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Neon (Ne) seeding is a key strategy for radiative cooling in the divertor to mitigate extreme thermal loads and
protect plasma-facing materials in future fusion devices. This study investigates the effects of Ne seeding on
tungsten (W) surface morphology and deuterium (D) retention under plasma irradiation conditions relevant to
fusion reactors. Experiments were conducted using W samples exposed to pure D, sequential D-Ne (Ne pre-
irradiation followed by D exposure), and mixed D-Ne plasmas with different Ne concentrations, at tempera-
tures of 500 K and 1200 K with ion fluxes of 1.0 x 102 m 25! and 1.2 x 10?* m~2%s}, respectively, in the linear
plasma facilities PSI-2 and Pilot-PSI. At low temperature (500 K), sequential D-Ne irradiation significantly in-
creases surface roughness and completely suppresses D-induced blister formation. In contrast, mixed D-Ne
irradiation under identical conditions leads to micron-sized blisters with fractured caps. At high temperatures
(~1200 K), mixed D-Ne irradiation entirely prevents blister formation, whether the Ne concentration is 5 % or
20 %. In addition, under the exposure conditions employed in this study, Ne seeding consistently resulted in a
reduction in D retention. At 500 K, D retention decreased by up to 50 %, whereas at 1200 K, it was reduced by
approximately 30 % for 5 % Ne concentration and dropped below the detection limit for 20 % Ne concentration.
The suppression of deuterium retention in tungsten due to neon seeding is attributed to sputtering-induced
surface erosion and the Ne-vacancy complexes that pin the trapped D atoms, thereby inhibiting blister forma-
tion. These findings underscore the potential of Ne as an effective radiative cooling impurity in fusion devices
and provide valuable insights into optimizing the performance of plasma-facing materials.

retention [7-9].
Among the seeding impurities, Ni chemically interacts with W,
resulting in a mixed surface layer, exacerbating deuterium (D) retention

1. Introduction

The divertor as a critical component is subjected to extreme thermal

loads in future fusion reactors. To mitigate the heat flux on the divertor
surface and protect plasma-facing materials (PFMs), the injection of
radiative cooling impurities has become an essential strategy for high-
power operations, as demonstrated in ITER, DEMO [1,2]. Seeding im-
purities such as nitrogen (N), neon (Ne), or argon (Ar) into the divertor
enhances radiative cooling, effectively reducing thermal loads and
extending the divertor's operational lifetime [3-5].

Tungsten (W) is the preferred material for the divertor in tokamak
devices, owing to its high melting point, superior thermal conductivity,
low sputtering yield, minimal hydrogen isotope retention et al. [6].
However, impurity seeding profoundly affects the W-plasma interaction,
influencing surface morphology modification and hydrogen isotope
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and surface blistering [10,11]. In contrast, Ne and Ar, as inert gases, do
not react with W but have been confirmed to influence D atom transport
and retention primarily through mechanisms such as sputtering and
precipitation [9,12]. In particular, Ne, with its low atomic number, is
considered to have potential advantages in reducing D retention and
mitigating surface damage, similar to the role of helium (He) [13].
Consequently, Ne is among the most extensively utilized radiative
cooling impurities in fusion devices.

Previous studies have demonstrated that the impact of Ne on D
behavior, including blistering and retention in W, is regulated by several
factors, such as temperature, incident particle energy, and ion fluence
[9,12,14,15]. Under low temperature and high incident particle energy
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conditions (500 K, 70 eV), Ne seeding increases D retention by gener-
ating small-scale lattice defects through atomic displacement traps for D
atoms in the near-surface layer. In contrast, under relatively
high-temperature conditions (700 K, 70 eV), the precipitation effect of
Ne may predominate in D transport, leading to reduced D retention [9,
16]. Under conditions of low temperature and low incident energy (550
K, 40 eV), Ne seeding modifies the sub-surface structure, promoting D
atom recombination on the W surface and providing additional channels
for D diffusion out of the W material, thereby reducing D retention [13].
These findings further underscore the imperative for thoroughly inves-
tigating the impact mechanisms of Ne seeding into the D plasma under
different plasma settings, particularly regarding D trapping and reten-
tion mechanisms, to elucidate the impact of factors such as temperature,
dose, and impurities on the performance of tungsten materials and the
preservation of hydrogen isotopes in W, which is essential for main-
taining tritium fuel in fusion reactors. Furthermore, although the surface
temperature of PFMs during deuterium-tritium (D-T) plasma operation
spans a wide range (373-1423 K) [17], systematic studies on Ne seeding
at high temperatures remain limited.

