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Fig. 1. Schematic diagram of the MPS-LD device.
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Table 1. Ton composition distribution and flux of He-Ar mixed plasmas at different Ar ratios.
R iR A Dot/ (107 m 2 5°1) Art i, fare /% T4 /(102 m > ') L /(10% m 51
He 24 0 2.4 0
He + 3%Ar 2.4 4.2 2.3 1.0
He + 5%Ar 2.3 8.7 2.1 2.0
He + 8%Ar 2.2 14.1 1.9 3.1
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Fig. 2. SEM images of tungsten surface morphologies after He plasma irradiation at different fluences: (a) Unirradiated; (b) 1.44x
10% He m%; (c) 2.16x10% He m%; (d) 4.32x10% He m%; (e) 8.64x10% He m2 He* flux is 2.4x102 m > s'!, and the sample temper-

ature is 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 flu-
ences: (a) 1.44x10% He m2; (b) 2.16x10% He m?; (c) 4.32x
10% He m ?; (d) 8.64x10% He m 2 He' flux is 2.3x102 m > s,
and the sample temperature is maintained at (1023430) K

during irradiation.
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Fig. 4. SEM images of tungsten surface morphologies un-
der constant He fluence (8.64x10% He m2) with different
Ar fractions: (a) pure He; (b) He + 3%Ar; (c) He + 5%Ar;
(d) He + 8%Ar.

RN B Ar 2% U6 He 175 5485 26 1 00
SEA AL M RIVE H, XH4E He A1 He + 3%Ar Tl
FR BEARE L EAT T M0 TEM RAE, 45 801K 5 Br
. M 5(a) ATLLE ), 7E 8.64x10% He m 2 &
14l He 55 B TR BT, 83K % 2 W R 2
176.0 nm WIELLER K B2, ZZR B
1) 20 K 21 2 58 2L R 191, N IR A R i R oy
19.4—35.5 nm 1Y He 3. iZ45 B0, & #H# He
iR He R RIZHE HEIT X, LA 2
i He . He A SRAE G R w1 TR, 5K
SR M, I B 94 oK LR i —
A IS B S5 H, 5 Bl S MBFR AR
_‘ii [44]'

SR, IBA 3% Ar Jm, Wi 5(b) B, 44
RIEAIEESL T )2, Bi)Z)EEH 176.0 nm
BEREY) 56.8 nm. [ANF, He R SHB/NE 12.0—
24.0 nm, IR A s H Ar A BB EL, X
UEHH Ar X He 175 5 SO 25 44 AL A S R4 . 48
BEMWAERKZE Ar J0§], EEFRT He B RS
Ar i RSN Z M 5E5%. BT Ar B BiEix

180501-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 18 (2026)

180501

KT He, AR AGTBEE FXF W R T gl fgid
G T i g = e s £ | 71 7/ BN 37 N
SCEGHR Ar BT ASTREEN 30 eV, A 1
SHEME (26.5 V)P FICREMS L KPR EZE He &
A DX 38 K 00 ] SR UD Be fa 5 ) A TE B, PR He 3T
FZH R IF0EIR He Wk g A K TRe BN 13
Sy kais . UL, 24 Ar FAAERT He JxfE L
— KR RETHEAL Z LIS, 2] T A
KGR BRI TE B 10,

17.3 nm

.50 nm

B 5 B #E TEM B (a) 4 He #i %8 #; (b) He+
3% Ar TR A T4 IR A O el Sy 2 A0 1) w1 2, D AE DX Y
KA

Fig. 5. Cross-section TEM images of tungsten samples after
pre-irradiation at a fluence of 8.64x10% He m?: (a) Pure
He; (b) He+3% Ar. The image on the right is an enlarge-
ment 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-re-
lated 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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Fig. 8. Total deuterium retention in tungsten under differ-
ent pre-irradiation conditions: comparison between pure He
and He+3%Ar as a function of fluence; comparison at con-

stant He fluence with different Ar fractions.

