He-Ar R &S B FFRRM SR ANNEENLR THS
ITARNE R
£HRY FEEY KFEF2 EFEY REEFD EEY T H
B
IMSGT ) SEE
1) CREFHITRZEYIE R, —WME M E 5 E S E, KiE 116024)
2) (P ERERE 2Z ALY E TR, T AR 4 B B S sea6 %, 24 730000)
wmE

S EINL 2R AE B EERT R A 13 B A2 AR A R ) e g in il 2 — o X ARk SR
AHE, RNFEYIE (He) 54MEAJRE (Ar) BhRGERGE SRS
e FH Rk B8 2 B AT AN R, JCIHE Ar X He 581835 S B000
ZERITE TR B AT NERIENLET 8 = R G« A TAEHKHE MPS-LD
B FAREE, EASREE 30 eV, FEMIRE 1023 K &4, 5%
TARFE Ar IBEEHH (0%, 3% 5%+ 8%) [ He-Ar V&5 T TiiE
FE 45 3R T O &5 /v ST, (DD WEBEAT NSRS . 45 5K, 4 He
SR TAEEIR, BRG] R AR IR TR A K AL . SR BUIR
FEEER EIL T 8.64x10% He m 2 By A EEZ) 176.0 nm HIFUR ) “ 9%
£ B, ENEAEKRE He 0, SEMIN 7R S, e &h
ARPFRIEEE ) 51102 D m 2 INE 7.8x102 D m2 (254 15 5)6 1B
HAr )5, “YEB7 ERAEKZIIINE . Ar RS BN 3%E), 7EAHE He
FIE TR, BRI EEEEE 56.8 nm, [Tl B AH N E N 3.39%10% D
m2; Ar LUBIBE 2 8%}, “4RE” GEMIFEARIE R, i =54l He &1
T &2 80%. WFFLEI, EEIRES Ar 1A 33MH] He S H049 6 8 L m
RIS, R IT o

XA Ak, AEEE TR, BE, S0,

BE: ERMWARZFEALREM S LI (i 5: 2024YFE03160001). EZK H AR} 54
(tb#E: U2441223) | I TAEBHEOERIBRE TR Git#ES: 2024JH2/102600021) Al
PEAGFEARMIL 55 3 (HLHES: DUTZD25210) ¥ B 1.

T B{E{F#. E-mail: zhenhou@dlut. edu. cn

T iB{E{F#. E-mail: sang@dlut.edu.cn



mailto:zhenhou@dlut.edu.c
mailto:sang@dlut.edu.c

1 3
B PALEL 5 R AR s IR R AR 7 B DA R AR R A 5 B R S I S P e

i}

PN PRz AR S IR HE (ITER) N AR Ko-VuHE (DEMO) Hif [ 55 & 1444
B E! Sl R E SLhris Tl i, B 5 IESR IR A E K2 &
WHERFAMERIT (D) AR (T) R RFEEE s, I8 A Al St 52 21 22 2% JiUkE
THIP AR, 4 D-T RA N F = PIZIK (He) AIOYREARwmIE % HEAR H b far

MR SR (NG Ar 75 New 8 ND) 70 WE5E R, Ar JR B AE(m g%

DX IR I N 0.1% — 5%, (5 i ol S 1247 26 A1 &, IR Rt BT}

B 100010, R T2 BB TR SRR IR, R

PRI IROR AR, B R R R AR R T . S FEA R (T
HATTBOE, FAERDRE A R B 2 e B 45 SR B 2, DRI 7 A R )
FO Ko BERZ R (i He AT Ar) VRG4S0 1557 2= i B 1 52 1 o
A2 Al AN TR A B R A L L,

HAr, ANMISSIHE 7 RER A% (R He BL Ar) & [F) (o7 23 B 5200
FIWEIT . B1XF He 2% B4R I, WF 0 IR A He 55 & TR M 2 AWK R B 3 E
KRR IR LI S o7 B 55 R e, X SRR g T 2 6N A 4 v ) i B
(3D AR RE iRyt i He 55 12 1R 08 IOE 2 (8 B9 3R I BUE N R 8RB A PO,
ABETEHR w7 U T B SR 6 2 b 2 PR AR T B Y A F e A L% 46
(APSPNIER Ll G << T WA e o8 1181425 S EY s R NG

KT Ar 20500 D R PR, DIAT TSR WL 3 ZLE L i AL e . —
fe Ar B I RIERRL AR PR B R, SRR BREE S R, BRI
SEMTUA R IER 5 AT J9: EIRS, Ar S FHRIC R 5| N KBS ARG 5