This study investigates the effects of Ne seeding on W surface
morphology and deuterium retention under diverse plasma irradiation
conditions. By conducting sequential and mixed D-Ne plasma irradiation
experiments on W samples in the linear plasma facilities PSI-2 and Pilot-
PSI, we aim to understand how Ne suppresses D retention and blistering
across a range of temperatures and Ne concentrations.

2. Experiment
2.1. Original material

The W samples used in this study were cut from a W sheet with a
purity of 99.95 wt% and a rolling reduction of 80 %, supplied by
Advanced Technology & Materials Co., Ltd. The W grains with an
average grain size of 2-5 pm exhibited an elongated distribution along
the irradiation surface. The characterization of the W sample is detailed
in Ref. [18]. To accommodate different linear plasma devices, the
samples were cut into two shapes: a thin rectangular plate with di-
mensions of 10 x 10 x 1.5 mm? and a top-hat shape with a front surface
of 10 x 15 mm? and an under-surface of 15 x 15 mm?2. Before irradia-
tion, all samples were mechanically polished using silicon carbide
sandpaper, followed by electrochemical polishing in a 1 wt% sodium
hydroxide solution to achieve a mirror-like surface finish. Subsequently,
under high vacuum conditions (<1 X 1073 Pa), the thin rectangular
plate samples were annealed at 1973 K for 1 h to ensure complete
recrystallization, referred to as recrystallized W. The top-hat shape
samples were annealed at 1273 K for 1 h to remove surface residual
stress, referred to as rolled W. Further characterization details regarding
the two W samples can be found in Refs. [19,20].

2.2. Plasma exposures

This study was designed to conduct two series of plasma exposure
experiments, with low-temperature exposures conducted in the linear
plasma generator PSI-2 at Forschungszentrum Jiilich, Germany [21,22],
and high-temperature exposures performed with the linear plasma de-
vice Pilot-PSI at the DIFFER [23].

For the experiments on PSI-2, recrystallized W samples with the
shape of a thin rectangular plate were exposed to pure D plasma,
sequential D-Ne plasma (Ne plasma pre-irradiation), and mixed D-Ne
plasma. In the Ne seeding exposure, the flow ratio of Ne to D was set at
1:10 for the sequential D-Ne plasma exposure, and a concentration of Ne
ions was 10 % for the mixed D-Ne plasma exposure. The D fluence with a
constant data of 1.0 x 10%° D/m?. The Ne content was monitored in real
time by optical emission spectroscopy. The exposure temperature was
500 K, and the D and Ne incident ion energy was ~40 eV, close to the
sputtering threshold of Ne in W [24], controlled by a negative bias
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potential [9]. Plasma parameters were measured using a Langmuir
probe, with an electron density of ~10'® m~3, an electron temperature
of ~10 eV, and an incident ion flux of 1.0 x 10*2D m~2%~ .

The rolled W samples were exposed to pure D and mixed D-Ne
plasmas for the higher temperature (~1200 K) and higher flux plasma
exposure experiments conducted on Pilot-PSI, which employs a
cascaded arc plasma source, generating an ultra-high-density plasma of
approximately 10%* D m~2s~! [25]. In this experimental series, the Ne
ion concentrations in the mixed D-Ne plasma were set at 5 % and 20 %
[13], referred to as D-5Ne and D-20Ne in the subsequent text. The D
fluence was fixed at ~3.0 x 102° D m~!. The incident energy of ~40 eV
for both D and Ne ions. The plasma electron density exhibits a Gaussian
radial distribution with a peak value of ~2.0 x 10%2° m~> and a full width
at half maximum of ~11 mm. The electron temperature remains rela-
tively uniform at ~1.1 eV. According to the Bohm criterion, the flux of D
plasma is ~1.2 x 10%* D m~2s™L. The total exposure duration is ~300s.
Due to the rapid heating process, the influence of the heating phase on
the results is not emphasized in this paper. The surface temperature
distribution was measured using an infrared camera (FLIR SC7500-MB)
with an emissivity setting of 0.05, and the measurement uncertainty was
~10 K. Due to the samples with temperatures exceeding 850 K, a
multi-wavelength pyrometer (FAR FMPI) was used to monitor the sur-
face temperature in real-time. The advantage of the pyrometer is that its
temperature output is independent of the emissivity of the surface of the
materials. During irradiation, the temperatures measured at the center
and edge of the samples by the infrared camera were corrected based on
the pyrometer readings. More details of the experiment can be found in
Refs. [13,26].

