Before and after the campaign, the SEM measurement was
carried out to check the morphology of the QMB sensor
surface on a field-emission SU8020 Hitachi SEM coupled
with (OXFORD X-Max™). Following the campaign, XPS res-
ult was obtained to analyze the elementary composition and
assess the impurity levels by a Thermo ESCALAB250Xi spec-
trometer with an excitation source of monochromatized Al Ka
(hv = 1486.6 eV) and a pass energy of 30 eV. Cross-sectional
imaging of the sensor was performed using a Helios G4 UX
focused Ga™ ion beam-scanning electron microscope (FIB-
SEM). Besides, TDS was used to quantify the deuterium reten-
tion behavior of the QMB sensor. During the TDS measure-
ment, the QMB sensor was heated in a quartz tube under a typ-
ical vacuum background pressure of about 1 x 107> Pa, from

room temperature to 1000 °C at a ramping rate of 10 °C min~".
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Figure 1. Toroidal locations of the ovens, ICRF antennas, GDC electrodes, the gas inlet, auxiliary heating systems, and C-QMB.

The released D, and HD signals were detected using a quad-
rupole mass spectrometer, and the total amount of D released
was calculated by adding twice the amount of D, to the amount
of HD signals.

3. Results and discussion

3.1. Material erosion and deposition evolution during plasma
discharges

Figure 2(a) shows the temporal evolution of the accumulated
frequency and corresponding mass change recorded by the C-
QMB for plasma discharges following the first boronization of
the 2024 spring campaign. These discharges are categorized
into three types: normal, disruptive, and total. The timing of
nine boronization events (B1-B9) is marked by green dashed
lines. Due to an oscillator malfunction, C-QMB measurements
were unavailable for several days around B2 and the results are
therefore not shown. During the most normal discharges, the
accumulated frequency exhibited a continuous increase, indic-
ating net erosion of the B-based layer. However, intermittent
transitions to deposition were occasionally observed, likely
due to the complete erosion of the local B-based coating. This
will be discussed in more detail in section 3.2. Disruptive dis-
charges also showed a general trend of net erosion. However,
a distinct deposition event was observed between B2 and B3,
corresponding to several disruptive shots with large mass accu-
mulation. This anomaly likely resulted from unstable plasma
conditions during recovery shots following the LHW limiter
water leakage, which may have influenced impurity transport
and deposition behavior. Since the ‘all shots’ category encom-
passed both normal and disruptive discharges, its accumula-
tion curve reflects a composite of both behaviors.

To further illustrate erosion and deposition across indi-
vidual discharges, figure 2(b) presents a histogram of mass
changes for each discharge. Among normal discharges, 69%

exhibited net erosion and 31% net deposition, with 72% of
the discharges showing mass changes below 6.2 ng cm™2,
A comparable outcome was noted for disruptive discharges:
61% demonstrated net erosion, while 39% exhibited depos-
ition, with 83% remaining below 6.2 ng cm~2. This beha-
vior contrasts with previous studies on aluminum (Al) sub-
strates, where disruptive discharges more frequently resulted
in net deposition [28, 31]. This discrepancy may be attributed
to differences in the reflection coefficients of the D or B atoms
on different substrate materials (Al and W). Specifically, the
reflection coefficient of a light projectile particle increases
with the atomic number of the target [32, 33]. As such, the
reflection rate for D or B on W is higher than on Al. The elev-
ated reflection coefficient on W results in a greater proportion
of incident atoms being reflected back into the plasma rather
than being incorporated into the deposited film, thereby pro-
moting net erosion. However, it should be noted that when
the B film is thin, energetic particles can partially penetrate
and interact with the W substrate, causing enhanced reflection
and reduced deposition. As the B layer thickens, the influence
of the underlying substrate diminishes, and the surface beha-
vior is dominated by the properties of the B film itself rather
than the substrate material. This is consistent with our obser-
vations, as erosion during disruptive discharges decreased in
the later phase of the campaign. Uncontrolled disruptions pose
a serious threat to PFCs, as excessive high particle and heat
fluxes can strike the wall and cause significant damage [34].
Material migration under such conditions is a highly com-
plex process involving dynamic interactions between transient
loads and surface materials. It is evident that further invest-
igation is required to elucidate the interplay behavior and to
develop effective mitigation strategies [35, 36].

