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Fig. 1. Schematic diagram and working principle diagram of HIM: (a) Schematic diagram; (b) working principle diagram.

040702-2


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 3R Acta Phys. Sin. Vol. 68, No. 4 (2019) 040702

PR R G R ASUE, R BORH N )4 A (R 4 L B T 4
A, HAE AL HIM 453520 Fr s a4 e A

HIM J& 7 % 8 ¥ 2 % (field ion micros-
cope, FIM) &A% @ik, DA% 10—100 nm
(B RS EET IR, LLAL (He)(BE (H). 350 (Ne)
FINR (Ar) S PEAUAR) g R, TR R
K1 BT 81 ELARCh Y AR 200 B S 22 51 4R
P EAEILA Pa IR BIN; 2R
MNFER E 22 I 22 B — MR TR, % 3 14
Ji - 1 T R RS 1) S - 2 B L B O LS 1, T
S 3 AN 1) FR B TR e — R TR
i, AT . R AR, TR SO AR ik
ML T O B MR, TSRS FE S A5 ., [RIE
A S IGTAE  F4) 220 h.

2.2  TiEtEsE

HIM NMYEA SEM 1y Rl & i6e, 54
R T (focused ion beam, FIB) 44K il T
YIREA B 11 AL (ion implanter) 113 A
8. HIM o] LLSCEE R, R B 1 10 nm 445
FRAN T, J&mE— 4 Ga, Ne, He =l 3l
— R UEIN TG, B T HOKR R0 R 1 A%
4 5 hn TR A 14151 5 SEM ., FIB #l ion implanter
FHEE, HIM HAT LU AN 5 TH SRR R R

1) Mmoo PR R MEE . HIM A 53RN
< 0.5 nm BESPER, L SEM & — M EeE g, B
W LA RELS] TEM AR

2) HEHREEEAKIN T AR ). HIM HA W 10 nm
T ReS, HoWSRE L FIB & 2—5 1%, X AN T.fig
JIRTLASE A BRI AN A AL, A Ry b Ae i b bR 3R
4K ETE.

3) I e K E B Y B - ARE T 191 HIM (1)
Jn s B R R 0.5—35 kV, He B T R i ik & N
0.1—100 pA, B FHREEEA N 0.5 nm, A
R P = (L7, By I L ions/ (ms);
IARFHEE, Cfs; n HEABE FRIBEME; AR
AW, m? e M FHMmE) AR oy =

I _ 0.1 x 10712 _3.08

neA  2x1.6x107" x3.14 x (0.5 x 1079)
x 10% ions/(m>s). H LRI, HIM o] IR {ILRE &
4 0.5—35 keV . i & 0] 35 10% He/(m?s) Y B+
W, S A ML 938 e LA B
LU L PN T2 45 B R R AR e B AR Y TE R

JIAHE .

4) S AR S W I AN RS 43 B HIML ZE i T
BT A R P REAS S AR 2 WA o 2 T A R
HIE 7 IRA 408, X & SEM, FIB # ion implanter
A AN LA AR fE

3 He BFENLHITA LN

A SO it 2 R BRI A BR A m] S kY
AR, SRR R & kA, SR T
99.99%, 1t 1673 K T fild 1 h 7L BT (F
A5 iR 70%) A 3 mm JE RS, R K /NEE
20—60 pm, >R U0 F A A b )R/ Sy
10 mm x 10 mm x 3 mm ZERIFIRES, TR RESLE
Tt UMY, A R T SRR EE /N T 0.2 pm.
He B F 1 A &R A HIM &% %, ASJIE FL25 B 75
He HEARINT 1 x 108 Pa, TEARERELE 0.01 Pa
Fedi. TEASRME: EAREEY 30 keV, 2N
6 x 10% ions/(m?%s), &K 1.0 x 10%? ions/m?.
TEAE il b 38 = AN A [] 1 s T 28 5 ) DX Stk A 7
He B A, WK 2 Fros. M40 15 8o fir 44
(electron backscattered diffraction, EBSD) Kl #,
Kl 2(a) B ag. ay. ag =A™ dbokL 1Y & A B 43 900 2%
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Fig. 2. EBSD map and surface micrograph of tungsten: (a)