A TAEM T E MPS-LD B2k 255 1Ak |-
FFRESCE, REMMIE T AW Ar R4 e H (0%,
3%, 5%, 8%) W) He-Ar 1R A 55 B 1K 7 4 BE X 4
A IOZE FA T Ak B ST BR A TR B R

WHoE & B, TEA S B FREHE 30 eV, FE iR E
291023 K ()4l He %55 TR AT, BEE R
HEFRI 8, 2R AR YO K LR | SR80S,
Fy, YR BRI RN E 8.64x10% He m 2 I, e
bR BRI <G8 B 25, FLNA Bl 3R 2 XA A
K He ¥, 3 b3 in 1 AL b R 0 s i 3 g
B B 2 B, A TR AL T iR R B TR T P o
TR TR R R AR S A — B S AR M, R
JULRET S (TDS) Hh 2 30 vy ek ot B e ol 3 1 i, H B0
WU, LA [v] 1 X BB s R AIE. X —
W A7 % 3l S e T R IR AR BB R (N 23 o7 B
B 1) AR AR ARG (O A R # R, TR AR
Gk E REMEfL. MR A Ar RS H LA,
Ar (T BRI S RO (B S T He 76T
REMEEE He WHFFEK K, dEmiBHA “ T
SEFAE R, 159 T B He MK S (19 2 FLEA5 631k

A FERCAE IR, A B A AR, A
S 1) TR 4 G BEGR I, XTI TDS 2521 R,
vt M P 0 R R 8l 38, R R W o A il DX %
gy, TR RE R oG 25 E /) | BRI RE L 7 A 7]
IRAEMIFE 2.

£i b, He il i i % SO K RIF WS “4 B 45
AT B, A A v 5 AT 2R B A 1 2R, 3 o S
B ol J5E R 1] v itk DX RS 2l T A D)5 ik v ke
SEER, iS00 R ZALESH I L, B ARG B
Aot i B e ria (PRI X 0135, He 15 Ar $i BRI 2Z [1]
TS R TRAE T 4L 2 T OV S R T e 5
B A TN

S 3k

[1] Bachmann C, Arbeiter F, Boccaccini L V, et al. 2016 Fusion
Eng. Des. 112 527

[2] De Temmerman G, Hirai T, Pitts R A 2018 Plasma Phys.
Controlled Fusion 60 044018

[3] Roth J, Tsitrone E, Loarte A, et al. 2009 J. Nucl. Mater.
390-391 1

[4] Loarte A, Lipschultz B, Kukushkin A S, et al. 2007 Nucl.
Fusion 47 5203

[5] Petrie T W, Wade M R, Brooks N H, et al. 2007 J. Nucl.
Mater. 363-365 416

[6] Zhao X L, Sang C F, Zhou Q R, et al. 2020 Plasma Phys.
Controlled Fusion 62 055015

[7] Chen J B, Duan Y M, Yang Z S, et al. 2017 Chin. Phys. B 26

095205

[8] Sang C F, Zhou Q R, Xu G S, et al. 2021 Nucl. Fusion 61
066004

9] Zhang Y J, Sang C F, Li J X, et al. 2022 Nucl. Fusion 62
106006

[10] Wang Y L, Sang C F, Zhang C, et al. 2021 Plasma Phys.
Controlled Fusion 63 085002

[11] Rasinski M, Kreter A, Torikai Y, Linsmeier Ch 2017 Nucl.
Mater. Energy 12 302

[12] Kreter A, Nishijima D, Doerner R P, et al. 2019 Nucl. Fusion
59 086029

[13] Markelj S, Schwarz-Selinger T, Sestan A, Zavasnik J,
Kelemen M 2025 Nucl. Mater. Energy 45 101981

[14] Zhang H, Zhang X X, Li Y H, Wang P, Qiao L 2023 J. Nucl.
Mater. 583 154519

[15] Alimov V K, Shu W M, Roth J, Sugiyama K, Lindig S,
Balden M, Isobe K, Yamanishi T 2009 Phys. Scr. 2009 014048