Table 1 summarizes the overall exposure results for the
C-QMB. The total net erosion over the campaign was
6.45 pg cm~2 (524.77 Hz), with 5.30 ug cm~2 (431.29 Hz)
from normal discharges and 1.15 pug cm~2 (93.48 Hz) from
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Figure 2. (a) Temporal evolution of accumulated frequency and mass change for the C-QMB during normal, disruptive plasma discharges
following the first boronization in the 2024 spring experimental campaign. (The green dashed line indicates the boronization during the
campaign.), (b) the erosion and deposition distribution for C-QMB. (The insert shows a magnified view of specific regions of the histogram,

utilizing the same x and y-axes as the main figure).

Table 1. General exposure results of erosion and deposition of C-QMB in EAST. (Exposure time excludes plasma discharges during

oscillator malfunction periods).

Average erosion

Discharge ~ Shot number ~ Exposure time  Net erosion (ug cm™2) rate (ng cm™ 2 s71)
Total 3346 34791.7 6.45 0.19
Normal 2147 28 184.3 5.30 0.19
Disruptive 1199 6607.4 1.15 0.17

disruptive discharges. Due to the non-defined flat-top dura-
tion in many disruptive shots, total shot length rather than flat-
top duration was used to calculate erosion rates. The average
erosion rate was estimated at 0.19 ng cm~2 s~! for normal
discharges and 0.17 ng cm~2 s~! for disruptive discharges,
yielding an overall campaign average of 0.19 ng cm=2 s~
The amount of B-based material deposited during the
boronization process varies depending on factors such as
plasma parameters [37]. Four representative boronization
events with consistent key parameters, including 10 g of car-
borane injected (5 g through each of ports F and O) under
radiofrequency power of 20 kW from the I-J ICRF antenna
and 30 kW from the A-B antenna, were selected. Under these
conditions, the measured B-based loading on the C-QMB
ranged from 1.29 to 2.52 ug cm~2, with an average value
of 1.79 ug cm™2 and a standard deviation of 0.54 ug cm™2.
These variations are likely attributed to differences in oven
temperature, FW temperature, and boronization duration (ran-
ging between 2 and 3 h), all of which influence the amount
of boron deposited [38]. Based on the average initial depos-
ition and the average total erosion rate (excluding wall clean-
ing effects such as GD or ICRF cleaning), the estimated coat-
ing lifetime on the C-QMB was 9421 s, about five times longer
than that on the FW (~2000 s, equivalent to ~150 discharges
of 15 s each, 3—4 d of regular operation) [39]. Considering
the observed variation in B-based loading, the coating lifetime

may range from 6789 s to 13 263 s, reflecting the minimum and
maximum deposition values measured. The extended lifetime
of B-based coatings in shadowed regions observed in our study
is consistent with WallDYN simulations for ITER, which pre-
dict significantly prolonged boron lifetimes in recessed areas
due to limited ion bombardment and erosion dominated by
charge-exchange neutrals, reaching the order of 10° s [40].
Future work will incorporate simulations such as WalIDYN or
ERO combined with EAST experimental data to enable cross-
validation and improve understanding of material migration
and retention behaviors.

Net material deposition was also observed on the C-QMB
during overnight ICRF wall conditioning, which was conduc-
ted between routine daytime plasma operations. This process
contributed an average deposition of about 0.1 ;g cm™2 per
cleaning cycle. A similar result was reported in KSTAR [41],
which employed carborane for boronization as well. In that
case, net deposition was detected on QMBs located within the
diagnostic duct during GD wall cleaning. These observations
indicate that, while wall conditioning processes are effect-
ive for PFCs, they can also lead to material accumulation in
MSAs, such as diagnostic mirrors. Such deposition may pro-
gressively degrade optical performance and diagnostic accur-
acy, and should therefore be carefully considered in device
operation and engineering design [42]. Taking into account the
additional deposition during wall conditioning, the effective
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first day after boronization, and so on.).

lifetime of B-based coatings on the C-QMB could extend from
the average estimated lifetime of 9421 s to the order of 10* s.