ARG, AR SRIE PRI R . 53— U7, Ar S8R SRR 1



PUELISS, ROV R AR IR M, SRREEN SR IZ K, 2B RITAE
2R T R A 2% T X 3 i B 0,

SR O KT H— He 8k Ar 28 S FC Y BRAAAS Hh 2 055 2 R 5 2=3 v BL v

R

Sefit TR BB AL, (HAE He A1 Ar IEA725AF T, ABAPRLER I ROW 45 T AL
DL RN ER B B AT MR Z R GUE7C, il & Ar iEART He 5 9K E R IE

8 S FLox SR 2 B A RS BIL A i AN B B, eAh, FER S Ar BREER

AR I 3 o ) B M AT e P Pl o

AHF ORI 2 a5 B9 TR B B 26236 B MPS-LD, JFJ& T He-Ar V& HR IR
1 A0 S AL A LA BT BRAT N SE IR TS o i T AR Ar IR EL (0%,
3% 5% 8%) X He ¥ FHIRMYCKLE ML S A KIS, [0 T RO &5 4
AR ST BR AT R R SR BRI
2 I8
2.1 B AR

AHFFR 20 (>99.95%) ALY, 2P FIIN o010 mmx10 mmx2
mmFIARHERE o B SRR (I SICRP ARIZ AT BE JF e R B HUIRAS B 5 1k
UAE TR TE /K B8 AR AT B R IE B o i BRATLBROIN 7= AR PRk A I 9 B PR B 1
RN, AR IERTRRE S E T A N X 10 Paf o JEE HY, 701173 K& T8
KUPNK, 5 HRR A E SR
22 SRIGAE REE TIARSHIC

i RSB0 E RO HE T K% PSI&APD. BN [ 3 45 782 1 2 i % B AR PO L 28
#£ % Multiple Plasma Simulation Linear Device (MPS-LD) #7121, % & 45 ¥yt
K1 FR. ZEERKEL 3 m KEMEESEIARAR, BIRIMNTEEE 11 X
UREE LR, WP R 0.4 T M AR . 28 A MR e 5 5 1

3



PR, T A e R RS E S T AR . B ARS SE B T AR TE L, K

AL E A AE 0 - 1650 mm YE I N IAYT, LA A A S2596 T3 3K

Spectrometer

Laser] [ D B field coils
Thomson|scattering I

OES|System Langmuir Probe

—J Sample Conveying|System
P Thermocouple l .l R R
— Bias
Target = — Cooling
N I ]—\_l_

Langmuir Probe

source.yy

Spectrometer IR camera
1. MPS-LD % B /R i

Fig. 1. Schematic diagram of the MPS-LD device.
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Table 1. Ion composition distribution and flux of He-Ar mixed plasmas at different Ar ratios
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Fig.2. SEM images of tungsten surface morphologies after He plasma irradiation at different
fluences: (a) unirradiated; (b) 1.44 x 10?°, () 2.16 x 10%°, (d) 4.32 x 10>, and (e) 8.64 x 10%° He

m 2. He" flux was 2.4x102 m2 s7!, and the sample temperature was maintained at 1023 + 30 K

during irradiation.
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Fig. 3. SEM images of tungsten surfaces morphologies after He+3%Ar mixed plasma irradiation at

different He fluences: (a) 1.44 x 10%°, (b) 2.16 x 10%, (c) 4.32 x 10%,and (d) 8.64 x 10> He m™2.



He" flux was 2.3x10?? m 2 s™!, and the sample temperature was maintained at 1023 £ 30 K during

irradiation.
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Fig. 4. SEM images of tungsten surface morphologies under constant He fluence (8.64x10%5 He

m~2) with different Ar fractions: (a) pure He; (b) He + 3%Ar; (¢) He + 5%Ar; (d) He + 8%Ar.
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Fig. 5. Cross-section TEM images of tungsten samples after pre-irradiation at a fluence of 8.64 x
10% He m: (a) pure He; (b) He + 3% Ar. The image on the right is an enlargement of the image

on the left in the red box.
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Fig. 6. Thermal desorption spectra (TDS) of deuterium in W under different pre-irradiation
conditions:(a) pure He irradiation at different fluences; (b) He+3%Ar irradiation at the same He
fluences. Peak 1 (~650 K) corresponds to low-energy trapping sites. Peak 2 (~750 K) is associated
with medium-to-high energy traps, mainly originating from He bubbles, vacancy clusters, and

fuzz-related defects.
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Fig. 7.TDS of deuterium in W samples pre-irradiated with different Ar fraction (0%, 3%, 5%, and