[16] Hayashi T, Takimoto T, Tonegawa A, Matsumura Y, Sato K,
Kawamura K 2018 Fusion Eng. Des. 136 545

[17) Zhang M Q, Yin H, Sun Y W, Zhu X L, Cheng L, Yuan Y,
Lu G H 2026 J. Nucl. Mater. 618 156229

[18] Iwakiri H, Morishita K, Yoshida N 2002 J. Nucl. Mater.
307-311 135

[19] Wang W M, Roth J, Lindig S, Wu C H 2001 J. Nucl. Mater.
299 124

[20] Sakamoto R, Bernard E, Kreter A, Yoshida N 2017 Nucl.
Fusion 57 016040

[21] Wright G M, Brunner D, Baldwin M J, et al. 2012 Nucl.

180501-8


https://doi.org/10.1016/j.fusengdes.2016.05.040
https://doi.org/10.1016/j.fusengdes.2016.05.040
https://doi.org/10.1016/j.fusengdes.2016.05.040
https://doi.org/10.1016/j.fusengdes.2016.05.040
https://doi.org/10.1016/j.fusengdes.2016.05.040
https://doi.org/10.1016/j.fusengdes.2016.05.040
https://doi.org/10.1016/j.fusengdes.2016.05.040
https://doi.org/10.1016/j.fusengdes.2016.05.040
https://doi.org/10.1088/1361-6587/aaaf62
https://doi.org/10.1088/1361-6587/aaaf62
https://doi.org/10.1088/1361-6587/aaaf62
https://doi.org/10.1088/1361-6587/aaaf62
https://doi.org/10.1088/1361-6587/aaaf62
https://doi.org/10.1088/1361-6587/aaaf62
https://doi.org/10.1088/1361-6587/aaaf62
https://doi.org/10.1088/1361-6587/aaaf62
https://doi.org/10.1016/j.jnucmat.2009.01.037
https://doi.org/10.1016/j.jnucmat.2009.01.037
https://doi.org/10.1016/j.jnucmat.2009.01.037
https://doi.org/10.1016/j.jnucmat.2009.01.037
https://doi.org/10.1016/j.jnucmat.2009.01.037
https://doi.org/10.1016/j.jnucmat.2009.01.037
https://doi.org/10.1016/j.jnucmat.2009.01.037
https://doi.org/10.1016/j.jnucmat.2009.01.037
https://doi.org/10.1088/0029-5515/47/6/S04
https://doi.org/10.1088/0029-5515/47/6/S04
https://doi.org/10.1088/0029-5515/47/6/S04
https://doi.org/10.1088/0029-5515/47/6/S04
https://doi.org/10.1088/0029-5515/47/6/S04
https://doi.org/10.1088/0029-5515/47/6/S04
https://doi.org/10.1088/0029-5515/47/6/S04
https://doi.org/10.1088/0029-5515/47/6/S04
https://doi.org/10.1016/j.jnucmat.2007.01.131
https://doi.org/10.1016/j.jnucmat.2007.01.131
https://doi.org/10.1016/j.jnucmat.2007.01.131
https://doi.org/10.1016/j.jnucmat.2007.01.131
https://doi.org/10.1016/j.jnucmat.2007.01.131
https://doi.org/10.1016/j.jnucmat.2007.01.131
https://doi.org/10.1016/j.jnucmat.2007.01.131
https://doi.org/10.1016/j.jnucmat.2007.01.131
https://doi.org/10.1016/j.jnucmat.2007.01.131
https://doi.org/10.1016/j.jnucmat.2007.01.131
https://doi.org/10.1088/1361-6587/ab831b
https://doi.org/10.1088/1361-6587/ab831b
https://doi.org/10.1088/1361-6587/ab831b
https://doi.org/10.1088/1361-6587/ab831b
https://doi.org/10.1088/1361-6587/ab831b
https://doi.org/10.1088/1361-6587/ab831b
https://doi.org/10.1088/1361-6587/ab831b
https://doi.org/10.1088/1361-6587/ab831b
https://doi.org/10.1088/1674-1056/26/9/095205
https://doi.org/10.1088/1674-1056/26/9/095205
https://doi.org/10.1088/1674-1056/26/9/095205
https://doi.org/10.1088/1674-1056/26/9/095205
https://doi.org/10.1088/1674-1056/26/9/095205
https://doi.org/10.1088/1674-1056/26/9/095205
https://doi.org/10.1088/1741-4326/abecc9
https://doi.org/10.1088/1741-4326/abecc9
https://doi.org/10.1088/1741-4326/abecc9
https://doi.org/10.1088/1741-4326/abecc9
https://doi.org/10.1088/1741-4326/abecc9
https://doi.org/10.1088/1741-4326/abecc9
https://doi.org/10.1088/1741-4326/ac8564
https://doi.org/10.1088/1741-4326/ac8564
https://doi.org/10.1088/1741-4326/ac8564
https://doi.org/10.1088/1741-4326/ac8564
https://doi.org/10.1088/1741-4326/ac8564
https://doi.org/10.1088/1741-4326/ac8564
https://doi.org/10.1088/1361-6587/ac0351
https://doi.org/10.1088/1361-6587/ac0351
https://doi.org/10.1088/1361-6587/ac0351
https://doi.org/10.1088/1361-6587/ac0351