The extended persistence of B-based coatings may pose
both benefits and challenges to EAST’s weekly boronization
schedule. While typical discharge durations (~5000 s) help to
sustain oxygen gettering between boronizations, the gradual
accumulation of boron raises concerns regarding H isotope
retention [10, 43] and potential plasma disruption [19, 44].
Previous studies have reported that thick deposits formed in
the shadowed regions are associated with the frequent release
of UFOs (large impurity particles with a high impurity con-
tent), which have triggered plasma detachment phases and
subsequent disruptions in several instances [44]. Although the
QMB is far from the limiter, some shadowed regions near
the limiter may also have thicker boron deposits, which could
increase the risk of such events in those areas. Therefore,
plasma operation and wall conditioning strategies must care-
fully balance the need for effective oxygen gettering against
the risk of excessive B-based material accumulation in MSAs.

3.2. Distinct erosion-deposition transition in normal
discharges

As noted in section 3.1, intermittent transitions to net depos-
ition were observed during normal discharges. To investigate
such a behavior in detail, we will focus on normal discharges
between shots #134940 and #136940, during which distinct
erosion-to-deposition transitions were consistently observed
several days after boronization. Figure 3 presents the tem-
poral evolution of the accumulated frequency and mass change
measured by the C-QMB during these discharges. The tim-
ing of five boronization events (B1-BYS) is denoted by green

dashed lines, with the first plasma operation day following
each event designated as ‘1st day’. A marked transition in
erosion behavior occurred after B1, with the C-QMB shifting
from an erosion-dominated to a deposition-dominated regime
on the 4th day. Notably, a similar erosion-to-deposition trans-
ition was observed on the 3rd day following B4.

To examine the transition observed after B1 in more detail,
four representative discharges (#134977, #135060, #135148,
and #135216) were analyzed, corresponding to the 1st to 4th
day post-B1. These discharges were carried out under identical
plasma parameters (I, = 400 kA, n. = 4 x 10" m~?) and
heating configurations (3 MW ECRH and 2 MW LHW at
4.6 GHz). The C-QMB recorded erosion rates of 0.21, 0.20,
and 0.30 ng cm~2 s~ ! on days one to three, respectively, which
transitioned to a net deposition rate of 0.14 ng cm~2 s~! on the
fourth day. The evolution of plasma parameters, edge boron
content, and both core and edge radiation power associated
with these discharges is summarized in figure 4.

The temporal change in boron concentration at the plasma
boundary was characterized using VUV spectroscopy, spe-
cifically through measurements of B II emission at 162.4 nm.
A progressive decline in boron content was observed across
the four days, except for #134977, for which spectroscopic
measurements were not performed. Concurrently, a steady
increase in both core and edge radiation power measured
by AXUV diagnostic systems was recorded, indicating elev-
ated impurity content [45]. This behavior is consistent with
the known erosion of boron films during plasma operation
and their diminishing effectiveness in impurity suppression
over time [12]. As the protective capabilities of the B-rich
coating degrade, sputtering from various PFCs, including the
FW, divertor, heating antennas, and LFS diagnostics, becomes
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Figure 4. Temporal evolution of B II (162.4 nm) emission intensity
power loss in plasma core and edge after boronization B1.

more pronounced. This leads to increased material redepos-
ition onto the C-QMB. Although high-Z impurities such as W
and Mo from distant components (e.g. divertor or FW) tend to
undergo local redeposition [46, 47], the material accumulat-
ing on the C-QMB appears to originate primarily from nearby
structures such as the copper (Cu) LHW antenna and adjacent
stainless-steel diagnostic components [48]. This interpretation
is further supported by EDS and XPS analyses discussed in
section 3.4.

Additional evidence is provided by EUV spectroscopy,
which revealed elevated levels of iron (Fe) and Cu impurities
in the plasma core on the third day after B4, with concentra-
tions of Cu and Fe approaching those of an uncoated metal
wall [39]. This coincides with a similar erosion-to-deposition
transition observed on the same day, underlining the pro-
posed correlation between boron coverage degradation and
impurity-driven material migration. These observations high-
light the pivotal role of impurity accumulation and transport
in governing the erosion-deposition balance at the C-QMB.
Essentially, they demonstrate that time-resolved erosion rate
measurements via C-QMB offer a sensitive and quantitative
method to evaluate the effective lifetime of b-based coatings
on nearby PFCs under repeated plasma exposure in a tokamak
environment.