The names of all samples used in this experiment, along with their
corresponding experimental conditions and deuterium retention results,
are summarized in Table 1.

2.3. Characterization

After plasma exposure, the modification of the W sample surface
morphology was observed using scanning electron microscopy (SEM).
Cross-sections of blisters on the W samples were prepared and analyzed
using a focused ion beam (FIB). The orientation distribution of W grains
after Ne plasma pre-irradiation was examined using electron backscat-
tering diffraction (EBSD).

The depth distribution of D in W samples exposed to the PSI-2 device
was determined using nuclear reaction analysis (NRA) based on the D
(3He, p)4He reaction, where a 3He ion beam with a spot diameter of 1
mm was used to irradiate the central region of the sample. The energy of
the >He ion beam was 4.4 MeV, with a detection depth of approximately
7 pm. By detecting the energy spectra of protons and alpha particles
(*He) produced in the reaction, the spectra were analyzed using the
SIMNRA software to obtain the depth distribution of D retention. The
relative accuracy of both NRA and TDS methods typically ranges from
10 % to 20 %, with greater uncertainty for samples with less retained
deuterium.

For samples tested on Pilot-PSI, Positron Annihilation Doppler
Broadening Spectroscopy (PADB) was employed to characterize
vacancy-type defects within a depth of 350 nm. Positrons were gener-
ated from a%?Na source, moderated to thermal energy, and then accel-
erated by an electric field before being directed onto the sample surface.
The positron energy was adjustable in the range of 0.1-25 keV, with a
beam intensity of approximately 10% positrons/s and a beam spot
diameter of about 8 mm. The positron implantation depth z in the ma-
terial is related to the incident positron energy [27], with 25 keV posi-
trons having a range of approximately 400 nm in W. Note that, to
accurately analyze the impact of plasma irradiation on the near-surface
vacancy-type defect characteristics of rolled W, an unirradiated W
sample, referred to as blank W, was included as a reference.

The depth profile of D concentration near the W surface was deter-
mined by Elastic Recoil Detection Analysis (ERDA), which measures D
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Table 1
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Overview of key plasma conditions and deuterium retention for all exposed samples.

sample device T, (K) E; (eV) Ne ion fluence (m~2) D ion fluence (m~2) D retention NRA (D/m?) D retention TDS (D/m?)
(depth <7 pm)

Pure D-LT PSI-2 500 40 / 1.0 x 10% 1.48 x 10%° 1.94 x 10%°

Sequential D-Ne PSI-2 500 40 1.0 x 10 1.0 x 10%° 6.10 x 10'° 9.70 x 10'°

Mixed D-10Ne PSI-2 500 40 1.1 x 10% 1.0 x 10% 6.90 x 10'° 1.06 x 10%°

Pure D-HT Pilot-PSI 1173 40 / 3.0 x 10%° / 1.14 x 10*°

Mixed D-5Ne-HT Pilot-PSI 1273 40 1.5 x 10% 3.0 x 10% / 8.02 x 108

Mixed D-20Ne-HT Pilot-PSI 1193 40 7.5 x 10% 3.0 x 10% / Below detection limit

concentration distributions up to a depth of 350 nm. During ERDA
measurements, heavier elements are used to bombard lighter atoms, and
the recoiled lighter atoms are detected to obtain their depth-dependent
concentration profiles in the material.

The total D retention was measured using thermal desorption spec-
troscopy (TDS). The test samples were placed in a vacuum chamber and
heated from room temperature to >1273 K at a heating rate of 1 K/s.
During the heating process, the signals of Dy (mass 4) and HD (mass 3)
were recorded using a sensitive quadrupole mass spectrometer. The total
D retention was calculated based on the contributions of D, and HD,
with other D-containing gas molecules having negligible signals. The
uncertainty of the TDS measurement was approximately 5 %.

3. Results
3.1. Surface modification

For the sequential D-Ne samples, the surface morphology after Ne
plasma pre-irradiation is observed, as shown in Fig. 1. Ne plasma

exposure can cause pronounced surface erosion due to sputtering effects
of Ne seeding, significantly increasing the surface roughness of W (Fig. 1
(a) and (c)). Additionally, the degree of sputtering loss varies signifi-
cantly between different grains. EBSD results in Fig. 1(b) and (d) further
show that the sputtering yield of Ne on the W surface depends strictly on
grain orientation. Grains with a {111} orientation exhibit the lowest
sputtering, indicating the highest resistance to sputtering, while {110}
grains show moderate sputtering, and {001} grains display the highest
sputtering yield. These results emphasize the sputtering effect of Ne on
the W surface, demonstrating a pronounced dependence on grain
orientation.