https://doi.org/10.1088/1361-6587/ac0351
https://doi.org/10.1088/1361-6587/ac0351
https://doi.org/10.1088/1361-6587/ac0351
https://doi.org/10.1088/1361-6587/ac0351
https://doi.org/10.1016/j.nme.2016.11.001
https://doi.org/10.1016/j.nme.2016.11.001
https://doi.org/10.1016/j.nme.2016.11.001
https://doi.org/10.1016/j.nme.2016.11.001
https://doi.org/10.1016/j.nme.2016.11.001
https://doi.org/10.1016/j.nme.2016.11.001
https://doi.org/10.1016/j.nme.2016.11.001
https://doi.org/10.1016/j.nme.2016.11.001
https://doi.org/10.1088/1741-4326/ab235d
https://doi.org/10.1088/1741-4326/ab235d
https://doi.org/10.1088/1741-4326/ab235d
https://doi.org/10.1088/1741-4326/ab235d
https://doi.org/10.1088/1741-4326/ab235d
https://doi.org/10.1088/1741-4326/ab235d
https://doi.org/10.1016/j.nme.2025.101981
https://doi.org/10.1016/j.nme.2025.101981
https://doi.org/10.1016/j.nme.2025.101981
https://doi.org/10.1016/j.nme.2025.101981
https://doi.org/10.1016/j.nme.2025.101981
https://doi.org/10.1016/j.nme.2025.101981
https://doi.org/10.1016/j.nme.2025.101981
https://doi.org/10.1016/j.jnucmat.2023.154519
https://doi.org/10.1016/j.jnucmat.2023.154519
https://doi.org/10.1016/j.jnucmat.2023.154519
https://doi.org/10.1016/j.jnucmat.2023.154519
https://doi.org/10.1016/j.jnucmat.2023.154519
https://doi.org/10.1016/j.jnucmat.2023.154519
https://doi.org/10.1016/j.jnucmat.2023.154519
https://doi.org/10.1016/j.jnucmat.2023.154519
https://doi.org/10.1088/0031-8949/2009/T138/014048
https://doi.org/10.1088/0031-8949/2009/T138/014048
https://doi.org/10.1088/0031-8949/2009/T138/014048
https://doi.org/10.1088/0031-8949/2009/T138/014048
https://doi.org/10.1088/0031-8949/2009/T138/014048
https://doi.org/10.1088/0031-8949/2009/T138/014048
https://doi.org/10.1088/0031-8949/2009/T138/014048
https://doi.org/10.1016/j.fusengdes.2018.03.017
https://doi.org/10.1016/j.fusengdes.2018.03.017
https://doi.org/10.1016/j.fusengdes.2018.03.017
https://doi.org/10.1016/j.fusengdes.2018.03.017
https://doi.org/10.1016/j.fusengdes.2018.03.017
https://doi.org/10.1016/j.fusengdes.2018.03.017
https://doi.org/10.1016/j.fusengdes.2018.03.017
https://doi.org/10.1016/j.jnucmat.2025.156229
https://doi.org/10.1016/j.jnucmat.2025.156229
https://doi.org/10.1016/j.jnucmat.2025.156229
https://doi.org/10.1016/j.jnucmat.2025.156229
https://doi.org/10.1016/j.jnucmat.2025.156229
https://doi.org/10.1016/j.jnucmat.2025.156229
https://doi.org/10.1016/j.jnucmat.2025.156229
https://doi.org/10.1016/S0022-3115(02)01178-9
https://doi.org/10.1016/S0022-3115(02)01178-9
https://doi.org/10.1016/S0022-3115(02)01178-9
https://doi.org/10.1016/S0022-3115(02)01178-9
https://doi.org/10.1016/S0022-3115(02)01178-9
https://doi.org/10.1016/S0022-3115(02)01178-9
https://doi.org/10.1016/S0022-3115(02)01178-9
https://doi.org/10.1016/S0022-3115(02)01178-9
https://doi.org/10.1016/S0022-3115(01)00679-1
https://doi.org/10.1016/S0022-3115(01)00679-1
https://doi.org/10.1016/S0022-3115(01)00679-1
https://doi.org/10.1016/S0022-3115(01)00679-1
https://doi.org/10.1016/S0022-3115(01)00679-1
https://doi.org/10.1016/S0022-3115(01)00679-1
https://doi.org/10.1088/1741-4326/57/1/016040
https://doi.org/10.1088/1741-4326/57/1/016040
https://doi.org/10.1088/1741-4326/57/1/016040
https://doi.org/10.1088/1741-4326/57/1/016040
https://doi.org/10.1088/1741-4326/57/1/016040
https://doi.org/10.1088/1741-4326/57/1/016040
https://doi.org/10.1088/1741-4326/57/1/016040
https://doi.org/10.1088/1741-4326/57/1/016040
https://doi.org/10.1088/0029-5515/52/4/042003
https://doi.org/10.1088/0029-5515/52/4/042003
https://doi.org/10.1088/0029-5515/52/4/042003
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 75, No. 18 (2026) 180501