Time(s)

measured by vacuum ultraviolet (VUV) spectroscopy and radiation

3.3. Material erosion and deposition rates under different
heating configurations

Boronization is routinely performed in EAST on a weekly
basis, after which the FW undergoes complex plasma-wall
interactions, gradually forming mixed-material surfaces. This
section focuses on the erosion and deposition dynamics of
freshly deposited B-based films using QMB data collected
during the first plasma operation day following boronization,
providing insights into the behavior of pristine B-rich layers
under different heating configurations.

Figure 5 illustrates the erosion behavior of B-based mater-
ial under two heating configurations: (1) combined LHW and
ECRH, with LHW applied at 4.6 GHz and a power of 1.8—
2.2 MW together with 3 MW ECRH; and (2) ECRH-only at
3 MW. Both configurations were operated at a plasma current
of 400 KA. In figure 5(a), the accumulated frequency measured
by C-QMB is plotted against shot number, with all discharges
sorted by 7, within the range of 3.5-4.5 x 10'” m~3. A total
of 66 discharges were analyzed for the LHW + ECRH condi-
tion and 54 for the ECRH-only condition. A steeper increase
in frequency accumulation was observed under the ECRH-
only configuration, reaching 15.48 Hz in total, compared to
12.71 Hz for the LHW-assisted configuration. This suggests a
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Figure 5. Erosion patterns of B-based material in C-QMB under different heating methods. (a) Accumulated frequency as a function of
shot number, with discharges sorted by increasing plasma density for LHW + ECRH (black) and ECRH-only (red). (b) Average erosion
rates for the two configurations. Data obtained from discharges with similar conditions: I, = 400 kA, ne = (3.5-4.5) x 10" m~3,

PECRH = 3.0 MW, PLHW?2 = 1.8-2.2 MW.

higher occurrence of net erosion events when LHW is absent.
Quantitative erosion rates extracted from C-QMB are shown
in figure 5(b). The average erosion rate in the ECRH-only con-
dition was 0.37 4 0.06 ng cm~2 s~ !, approximately 1.95 times
higher than that observed under the LHW + ECRH scenario
(0.19 £ 0.04 ng cm™2 s~ ). Error bars represent the standard
error of the mean.

To clarify the mechanisms behind this difference, we con-
ducted a detailed comparison of two representative discharges
(#136954 and #137621), both with identical baseline plasma
parameters (I, = 400 kA and n. = 4 x 10" m3) and a
LSN magnetic configuration. Discharge #137621 employed
3 MW of ECRH, while #136954 utilized combined heating
with 3 MW ECRH and 2 MW LHW at 4.6 GHz. The fuel-
ing rates were 2.60 x 10%° D/s for discharge #137621 and
6.98 x 102 D/s for #136954. As shown in figure 6, the addi-
tion of LHW led to a 22.67% increase in stored energy (from
150 kJ to 184 kJ) and a 3.53-fold enhancement in edge radi-
ation power (from 0.30 to 1.06), indicating substantial changes
in boundary plasma conditions.

Further insights were gained from LENPA measurements
of the neutral particle characteristics, presented in figure 7.
Compared to the LHW + ECRH case, the ECRH-only dis-
charge exhibited an 86% higher neutral particle flux (particu-
larly in the 500-3000 eV range) and an 84% increase in mean
energy. These enhancements are consistent with the observed
increase in erosion under ECRH-only conditions and suggest
that both elevated sputtering by charge-exchange neutrals and
reduced edge radiation, which would otherwise favor redepos-
ition, contributed to the higher erosion levels [28].