Fig. 2 compares the surface morphology and blister cross-sectional
features of W samples after pure D and mixed D-10Ne plasma expo-
sure at 500 K. As shown in Fig. 2(al), the surface subjected to pure D
plasma exposure exhibits micron-sized blisters with intact caps. In
contrast, under mixed D-10Ne plasma exposure (Fig. 2(b1)), the blister
caps display extensive rupture and heavy erosion at the boundary,
consistent with observations reported by Kreter et al. [9]. Additionally,
wavy nanostructures, resulting from Ne impurity-induced sputtering,

Fig. 1. Surface morphology of W sample after Ne plasma irradiation (a) and (c), with the corresponding IPF maps of the surface normal direction (b) and (d). The
crystal orientations {001}, {110}, and {111} are indicated at the corresponding grains in the SEM images.
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0.4 um

Fig. 2. Surface morphology and FIB cross-sectional view of blister after plasma exposure at 500 K. (al and a2) pure D-LT, (bl and b2) mixed D-10Ne plasma.

Notably, cross sections are taken from the blister of the {111} grain surface.

are uniformly distributed across the sample surface and the blister caps,
accompanied by localized fine cracks. The synergistic effect of D and Ne
irradiation reduces the rupture resistance of the blister caps and
weakens the structural integrity of the blister caps.

To further analyze the effect of Ne seeding on the sub-surface
structure of blisters, cross-sections of grains with {111} orientation
from both samples were prepared using FIB and observed, as shown in
Fig. 2(a2) and (b2). The seeding of Ne reduces the blister size (from 3.3
pm to 2.2 pm) and thins the blister caps (from 1.1 pm to 0.4 pm), as Ne
sputtering away a portion of the blister cap thickness, rendering larger
blisters visually smaller and smaller ones invisible under the mixed D-
10Ne plasma condition [15].

To investigate the effect of the Ne pre-irradiation on the D behavior,

surface morphology changes at the same position are analyzed. Fig. 3
illustrates the surface modification of the sequential D-Ne sample before
and after Ne irradiation at the identical position. Fig. 3(a) shows the
detailed features of the erosion after Ne pre-irradiation, the W surface
develops distinct wavy nanostructures, attributed to the sputtering ef-
fect of Ne impurity ions [28-30]. Following successive D plasma expo-
sure, the surface roughness of the sample increases, and the wavy
nanostructures in the sputtered area become more apparent (Fig. 3(b)).
Notably, no surface blistering is observed. This indicates that the D
plasma primarily enhanced surface erosion rather than promoting blis-
tering. This contrasts with the behavior observed under mixed D-10Ne
plasma exposure, where blister formation occurs despite the presence of
Ne (Fig. 2(b1)). In summary, Ne pre-irradiation effectively suppresses

Fig. 3. The surface morphology of the sequential D-Ne sample after Ne pre-irradiation (a) and the same position after exposed to subsequent D irradiation (b).
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D-induced blistering during sequential Ne-D plasma exposure. However,
this effect is not observed when Ne is seeded into D plasma, leading to
the formation of blisters instead.

The surface morphology of W after high-temperature (~1200 K)
exposure to pure D and D-Ne mixed plasmas in the Pilot-PSI device is
shown in Fig. 4. Compared to the pristine W surface, the pure D-HT
sample exhibits no significant macroscopic modifications. However, a
more detailed examination reveals that D plasma induces a certain de-
gree of surface etching (Fig. 4(al)). The etching patterns vary across
grain surfaces, and significant erosion is observed at the grain bound-
aries. At higher magnification, high-density triangular pores, approxi-
mately 100 nm in size, are observed on certain grain surfaces (Fig. 4
(a2)), likely resulting from the rupture of D-induced blisters [30].
Additionally, a small number of micro-blister structures (~100 nm in
size) with low number density are observed on some flat grains (Fig. 4
(a3)).

In contrast to pure D irradiation, the seeding of Ne significantly alters
the surface modification of W under D plasma exposure. Under D-5Ne
conditions, no blister formation is observed on the sample surface (Fig. 4
(b1)). However, significant erosion is evident at the grain boundaries
(Fig. 4(b2)), though to a lesser extent compared to pure D-HT irradia-
tion. Furthermore, small pores (Fig. 4(b2)) and granular structures
(Fig. 4(b3)) are distributed across specific grain surfaces, indicating
localized surface modifications induced by the combined effects of D and
Ne irradiation. When the Ne concentration is increased to 20 %, the
sputtering effect of Ne is further enhanced. The surface of the mixed D-
20Ne-HT sample develops severe wavy nanostructures (Fig. 4(c1)-(c3)),
accompanied by a significant increase in surface roughness. The density
of these wavy structures ranges from 5 to 28 um ™ '. Notably, no D-
induced blistering formation is observed at either 5 % or 20 % Ne
concentrations, indicating that Ne seeding effectively suppresses blister
formation at high temperatures, contrasting with the small blisters
observed under pure D irradiation.