EBSD map of tungsten; (b) surface micrograph of tungsten;
(c) the irradiated area of tungsten.
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1, 4ni&l 3(f) Frow, miHAb X IR T B . X
F B R N AE T =A™ AR A 58 AL 7E B 08 51 A

1080:s

1680s 1800 s

HRUEEA T He B, FEAFRISEIAH] T A H(E,
DR TS L. B = A o 1Y 28 AL Z A Y X,
TE 1200 s Af, HEAFIEZ R 5.56 x 102 ions/m?,
P RBUA FET (110) A0 (111) £ ay F1 ay fhkE 2
BRI, WK 3() Fias, FEFIA SRR i
R HIEE T He ¥ 2 F1 He #9 3 V5 A 2010 b BR i
W5, BER S ARBU R 42T (100) ShRL ag 1T,
WA RIS X R He WATE B AR
M EA R B AHEBIECR. He WWHEASIENT (111)
HUmy ) fiokE a ZRTA, IS ZIE T (100) HUnl Y
FiRL ag b SRR ARORE G FASCHER [17—21]
rh 25 BR300, T ARG ] 1320 s B, &
Hioag A BT Heyf, W&l 3(k) frox, 1 H
He 4 5 i34, MG BES AR SRR, &1 Mk
I ) ) R T B He Y38 R BE BN S, A
3(k)—(r) B, POUEEATE A W 3 i i 1
L, FESTEE A XN IR R BRI 5], 25 i
FACH [ %) oA A A ) (AN — A

1320 s 1440 s

1920 s 2040 s 2160 s

Pl 3 Heifl/E R MFEMALUN  (a) 120 s; (b) 240 s; (c) 360 s; (d) 480 s; (e) 600 s; (f) 720 s; (g) 840 s; (h) 960 s; (i) 1080 s;
(j) 1200 s; (k) 1320 s; (1) 1440 s; (m) 1560 s; (n) 1680 s; (o) 1800 s; (p) 1920 s; (q) 2040 s; (r) 2160 s

Fig. 3. In-situ observation of helium bubble growth during helium implantation: (a) 120 s; (b) 240 s; (c) 360 s; (d) 480 s; (e) 600 s;
(f) 720 s; (g) 840 s; (h) 960 s; (i) 1080 s; (j) 1200 s; (k) 1320 s; (1) 1440 s; (m) 1560 s; (n) 1680 s; (o) 1800 s; (p) 1920 s; (q) 2040 s;

(r) 2160 s.

R T I FEAN [a] it A I 1] ) it R 3% T
WL R A 22 57, PEH T He 12 A 7 Hh A (] ik i) B
MRS, WP 4 7R, EEBR TS A = A kL
AE AL 2 A I 2 T AL L. A RT LU
M TEARE R 1100 s B, S AR R ET (111)

) ay AARLZRATRAT BRI, S ARG K 20 s,
HEAFNEL N 519 x 10% ions/m?, Z AR R AL
AT WA He 30, G018 4(b) iR, LT, a, 1 ag
AlRL R T A B Y B4 . 2 3 A B[] 34 i 51
1180 s i1 1220 s A, BRI AFEE B INE] 5.46 x
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10?" ions/m? il 5.65 x 10?' ions/m? Z£ 47, a;, I
ag ARLRTE 20 585 B He 1, 05040 1E 4(e) F1
(g) Fi7n. X G165 2 AL B TE keV REHE Y He
B IERF KT 10 ions/m? [T H mi

S 4 SRR — B P AR SRR 4 R R W
(111). (110) A1 (100) Fhlnl A W FRLRY He il 5
{Erh, 3 (100) dhl) W SRR R, 20 (110)
6] W AR, TR (111) ShIA W AR ).

Bl 4 Heifl/b K BAFELNI  (a) 1100 s; (b) 1120 s; (c) 1140 s; (d) 1160 s; (e) 1180 s; (£) 1200 s; (g) 1220 s; (h) 1240 s
Fig. 4. In-situ observation of helium bubble growth during helium implantation: (a) 1100 s; (b) 1120 s; (c) 1140 s; (d) 1160 s;

(e) 1180 s; (f) 1200 s; (g) 1220 s; (h) 1240 s.