To understand the origin of this difference in neutral beha-
vior, ion temperature (7;) and n. profiles were analyzed.
As shown in figure 8(a), XCS measurements revealed that
core ion temperature in the LHW + ECRH discharge was

~10% lower than that in the ECRH-only case. Although dir-
ect measurements of 7 at the plasma edge are not available in
EAST, a more pronounced reduction is expected in the bound-
ary region where cold fueling particles are injected, due to
enhanced local cooling and charge-exchange processes asso-
ciated with the higher fueling rate [49, 50]. Such a decrease
would shift the Maxwellian ion velocity distribution toward
lower energies, causing more charge-exchange neutrals to fall
below the LENPA detection range (20-3000 eV) [51, 52].
Simultaneously, as shown in figure 8(b), the higher electron
density observed in the LHW + ECRH discharge, as measured
by microwave reflectometer system, increases the probability
of ionization and charge exchange collisions. These enhanced
collisional processes contribute to both the attenuation of the
neutral flux and a reduction in their mean energy before reach-
ing the wall, primarily through increased ionization loss and
energy degradation via multi-step charge exchange [53, 54].

While T; and n, profiles explain the observed difference
in neutral behavior, other factors related to the distinct power
deposition characteristics and wave-plasma interaction phys-
ics of the different heating scenarios may also play a role. In
particular, the variation in fueling rates between the discharges
complicates the interpretation of these effects. Detailed phys-
ical analysis is in process by designing controlled experiments
combined with modeling efforts [55]. Notably, the localized
central heating provided by ECRH is expected to suppress W
accumulation in the plasma core. Therefore, in the ITER new
baseline, an increase in ECRH power during the initial oper-
ational phase is deemed necessary [56]. However, the elev-
ated flux and energy of low-energy neutrals observed under
ECRH-only conditions may enhance neutral-induced sput-
tering, potentially reducing the lifetime of PFCs. This issue
requires careful assessment while planning the design and
operational environment of future devices.
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3.4. Post-mortem analysis of QUIB sensor well-defined granular structure observed before the campaign
(figure 9(a)). This morphological change may be attributed to

3.4.1. Morphology and composition. ~ Post-mortem analysis  the formation of a thin amorphous overlayer, which filled and

was conducted to investigate the surface characteristics of the
C-QMB working sensor after it was removed following the
EAST 2024 spring campaign. As shown in figure 9(b), the
sensor surface exhibited a hazy morphology, in contrast to the

leveled the original surface microstructures [43, 57].
Elemental composition analysis, determined by EDS using

a 5 keV electron beam, revealed that the surface composition

of the original sensor consisted of 66.49 at% W, 27.67 at%
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Figure 9. Surface morphology of QMB working sensor (a) before and () after the 2024 spring campaign in EAST.

O, and 5.84 at% Au, corresponding to the W coating and Au
electrode. After the campaign, significant surface modifica-
tion was observed: the W content decreased to 24.62 at%, and
Au was no longer detectable, indicating coverage by a newly
deposited layer. A B-rich surface layer was identified, com-
posed of 30.47 at% B, along with elevated concentrations of
O (28.17 at%) and C (11.17 at%). The predominance of B, C,
and O is consistent with previous observations from HT-7 [58],
further supporting the formation of amorphous boron-carbon
a-B/C:H films. The boron originated from the carborane pre-
cursor used in the boronization process. The carbon was likely
derived from both the precursor and the redeposition of eroded
graphite impurities from the high-field side FW (doped graph-
ite tiles used as NBI target components). In addition, trace
amounts of Fe (4.85 at%) and Cu (0.72 at%) were detected,
despite being absent from the original sensor composition.
Their presence supports the inference proposed in section 3.2,
where the erosion-to-deposition transition was attributed to
redeposition from the adjacent stainless-steel components and
the LHW antenna once the B-based coating had been depleted.

3.4.2. Composition depth profile and thickness.  Figure 10
presents the elemental composition of the modified layers
on the QMB working sensor, as measured by XPS, with

sputtering time serving as a relative depth scale in the absence
of calibrated sputtering rates. At the surface, the carbon con-
centration was notably high (~36.2 at%), indicating surface
contamination. As sputtering proceeded, the carbon concen-
tration decreased significantly, reaching ~12.5 at% after 1 min
and remaining relatively stable (10.6-13.4 at%) at greater
depths. Concurrently, the boron concentration increased from
~29.9 at% at the surface to a peak of 44.9 at% at 6 min of sput-
tering, followed by a gradual decline. Signals from the under-
lying W substrate began to emerge between 6 and 8 min of
sputtering. However, the sputtering duration was insufficient
to achieve full exposure of the pure W substrate. The oxygen
concentrations remained consistently high throughout the pro-
file, ranging from 28.1 at% to 38.6 at%. Metallic impurities,
including Fe (2.5-6.2 at%), Cu (1.1-2.8 at%), Mo (0.5-1.3
at%), and Ni (0.4-1.1 at%), were relatively low and showed
minimal variation with depth.