Transactions of Materials Research 1 (2025) 100040

3.2. Deuterium behaviors

Fig. 5 presents the TDS results for the W samples exposed to pure D
and D-Ne plasmas at 500 K. A primary desorption peak is observed at
~700 K for both pure D and mixed D-Ne samples. The peak positions of
the two samples are similar, but the peak intensity of mixed D-10Ne-LT
is weaker, indicating that the same type of defect is responsible for the
700 K desorption peak; however, this defect is less prevalent in mixed D-
10Ne-LT. In contrast, the primary desorption peak for sequential D-Ne
exposure appears at ~770 K, suggesting that D is trapped in defects with
a higher binding energy. Apart from the 770 K peak, an extra desorption
peak appears at ~830 K.

6.0 Pure D-LT
@ Squential D-Ne
@ Mixed D-10Ne-LT

5.0+
4.0+

| ?
sod o & 9

2.0+

Desorption Rate (x10" D, m?ZsT

T T T T T
700 800 900 1000 1100

Temperature (K)

= T
500 600

Fig. 5. Thermal desorption spectra of the W samples after pure D and D-Ne
plasma exposure at low temperature (500 K) conducted on PSI-2.

Fig. 4. Surface morphology of rolled W after high temperature (~1200 K) plasma exposures conducted on Pilot-PSI. (a) pure D-HT, (b) Mixed D-5Ne-HT, (c) Mixed

D-20Ne-HT.
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In addition, NRA measurements were performed to determine the D
retention in the near-surface region (<7 pm) of the three samples, while
TDS was used to calculate their total D retention in the whole bulk. The
D retention results are summarized in Table 1. The total D retention is
reduced by half under either sequential Ne-D plasma or mixed D-10Ne
plasma exposure, demonstrating that Ne seeding effectively suppresses
D retention in W. Furthermore, compared with the total D retention
from TDS, the NRA data is lower than the total D retention, suggesting
that the diffusion depth of D exceeds 7 pm under all three irradiation
conditions. The comparative analysis of TDS and NRA data will be dis-
cussed in Section 4.2.

Fig. 6(a) illustrates the depth distribution of D concentration within
the top 350 nm of the W surface, measured by ERDA. Both pure D-HT
and mixed D-5Ne-HT samples have a similar distribution of the D con-
centration, which increases with depth, reaching a maximum of
~0.3-0.4 at. % at 350 nm in depth. The region beyond 350 nm likely still
contains D, due to D diffusing into the deeper bulk at higher tempera-
tures. However, the D signal is not detected in the mixed D-20Ne-HT
sample, as its concentration fell below the ERDA detection limit (~10'7
D m’z).

Fig. 6(b) presents the TDS results for D5 in the irradiated W samples
at ~1200 K. Both pure D-HT and mixed D-5Ne-HT samples exhibit a
single desorption around 1100 K, with the peak for D-5Ne-HT slightly
lower than that for pure D-HT. In contrast, the D desorption peak is not
observed in the mixed D-20Ne-HT sample, resulting from its D retention
being below the TDS detection limit (~1017 D m’z). Additionally, the
total D retention for all three samples is listed in Table 1. The results
suggest that Ne seeding significantly reduces D retention at high tem-
peratures and high plasma flux. The mixed D-5Ne-HT sample exhibits a
~30 % decrease in D retention compared to the pure D-HT sample, while
the mixed D-20Ne-HT sample shows an even more pronounced reduc-
tion. In the D-20Ne-HT sample, D retention falls below the TDS detection
limit and cannot be quantified.

4. Discussion
4.1. The effects of Ne on surface morphology and blistering

In this study, Ne seeding markedly affects the surface morphology of
W under D plasma irradiation, primarily through the formation of
micro-wrinkle structures [31] caused by sputtering and the modification
in blistering behavior. Under both low- and high-temperature plasma
exposure, physical sputtering with varying degrees induced by Ne im-
plantation is observed on the W surface, which is governed by the
inherent properties of Ne. In all experiments conducted in this study, the
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incident ion energy is set to 40 eV, reaching the sputtering threshold of
Ne on W.