Fusion 52 042003 Plasma Phys. Controlled Fusion 57 044003

[22] Liu L, Liu D, Hong Y, Fan H, Ni W, Yang Q, Bi Z, [37] Wu J T, Sang C F, Sun C J, et al. 2024 Plasma Sources Sci.
Benstetter G, Li S 2016 J. Nucl. Mater. 471 1 Technol. 33 085007

(23] Meyer F W 2019 J. Phys. B: At. Mol. Opt. Phys. 52 012001 [38] Hershkowitz N 2005 Phys. Plasmas 12 055502

[24] Liu L, Zhang Y, Fan H Y, Liu D P, Niu C J, Cheng L, Ni W [39] Nishijima D, Ye M Y, Ohno N, Takamura S 2003 J. Nucl.
Y 2020 J. Nucl. Mater. 539 152327 Mater. 313-316 97

[25] Li X C, Sun F, Liu C B, Tao Z H, Liu H D, Liu S L, Luo G [40] Alimov V Kh, Tyburska-Piischel B, Lindig S, et al. 2012 J.
N, Zhou H S 2026 Nucl. Fusion 66 016014 Nucl. Mater. 420 519

[26] Shanahan J A, Finlay T J, Davis J W, Haasz A A 2019 Nucl. [41] Kajita S, Sakaguchi W, Ohno N, Yoshida N, Saeki T 2009
Mater. Energy 18 212 Nucl. Fusion 49 095005

[27] Baldwin M J, Doerner R P, Wampler W R, Nishijima D, [42) Ohno N, Hirahata Y, Yamagiwa M, et al. 2013 J. Nucl.
Lynch T, Miyamoto M 2011 Nucl. Fusion 51 129501 Mater. 438 S879