To further investigate the chemical bonding states within
the B-based layer, XPS spectra of the B 1 s and C 1 s regions
were analyzed after 1 min of sputtering, as shown in figure 11.
Figure 11(a) shows the B 1 s spectrum, revealing the pres-
ence of B-B bonds (188.4 ¢V), B-C bonds (189.8 V), B-O
bonds (191.8 eV), and B,03 (193.2 eV) [59-63]. Figure 11(b)
presents the C 1 s spectrum, which exhibits C-B bonds
(283.3eV), C-C bonds (284.8 eV), and C-O bonds (286.7 eV)
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[59]. It should be noted that the B 1 s peaks appeared slightly
shifted toward higher binding energies compared to those of
pure boron phases, which may suggest the possible involve-
ment of deuterium within the bonding environments [61, 62].

Although surface contamination was present, the deeper
regions (corresponding to sputtering times between 1 and
8 min) provided more reliable compositional information. The
B/C atomic ratio of the QMB sensor was found to be about
3.6, which is consistent with the expected values for films pro-
duced from carborane precursors [64, 65]. In contrast, a com-
parison with the shadowed region deposits from Globus-M,
which also employed carborane as the boronization proced-
ure, revealed significant differences [16]. In Globus-M, the
boron concentration was approximately 57% of the carbon
content, as determined by NRA. This discrepancy can likely
be attributed to differences in plasma discharge conditions and
FW materials. Specifically, Globus-M employed recrystallized
graphite doped with titanium (RGTi), whereas EAST utilizes a
metal wall configuration. Moreover, the O/B ratio in the QMB

sensor was about 0.8, which aligns with findings from W7-
X [66], where samples exposed during individual boroniza-
tion cycles on the multi-purpose manipulator exhibited an O/B
ratio between 0.5 and 0.9. This consistency suggests that the
B-based film on the MSA also demonstrated effective oxygen
gettering ability.

Further post-mortem FIB-SEM characterization, shown
in figure 12, revealed that the deposits on the W coating
were dense, with no evidence of flaking. Quantitative ana-
lysis determined that the deposited B-based layer had a thick-
ness of 29.09 nm. Considering the influence of data gaps,
throughout the boronization phases, the C-QMB accumulated
13.39 jg cm~2 of B-based material. During the wall condi-
tioning, the C-QMB received an additional 4.92 ;g cm™2 of
deposition. Subsequent plasma operation induced net erosion
of 7.38 ug cm 2 (~600 Hz) on the C-QMB, resulting in resid-
ual B-based inventories of 10.93 ;g cm™2. When converted to
geometric thickness using a nominal density of 1.6 g cm ™2 for
a-B/C:H films, assumed in this study based on values reported
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Figure 12. Cross-sectional imaging of the working sensor measured by FIB-SEM.

for B-containing films deposited from carborane [64, 65] and
densities used in NSTX boronization studies [67, 68], the
residual layers correspond to a thickness of 68.31 nm on the
C-QMB. Discrepancies between the QMB-derived and FIB-
SEM measured thicknesses could be attributed to three main
factors: (1) potential deviations between the assumed nominal
density and the actual film density, arising from compositional
and structural differences, (2) localized thickness nonuniform-
ities exceeding the FIB-SEM sampling area, and (3) temporal
gaps in QMB data acquisition. Despite these uncertainties, the
results demonstrate that QMB diagnostics remain a reliable
tool for tracking B-based film evolution.

3.4.3. Deuterium retention. ~ The incomplete erosion of B-
based films observed in MSA raises critical concerns about
hydrogen isotope retention, which warrants further investig-
ation. TDS measurements were performed on the C-QMB
working sensor after the campaign, with a specific focus on
HD and D, desorption to assess D retention behavior.