In the low-temperature (500 K) experimental series, Ne significantly
suppresses the D-induced surface blistering during the sequential Ne-D
plasma exposure. However, this suppression effect is absent when Ne
is seeded directly into D plasma, where blister rupture occurs instead.
This discrepancy is primarily attributed to the precipitation effect of pre-
existing Ne clusters on the surface. On the one hand, the presence of Ne
increases the diffusion barrier of D in W, significantly impeding its
migration within the W lattice [32]. Furthermore, Ne clusters localized
at or near the surface preferentially combine with vacancies, forming
Ne-V complexes [33]. These Ne clusters and Ne-V complexes serve as
strong trapping sites for D atoms during subsequent D irradiation [34].
These effects collectively hinder D recombination and reduce blister
formation. Another possible factor contributing to blister suppression is
the enhanced surface roughness of W due to Ne pre-irradiation (Fig. 2
(al)), which is unfavorable for blister formation [19,35].

Previous sequential D-Ne plasma exposure experiments conducted
on Pilot-PSI [26] demonstrated that Ne pre-irradiation did not signifi-
cantly suppress subsequent D-induced blistering. Micron-sized blisters
were still observed on the W surface after sequential D-Ne irradiation,
which contrasts with the findings of this study. The primary discrepancy
is the ratio of Ne: D. Although both experiments employ a D fluence of
1.0 x 10% D/m?, the Ne fluence in the previous study is 0.5 x 102 D/m?
and 1.0 x 10%® D/m2 According to computational simulations by
Backman et al. [36], the dynamic energetic implantation of Ne may lead
to the escape of substitutional Ne atoms during subsequent high-energy
Ne impacts on the W surface. Consequently, higher Ne fluence may lead
to reduced Ne retention, weakening its suppression of D-induced blis-
tering and ultimately resulting in blister formation.

A comparison of the two sets of experimental results reveals a strong
correlation between the impact of Ne seed into D plasma on surface
modification and temperature and ion flux. Under low-temperature
conditions, the mixed D-Ne irradiated samples (mixed D-Ne-LT) lead
to blister formation (Fig. 2(b1)), while blistering is completely inhibited
on high-temperature irradiated samples in the Pilot-PSI setup (Fig. 4(b1)
and (c1)). In our previous mixed D-Ne exposure conducted on Pilot-PSI
at ~550 K [13], blistering is suppressed only under D-20Ne conditions.
In contrast, D-5Ne and D-10Ne exposures still result in blister formation,
although both the blister size and number density are notably reduced
compared to those observed under pure D plasma irradiation. Kreter
et al. [9] also indicate that compared to 500 K, D+10 %Ne irradiation at
770 K completely inhibits blistering. These observations indicate that
D-Ne irradiation at elevated temperatures is more effective in sup-
pressing D-induced blistering. Since temperature has been recognized as
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Fig. 6. ERDA spectra for D concentration (a) and TDS result (b) of irradiated W samples exposed to pure D and mixed D-Ne plasma at high temperature (~1200 K)

conducted on Pilot-PSIL.



Y. Qin et al.

a critical factor influencing D-induced blistering in pure D plasma irra-
diation. Numerous studies have shown that blistering is most severe at
500 K, while at temperatures above 500 K, hydrogen tends to escape
from defects, leading to a reduction in blistering [37-39]. This tem-
perature dependence is further supported by comparing our previous
low-temperature mixed D-Ne exposure experiments on Pilot-PSI [13]
with the high-temperature (~1200 K) pure D plasma exposure in this
study (Fig. 4(al) and (a3)). However, in our high-temperature series,
small blisters are still observed on the surface under pure D plasma
irradiation (Fig. 4(a3)), while no blistering occurred under mixed D-Ne
conditions, regardless of whether the Ne fraction is D-5Ne or D-20Ne.
This suggests that, in addition to the suppression effect of high tem-
perature, Ne seeding also contributes to inhibiting blister formation.
Combined with our previous low-temperature findings where blistering
persisted [13], we attribute the suppression of blistering at high tem-
peratures to the synergistic effect of temperature and Ne seeding.