J TSRS FIREEE, AR A=
A AFORL I 28 Ak 14 3R TR AR DL HEA T 4 BT, IR
T He FEAT R AR RS R B G, A&l 5 FiR,
(111). (110) FA (100) & ) B9 W &Rz 3K 1A Bl & T

ER ] 3, S5 il TR I 4, 4y i
5(c). (d) F (f), RAETE AR IO E &0, (A
B3R (111), (110) F1(100) 5 1] A W5 ki 26 T 2
MR EHR Y 2 — 2.

B 5 He il A KEFEMAEL W (a) 120 s; (b) 240 s; (c) 360 s; (d) 480 s; () 600 s; (f) 720 s; (g) 840 s; (h) 960 s
Fig. 5. In-situ observation of helium bubble growth during helium implantation: (a) 120 s; (b) 240 s; (c) 360 s; (d) 480 s; (e) 600 s;

(f) 720 s; (g) 840 s; (h) 960 s.

H AT 24 A EE X W He B 1A S 1A
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2 W AR ST 7 SR AR ] B e K ) 7 ), AR B8
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pi A ) P ) I R R T B — 25 T 9
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FE R TS AR 1L, 8] AT BA— He Wi /7R
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3.4.5 1 6. X} ik He {WEE AT, HiXLE He i
TE U, X4 He W1 R/ NI AR A B A7)
N AR AL, 25 WAL ST, X 46 He Y4B
T AR GANTF 2L, 30T e HOR Rl AR 1
i AR R R FE—ERERE T, He U7 W Hrile
TR B B Wi 2 AR R B B I K, Bl A
FI UK N, He 1 A2 (1) K 8 He 2377 A FH R
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200 nm
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He %A ¥ i A, (AFEX 4 He W R HZ T
T3 20 nm AR E AN I T &M He iAW
TR, X TR nm RS He Y0k 24585 5.
X He ¥ 6 40,5 T 3635 (111) F1 (100) 4B ) ()
Wﬁﬁ\é%*jm He i1, W& 7(c) Finsder 1 fze 2,

PSS s o R, (HRAE 2 A i A
t%. IR SR SR AT IR/ LIR G T TR
PIFLIRL, A 015 LI SR R B T B 2 vtk as
1. X R W] He 195 IF7E He YA A K s FE
G EEAITEH.

5)
dr)j) .
%
R
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Abstract

Nuclear fusion energy is a clean and safe energy resource with huge potential. Tungsten is the primary
candidate for plasma facing materials (PFMs) in future nuclear reactors because of its high melting point, high
thermal conductivity and high resistance to sputtering and erosion. However, the interaction between tungsten
and helium plasma generated by deuterium-tritium nuclear reactions will result in the degeneration of tungsten
through helium blistering in tungsten. The solubility of helium in tungsten is low, and it tends to aggregate at
grain boundary, phase boundary, vacancies and dislocations, thus forming helium bubbles. These bubbles will
lead to microstructure changes of surface and bulk phases, as well as a decrease in mechanical properties, which
seriously affects the service life of material. Limited by experimental techniques, some basic problems for the
growth of helium bubbles in tungsten are not clear, for instance, how the helium clusters migrate, and
nucleation mechanisms. The study of complex helium bubble formation, evolution and its underlying mechanism
in tungsten PFM necessitates advanced experimental techniques. Traditional methods such as ion implantation,
scanning electron microscope and transmission electron microscope are inadequate for this task. Therefore, we
propose the helium ion microscope method to investigate the aforementioned several aspects of helium in
tungsten in situ and real-time. Here, a helium irradiation experiment is performed by helium ion microscope
(HIM), featuring nanostructure fabrication, ion implantation and microscopic imaging. The HIM can generate
an ion beam with energy in a range of 0.5—35 keV and an flux upto 10% ions/m?/s. In the process of helium ion
implantation, we observe in situ and real time the helium blistering and the morphological evolution on
tungsten surface, in order to capture the helium implantation-induced microscopic damage evolution on
tungsten surface and subsurface. From the results of in situ HIM experiments, it is believed that a strong
orientation dependence of blistering is observed with the blister occurring preferentially on the surface of grains
with normal direction close to (111), and surface blistering of tungsten is directly related to cracks immediately
below the surface. The present study demonstrates that the HIM is a powerful tool for investigating the helium

blistering behavior in tungsten and provides valuable experimental data and reference for designing PFMs.

Keywords: tungsten, helium behavior, helium ion microscope, real-time analysis of in situ
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