Figure 13 presents the D desorption profiles for the sensor.
Four distinct D desorption peaks were observed at character-
istic temperatures of 515 K, 680 K, 830 K, and 950 K, which
are likely from the desorption of B-D-B, B-D, B-O-D, and
B-C-D, respectively [60-62, 69-71], consistent with bonding
states identified by XPS analysis. These primary desorption
channels accounted for approximately 95% of the total deu-
terium release. Two additional minor features near 1100 K and
1220 K are likely attributed to release from void structures
[72]. Integration of the complete desorption spectrum yielded
atotal deuterium retention of 2.12 x 10* m~2 for the C-QMB,
which is approximately one order of magnitude lower than the
1.5 x 10*" m~2 reported for carbon-dominated mixed materi-
als (B/C ~0.57) in MSAs on Globus-M [16]. This reduction is
attributed to the lower carbon content (B/C = 3.6) observed
in this study. Previous results from various tokamak exper-
iments have consistently demonstrated that carbon-rich sur-
faces retain more D than B-dominated ones, with B-C-D com-
plexes exhibiting notable thermal stability up to 950 K [60,

73]. These findings suggest that limiting carbon incorporation
into boron films is an effective strategy for reducing hydrogen
isotope retention in fusion devices.

However, the D retention measured here is 8.25 times
higher than that observed in a pure W sample located near the
main limiter, which was exposed to a 2 hour, 1.6 kW D,-GDC
treatment followed by 20 cycles (180 s) of EAST’s 1.2 MW
single-configuration discharge. This elevated retention is also
consistent with previous measurements (3.23 x 102 m~2) in
~75 nm boron—carbon films under similar plasma conditions
[43], highlighting the enhanced isotope trapping capacity of
shadowed regions. It should also be noted that the presence of
B,03, as identified by XPS, may contribute to the formation
and release of deuterated water (D,0O) during the TDS process,
which could result in an underestimation of the actual deu-
terium retention. In addition, under high-temperature plasma
conditions, the release of D,O may potentially affect steady-
state plasma operations. Therefore, the role of B-C-O film-
related desorption processes warrants further investigation in
future campaigns [74].

Quantitative evaluation of the D/B ratio was based on a
film thickness of 30 nm, a density of 1.6 g x cm~3, and an
average boron atomic percentage of 43.08 at% obtained from
XPS. This yielded a B surface density of 6.25 x 10?° atoms
m~2. Considering the D content measured by TDS, the cor-
responding D/B ratio was calculated to be 0.34. However, as
XPS does not detect D, the B fraction is likely to be overestim-
ated. To better approximate the actual D/B ratio, we assumed
a D concentration of ~30 at%, which is consistent with pre-
vious experimental and simulation studies reporting satura-
tion levels of approximately 28—43 at% in boron-containing
co-deposits [75-77]. Notably, our XPS measurements indic-
ate a higher boron content and lower carbon content compared
to these references, which may influence the achievable deu-
terium retention. Therefore, the adopted value of ~30 at% rep-
resents a conservative and reasonable estimate for our exper-
imental conditions, under which the actual D/B ratio could
approach 0.44. Non-uniform boron deposition and differences
in local plasma conditions may lead to localized areas with
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Figure 13. The D TDS spectra for working sensor after the 2024 spring campaign in EAST (the ramping rate during the TDS measurement

was 10 °C min™").

D/B ratios exceeding 0.5 [77], surpassing the conservative
upper limit assumed by ITER, where a fixed H/D/T-to-B ratio
of 0.5 is used to estimate fuel retention in B co-deposits [10].
The relatively higher D retention observed in shadowed areas
underscores the need for effective removal or control strategies
for B-containing films in such regions [78, 79]. Furthermore,
the D/B ratio measured in EAST is about twice that reported
in TEXTOR (~0.2) for a-B:D layers deposited on the W side
of the limiter surface, where diborane was used as the boroniz-
ation precursor [80]. This observation suggests that diborane,
which has also been selected for ITER, may result in lower D
retention compared to carborane.