To investigate the mechanism underlying the suppression of blis-
tering by Ne seeding into D plasma at high temperatures, PADB mea-
surements are conducted to analyze the changes of near-surface
vacancy-type defect, as shown in Fig. 7. The S-W curve in Fig. 7 reveals
the variation in the vacancy defect types in W under different plasma
exposures, with the unirradiated W sample (blank W) as a reference. For
mixed D-5Ne-HT, the S-W curve shifts upward, with a change in slope,
while the mixed D-20Ne-HT has a more distinct shift. These results
indicate that Ne impurity significantly changes the type and density of
near-surface vacancy-type defects in W under D-Ne synergistic irradia-
tion. Therefore, the seeding of Ne caused an upward trend in the W
parameter compared to both blank W and pure D cases, and this effect
intensified with increasing Ne concentration. This suggests that Ne im-
purity changes the vacancy-type defect structure induced by the syner-
gistic effect of D-Ne plasma irradiation in W. Moreover, the formation of
vacancy clusters generally leads to a decrease in the W parameter.
Therefore, it can be inferred that, during D-Ne mixed plasma irradiation,
vacancies near the surface continue to trap D atoms; however, the ag-
gregation and growth of vacancy clusters are effectively suppressed. Ne
effectively pins D-vacancy complexes to inhibit aggregation behavior.
The results of PADB further validate our analysis of the suppression
mechanism in low-temperature irradiation (500 K). Additionally, as the
Ne concentration or dose increases, the enhancement of surface sput-
tering and the impact on near-surface defect characteristics become
significantly more pronounced. Beyond that, as mixed D-Ne irradiation
at high temperatures shows a more significant increase in surface
roughness (Fig. 4(c2)), this suppression effect can be attributed to two
synergistic mechanisms: First, similar to sequential D-Ne irradiation, Ne
effectively inhibits D accumulation in the near-surface region by
increasing the diffusion barrier and forming trapping sites. Second, the
continuous physical sputtering by Ne actively removes the D-rich sur-
face layer, enabling trapped D to be released back into the plasma or
vacuum environment.

4.2. The impact of Ne seeding on deuterium retention

In the D5 desorption spectra of W samples after irradiation, observed
in Fig. 5, the desorption peak at 700 K observed on pure D-LT and mixed
D-10Ne-LT can be attributed to the release of D from dislocations. Since
surface blistering induces the formation of dislocations, the extent of
blistering directly affects the intensity of this desorption peak. As dis-
cussed in Section 3.1, mixed D-10Ne-LT has a lower blistering density,
resulting in fewer blister-induced defects and consequently a weaker
desorption peak at 700 K. However, the primary desorption peak for
sequential D-Ne irradiation appears at a higher temperature (~770 K),
attributed to the strong trapping of D by Ne clusters. Furthermore, the
additional desorption peak at ~830 K primarily results from D trapping
by vacancies.

Regarding the effect of Ne on W surface damage at high tempera-
tures, as observed in the second series of experiments conducted at the
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Fig. 7. The S-W values of PADB results for W samples after high-temperature
pure D and mixed D-Ne plasma exposure. Note that, the PADB data of blank
W is included in the spectra as a reference.

Pilot-PSI, except for the 20 % Ne implantation, the other samples display
a prominent high-temperature desorption peak (~1100 K). Compared to
the low-temperature irradiation [13], this high-temperature peak shif-
ted from 820 K to 1100 K, with the 580 K low-temperature peak absent.
Even at higher temperatures, when the surface concentration of D is
sufficiently high, it can still be trapped by surface defects. According to
Ogorodnikova et al. [40], these defects could include vacancy clusters or
deuterium molecules chemically adsorbed within blisters.

To analyze the depth distribution of D, we selected three represen-
tative test samples from the first experimental series and measured D
retention within a depth of <7 pm. The results are presented in Table 1.
By calculating the TDS/NRA ratio, the obtained values are 1.31 for Pure
D-LT, 1.59 for sequential D-Ne, and 1.54 for mixed D-10Ne. The ratio of
all three samples is > 1, indicating that the diffusion depth of D exceeds
7 pm. The minimal difference between the ratios for sequential and
mixed D-Ne irradiation indicates that Ne affects the depth distribution
and retention behavior of D through comparable mechanisms in both
irradiation modes. Consequently, it is reasonable to conclude that the
depth distribution of D is predominantly determined by D plasma con-
ditions, particularly temperature. Furthermore, the TDS/NRA ratios for
sequential and mixed D-Ne are marginally higher than those of pure D-
LT. In Kreter et al.'s study [9], the TDS/NRA ratio also shows no sig-
nificant difference between pure D and D-Ne mixed exposure at 500 K.
However, at 770 K, Ne seeding markedly increases the ratio (>45),
significantly exceeding that of pure D (~3.7). The increase in the
TDS/NRA ratio due to Ne seeding may be attributed to the trapping of a
significant fraction of D in near-surface regions by Ne-vacancy com-
plexes. Simultaneously, Ne-induced sputtering removes this
near-surface layer, causing the trapped D to be re-emitted into the
plasma or vacuum. As a result, the reduced D concentration in the sur-
face region leads to a higher TDS/NRA ratio in the presence of Ne
seeding.