[28] Zhang H, Zhang H W, Qiao L, Zhang X X, He R, Wang P [43] Ogorodnikova O V, Klimov K S, Poskakalov A G, et al. 2019
2021 Tungsten 3 448 J. Nucl. Mater. 515 150

[29] Reinhart M, Kreter A, Unterberg B, Rasinski M, Linsmeier [44] BiZ H, Liu D P, Zhang Y, Liu L, Xia Y, Hong Y, Fan H'Y,
Ch 2019 Nucl. Fusion 59 046004 Benstetter G, Lei G J, Yan L W 2019 Nucl. Fusion 59 086025

[30] Tiron V, Ciolan M A, Bulai G, Burducea I, Tancu D, Julin J, [45] Eckstein W 2011 Sputtered Energy Coefficient and Sputtering
Kivekds M, Costin C 2024 Nucl. Mater. Energy 39 101656 Yield (IPP Report 17/29) Garching, Germany, December 6,

[31] Ishida M, Lee H T, Ueda Y 2015 J. Nucl. Mater. 463 1062 2011 p58

[32] Zhu X L, Zhang Y, Cheng L, Yuan Y, De Temmerman G, [46] Nishijima D, Baldwin M J, Doerner R P, Yu J H 2011 J.
Wang B'Y, Cao X Z, Lu G H 2016 Nucl. Fusion 56 036010 Nucl. Mater. 415 S96

[33] Sun C J, Sang C F, Ye H, et al. 2021 Fusion Eng. Des. 162 [47] ’t Hoen M H J, Balden M, Manhard A, et al. 2014 Nucl.
112074 Fusion 54 083014

[34] Nishijima D, Doerner R P, Baldwin M J, Hollmann E M, [48] Hou J, Kong X S, Wu X, Song J, Liu C S 2019 Nat. Mater.
Seraydarian R P, Ueda Y 2007 Phys. Plasmas 14 103509 18 833

[35] Chen F F 2015 Plasma Sources Sci. Technol. 24 014001 [49] Yajima M, Hatano Y, Kajita S, Shi J, Hara M, Ohno N 2013

[36] Baalrud S D, Scheiner B, Yee B, Hopkins M, Barnat E 2015 J. Nucl. Mater. 438 S1142

Effects of He-Ar mixed plasma irradiation on surface
microstructure evolution and deuterium retention
° *
In tungsten

JIN Chongyang!  WANG ZhenhouV? ZHANG Xuexi? WANG HaoV
WU Jintao? PENG Yao!? WANG Yue®? TIAN Yue!
SUN Changjiang SANG Chaofeng V?

1) (Key Laboratory of Materials Modification by Laser, Ion and Electron Beams (Ministry of Education),
School of Physics, Dalian University of Technology, Dalian 116024, China)
2) (State Key Laboratory of Solid Lubrication, Lanzhou Institute of Chemical Physics,
Chinese Academy of Sciences, Lanzhou 730000, China)

( Received 8 April 2026; revised manuscript received 28 April 2026 )

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
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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 microstructure
evolution and deuterium (D) retention remain insufficiently understood, particularly regarding 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 are
systematically investigated using the Multiple Plasma Simulation Linear Device (MPS-LD). High-purity W
samples are 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 8.64 x
10% He m 2. After pre-irradiation, all samples are exposed to low-energy D plasma at 500 K with a fluence of
1.8 x 10% Dm 2. Surface morphology and cross-sectional microstructure are characterized by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM), respectively. D desorption behavior and total
D retention are 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
102 D m? in the non-pre-irradiated sample to 7.78 x 10?® D m 2, 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 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 2. When the Ar content is further increased to 5% and 8%, fuzz formation is almost completely
inhibited, and the W surface becomes much smoother, retaining only sparse nanopores or shallow surface
features. At an Ar content of 8%, the total D retention decreases to 1.58 x 102! D m 2, which is approximately
80% lower than 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, driving the formation of porous fuzz structures and
producing 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 in future fusion devices.
Keywords: tungsten, He-Ar plasma, fuzz, He bubbles, deuterium retention
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