4. Conclusion and outlook

The development of a QMB system at the mid-plane of port C
has enabled the measurement of material erosion and depos-
ition during the EAST 2024 spring campaign. This work first
systematically analyzes the boron erosion and deposition evol-
ution behavior in MSA under the metal wall configuration.

4.1. Conclusion

The main conclusions are summarized as follows:

(1) Material erosion was observed in 69% of normal and
61% of disruptive discharges, with most mass changes
remaining below 6.2 ng cm~2. The predominant erosion
observed during disruptions is likely due to the higher
reflection coefficient of W. In contrast, routine overnight
wall conditioning led to net deposition, with an aver-
age accumulation of 0.1 pg cm™?2 per cleaning. The B-
based film on C-QMB exhibited an average erosion rate
of 0.19 ng cm~2 s~! and a coating lifetime of ~10* s

following a single boronization with 10 g carborane, about
five times longer than that on the FW.

(2) Boronization effectively reduced impurity levels and mit-
igated both core and boundary radiation. The observed
erosion-to-deposition transition of the C-QMB provides
valuable insights into the degradation of B-based films on
nearby PFCs. This transition could serve as an indirect
diagnostic tool for assessing local boron film lifetime and
offer useful information for improving material migration
modeling and optimizing wall conditioning strategies to
sustain impurity control and plasma performance.

(3) ECRH discharges resulted in erosion rates 1.95 times
higher than those in LHW 4 ECRH discharges.
Interestingly, increasing heating power did not lead to an
increase in erosion rates, highlighting the critical role of
low-energy neutral particles and the importance of heating
configuration.

(4) Carbon—boron films formed during boronization under-
went significant modification through long-term plasma
wall interactions, causing intermixing with PFCs. The C-
QMB surface exhibited a hazy morphology, with B con-
centrations ranging from 29.9 to 44.9 at%. Significant oxy-
gen gettering was observed (O/B ratio ~0.8), along with
a B/C ratio of approximately 3.6. Trace impurities were
also identified, including Fe (2.5-6.2 at%) from nearby
stainless-steel diagnostic structures and Cu (1.1-2.8 at%)
from the LHW antenna.

(5) After the whole campaign, approximately 30 nm of mixed
B-based film remained on C-QMB, resulting in a D reten-
tion of 2.12 x 10?° m~2, which is 8.25 times higher than
that on pure W. This underscores the significant impact of
B-rich films on hydrogen isotope retention, particularly in
MSAs. The measured D/B ratio (0.34-0.44) on C-QMB
was about twice the value (~0.2) reported in TEXTOR,
where diborane was used as the boronization precursor.
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4.2. Outlook

In ITER, the full W wall configuration is expected to signific-
antly reduce impurity deposition, particularly from elements
such as Fe and Cu, which contributed to mixed-material lay-
ers in shadowed areas in EAST. The relatively high B/C ratio
observed in EAST helped to suppress D trapping compared
to carbon-rich films in Globus-M with a carbon wall, high-
lighting the importance of using metallic PFCs for hydrogen
isotope inventory control. Moreover, the replacement of car-
borane with diborane as the boronization precursor is likely to
decrease D retention.

However, several challenges remain. Due to the net depos-
ition caused by routine wall conditioning, incorporating pro-
tective measures such as shutters and in-situ cleaning sys-
tems for components like diagnostic mirrors will be essen-
tial to maintain diagnostic accuracy. ECRH, which is planned
for plasma startup in ITER, was found to enhance erosion
in EAST under low fueling conditions. This enhancement is
likely driven by neutral-induced mechanisms, although the
specific mechanisms are not yet fully understood and require
further investigation. The impact could be more severe in
ITER, emphasizing the necessity of carefully assessing neut-
ral particle effects during ECRH operation to avoid unexpected
PFC degradation. Additionally, the extended lifetime of boron
films observed in shadowed areas in EAST suggests that long-
term material retention may also occur in ITER, raising con-
cerns regarding hydrogen isotope inventory management and
the potential for flake detachment that could trigger plasma
disruptions. To better predict and mitigate such risks, future
work will incorporate modeling approaches such as WallDYN
or ERO, combined with EAST experimental data, to enable
cross-validation and improve understanding of material migra-
tion and retention behaviors.
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