Comparing the D retention under different plasma irradiation con-
ditions in Tables 1, it is evident that Ne significantly influences D
retention in W, with effects depending on factors such as temperature
and Ne implantation dose et al. Firstly, the seeding of Ne leads to a
significant reduction in D retention, whether under high or low tem-
perature conditions. At low temperatures, both Ne pre-irradiation
(sequential D-Ne) and D-Ne synergy irradiation (mixed D-10Ne-LT)
cause a ~50 % reduction in D retention compared to pure D irradiation
at the same dose. Under high-temperature conditions, D retention in the
mixed D-Ne plasma irradiation samples decreases by ~ 30 % for D-5Ne
compared to pure D, while in D-20Ne samples, D retention drops to
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below 10'7 D/m?, a value beneath the TDS detection limit and not
accurately measured.

This finding is consistent with previously observed trends in D-Ne
plasma irradiations at ~500 K, where, at ion energies near or below the
sputtering threshold (~40 eV), Ne significantly reduces D retention [9,
13,15,26,41]. This is mainly attributed to two factors. First, sputtering
influences D retention through both direct and indirect mechanisms.
Directly, stronger sputtering can also lead to the loss of larger surface
layers of W, removing the D retention layer and allowing trapped D
atoms to escape the surface, returning to the plasma or vacuum envi-
ronments and reducing D retention within the bulk. The magnitude of
these effects is positively correlated with Ne dose/flux, with higher
doses resulting in more significant suppression of D retention. Indirectly,
Ne sputtering causes surface erosion and the formation of pores at the
blister caps, which increases the pathways for D diffusion outward. The
second factor is the suppression of blister formation by Ne-V vacancy
complexes, as blistering plays a dominant role in increasing D retention
[42,43]. In sequential D-Ne irradiation, the reduction in D retention is
primarily due to the suppression of D-induced blistering, thereby mini-
mizing the contribution of D-induced blistering to overall retention.

It is worth noting that when comparing the effect of Ne on D reten-
tion between the PSI-2 and Pilot-PSI setups, the latter, with higher ion
flux and influence, consistently showed lower D retention. In addition to
the variations in Ne influence and temperature, the exposure time also
plays a significant role. The PSI-2 experiment had a longer exposure time
(~10,000 s), while the Pilot-PSI exposure time was only ~300 s. The
extended exposure time in PSI-2 promotes deeper diffusion of D into the
W, potentially resulting in higher D retention.

5. Conclusion

This study systematically investigated the influence of Ne seeding
into D plasma on W surface modification and deuterium retention.
Exposing W samples to pure D, sequential D-Ne, and mixed D-Ne
plasmas at 500 K and 1200 K with Ne concentrations of 5 %, 10 %, and
20 % in PSI-2 and Pilot-PSI. The main findings are summarized as
follows:

(1) Ne seeding alters the surface morphology and mitigates D-
induced blistering. At 500 K, sequential D-Ne irradiation effec-
tively suppresses blister formation, while mixed D-Ne irradiation
results in fractured blisters due to the synergistic interaction of D
and Ne. At high temperatures (~1200 K), Ne seeding entirely
eliminates blistering, regardless of whether the Ne concentration
is 5 % or 20 %.

(2) Deuterium retention was effectively suppressed under all applied
plasma conditions. Both sequential D-Ne and mixed D-10Ne-LT
exposures led to ~50 % reduction. A moderate decrease of ~30 %
was observed for mixed D-5Ne-HT, whereas mixed D-20Ne-HT
resulted in a reduction exceeding two orders of magnitude, with
retention levels below 10'7 D/m?2.

(3) The reduction in D retention arises from the combined effects of
Ne sputtering and the Ne-vacancy complex. Ne sputtering
directly removes the D-rich surface layer and indirectly induces
surface erosion and pore formation at blister caps, thereby
enhancing D out-diffusion pathways. Moreover, the formation of
Ne-vacancy complexes suppresses blistering, further decreasing
the contribution of blisters to overall D retention.

In summary, this work highlights the dual role of Ne in fusion en-
vironments: as a radiative cooling impurity to manage heat loads and as
a modifier of W surface properties to suppress D retention and blistering.
These findings provide a foundation for optimizing divertor materials in
future fusion reactors, where controlling fuel retention and surface
erosion is critical for sustained plasma performance and operational
efficiency.
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