8%) at a constant He fluence of 8.64 x 10> He m™2.
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Abstract

Hydrogen isotope (HI) retention in plasma-facing materials (PFMs) is a critical
challenge for fuel self-sufficiency and operational safety in future fusion reactors.
Tungsten (W), the primary candidate PFM for ITER and DEMO, will be
simultaneously exposed to helium (He) ash produced by D-T fusion reactions and
externally seeded impurity species such as argon (Ar), which is widely used for
divertor radiative cooling and heat-load mitigation. However, the synergistic effects of
He—Ar irradiation on W surface microstructures evolution and deuterium (D) retention
remain insufficiently understood, particularly with regard to the role of Ar in
modulating He-induced nanostructures and trap sites. In this study, the effects of
He—Ar mixed plasma pre-irradiation on the surface morphology, near-surface damage
structure, and D retention behavior of W were systematically investigated using the
Multiple Plasma Simulation Linear Device (MPS-LD). High-purity W samples were
pre-irradiated with pure He and He—Ar mixed plasmas (Ar mixing ratios of 0%, 3%,
5%, and 8%) at an incident ion energy of 30 eV and a sample temperature of 1023 K.
The maximum He fluence reached 8.64x10%* He m2. After pre-irradiation, all samples
were exposed to low-energy D plasma at 500 K with a fluence of 1.8 x 10* D m™.

The surface morphology and cross-sectional microstructure were characterized by

scanning electron microscopy (SEM) and transmission electron microscopy (TEM),

respectively, while the D desorption behavior and total D retention were analyzed by

thermal desorption spectroscopy (TDS).

The results indicate that, under pure He plasma irradiation, the W surface
undergoes a fluence-dependent structural evolution from nanopores. to. ripple-like
structures and finally to a dense fuzz layer. At a He fluence of 8.64 x 10* He m™2, a
continuous fuzz layer with a thickness of approximately 176.0' nm 'is formed,
accompanied by a large number of He bubbles in the near-surface region. These
He-induced bubbles and fuzz structures provide abundant high-energy trapping sites
for D, leading to a significant increase in D retention from 5.1 x 10 D m™ in the
non-pre-irradiated sample to 7.78 x 10" D m™, corresponding to an enhancement of
approximately 15 times. Meanwhile, the TDS spectra exhibit pronounced
high-temperature desorption peaks, indicating that D is mainly trapped by medium-
and high-binding-energy defects associated with  He bubbles, vacancy clusters, and
fuzz-related porous structures.

Crucially, the introduction of Ar  significantly suppresses He-induced
microstructure evolution. With 3% Ar addition, the thickness of the damaged layer
decreases from 176.0 nm to 56.8 nm at the same He fluence, and the He bubbles
become smaller, less dense, and more discretely distributed. Correspondingly, the
high-temperature D desorption peak is weakened and shifts toward lower temperatures,
while the total D retention decreases to 3.39 x 10?' D m™=. When the Ar content is
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further increased to 5% and 8%, fuzz formation is almost completely inhibited, and the
W surface becomes much smoother, with only sparse nanopores or shallow surface
features remaining. At an Ar content of 8%, the total D retention decreases to 1.58 x
10?' D m2, which is approximately 80% lower than that under pure He pre-irradiation.
These results demonstrate that increasing the Ar content effectively reduces the density
of high-energy D trapping sites by suppressing He bubble growth and fuzz formation.
The underlying mechanism is attributed to the competition between He-induced
defect generation and Ar-induced surface sputtering. Under pure He irradiation,
continuous He accumulation in the near-surface region promotes He bubble nucleation,
growth, and coalescence, which drives the formation of porous fuzz structures and
produces a high density of strong D trapping sites. In contrast, Ar ions induce physical
sputtering of the W surface and disturb the stress field and material transport processes
required for stable He bubble growth. As a result, the development of He bubbles and
fuzz structures is suppressed, the trap energy distribution shifts from high-energy traps
toward lower-energy defects, and D retention is significantly reduced. This study
clarifies the regulatory role of Ar in He-induced W surface damage and D retention
under mixed impurity plasma irradiation. The results reveal that moderate Ar addition
can effectively suppress He-induced fuzz formation and reduce D retention in W,
providing new experimental evidence for understanding impurity-controlled

plasma—wall interactions and tritium retention behavior in future fusion devices.
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