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Fig. 2. Schematic diagram of CDB measurement system.
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Fig. 7. Positron affinity A* (unit: eV) of metal elementsl’l.
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Fig. 11. CDB spectra of isochronous annealing of Fe-

1.0%Cu alloy at different temperatures®?.
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Fig. 12. CDB spectra of pure Cu, quenched Fe-1.0% Cu
alloy and aged at different times?%.
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Fig. 13. CDB spectra of pure Fe, Fe-1.0%Cu alloy aged at

different times?4.

077801-7


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 % 3R Acta Phys. Sin. Vol. 73, No. 7 (2024) 077801

ST EAMUMIET E L, JTTRA BT
BEALM: AR AR R, X132 300 A i
L 235 46 BN A2 2%, St o %) T 31 A B o R e )
CDB AN 5 3l it L 20 A1 45 200 R AR e mT 3
— 2L FAE H AN T BRI A5 B, s s
THIEAG ., N AERFASE. Abhaya 55 B9 12k
R CDB f A& T FeCrCoNi £ 084 1EM
Z L F] 1273 K 1Y 55 IR kb 3 b GO0 5 18 1) 48
k. WS BRTE Py = (10—15)x 10 3mgc WLEE
Bl — A AS A GG, FLARFAF I (P e 5 1 B 0 v
T, A T 2D A 6 R A T, 45 B
WRATHE T % 25 AL B G AN R Ff FeCrCoNi A
&5 4l Fe () CDB 4R, & s
fi ) FeCrCoNi &4 5 & A B2 Fe M LA MLk
FAL, 13X FEHH FeCrCoNi HP (B & i T K 7
PR T RS I SRS A Ye 45 BT XA MIE
AR 2 JE AR AT AR RTIR AR B, JE L E L CDB
AR5 T FeCrCoNiMn & 4 Cr i b1 F12s 17 /)
Ak, 25 R R m i S RS AL IR RS R R AR, T
25 (i AE B S S TR S5 Cr e A 42 18 A8 1 BK 3 7
2019 4F, Zhong % B X} FeCrMnCuMo £ FJ0&
S AT AR K SEE, IR A H L CDB BB
THMOM M et g5 R B, 1B kR
JERT 473 K b= 4 Cu b, Cu FRAF 4 Y 1
B AE 473—773 K Z [A] Fifi i 2 7, X 3R W)
Cu i A ] F 32 8 588 k. (H Cu 45 1 068 f0) 18 {1 72
973 K B BH 2 BRI, X2t T Cu (b % BE B AR
EIINIRT %

AT PR IR e R 2B T 5, B REE S|
R MR AR B FF 25 () Sl e A8 T T R Am AT A 7
b, XX CDB i e 2l i X 8 DX ) h 4 e
TR 358 K. Nagai %5 B8 R A FA4R IR T Fe-
Cu &4, B HETH A CDB 3EIR, 45 R anfE 14
s, RS IX (T 3.5%x10 *myc) BRI ML e
ERT 1, IR RA T LR | 25 60 F 4
W, P, = 25x10 3mgc Fil By sel R AR RS 1
G HB Cubrth, HEEAE Cuf & M5,
Cu A1 H AR 9 R 0% BE R, eAh, flifi]id % 31
Cu Hrih IR IR E 564 Cu FA K. Xub)
R CDB BRI T4 ] Fe-Cu & 4
Je B R R IR G R Cu AT AT IR T Cu bt
0 B T R AL 2S00 B S EAY A AN
Cu JE T e LI i R AR

2.0+ — Fe-0.3%Cu

— Fe-0.15%Cu Pure Cu

— Fe-0.05%Cu

— Pure Fe

---- Pure Cu
(unirrad.)

1.5}

Ratio to pure Fe

Pp,/(1073mgc)

B 14 P 74 B S A9 Fe-0.3%Cu, Fe-0.15%Cu, Fe-
0.05%Cu, 4li Fe F14li Cu #J CDB i & 33

Fig. 14. CDB spectra of pure Fe, pure Cu, Fe-0.3%Cu, Fe-
0.15%Cu, Fe-0.05%Cu after fast neutron 13,
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Fig. 15. CDB spectra of uncharged and hydrogen-charged

samples!¥,

F 96 1 XF Ti Al Ti-Mo &4 -7 AL 78
A, KM CDB H#ARTEZE Ti 1 P, = 3.5x10°3
moc AT E] T ZALBRAIOCIE, HIB(EREE R A & &
ARG NI, 4niEl 17 B, BT Mo RIINAG &
TEMY MR TARE R, XA Y

077801-8


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 % 3R Acta Phys. Sin. Vol. 73, No. 7 (2024) 077801

Rk b ) A A B, I Sl DO s > s
fiF .

1.4
e Hydrogen charged sample
—g 13k° Annealed pure Al
E .
@
3 1.2 .
o g 4r L]
Jofias; o8 (173
£ o o2 gg&% § 5%
38 00904020 339250 3
=5 1l.1F ﬁo@" ° §
g j’;‘ 23 ®eco %
= ih=1
0% 10} eg
- @
8 o
T 09Ff
~
0'8 1 1 1 1 1
0 5 10 15 20 25 30

Pp,/(1073mgc)

Bl 16 FEERE G FR KU 48 ALY CDB 3% 5] 110

Fig. 16. CDB spectra of hydrogen-charged samples and an-

nealed purel?,
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Fig. 17. CDB curves of pure Ti (a) and Ti-Mo alloy (b) be-

fore and after hydrogen charging!'!l.
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Fig. 18. CDB spectra of Biy_JLa,JFeO; samples doped with

different concentrations of Lal*4.
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Fig. 19. CDB spectra of SiC annealed at different temperat-
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Fig. 21. Annihilation state of positron in polymer.
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Fig. 22. CDB spectra of PVA based nanocomposites™.

1.04

1.00

0.96

>z
0.92+ 2%

0.88} %

With respect to PVA

é
L S
0.84 Z 0 5 10 15 20 25 30

Py,/(103mgc)
L

0.80
5

1.() 15 2.0 2.5 30
Pp/(1073mgc)

23 HUORESFEN At IER TR T CDB 5 PVA

HYECAE 2R AR B 40 PVA 1 302 5 o0 A RO R

Fig. 23. CDB ratio curves with respect to PVA obtained for

free positron annihilation contribution in the nanocompos-

ites. The inset shows the deconvolution of the momentum
density for pure PVAP9.
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Fig. 24. CDB ratio curves of the pure titanium specimen H
ion irradiated to 0.2 dpa at RT, 473 and 573 K64,
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KU BER IS A 4 P Y Re AHOCIEALAIT, X &
W] Re I F2 523 MBI Re S 4854, dEMiA
R4 Hb A ) 23 67 Y Bk B Y 38 #%5 R AR KL Ren 55 109
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Fig. 25. CDB spectra of the irradiated CrCoFeMnNi at

300, 573 and 773 K to the unirradiated CrCoFeMnNil®,

2.2
% —o— As-deposited
* *
20 o\ —e— 280 C
\ —a— 450 C
1.8 \. —a— 650 C
—o— Al bulk
1.6 | A2 —*— Ti bulk

fi-*l'ﬁki‘-
1.4 w

Ratio to Si

1.2

1.0 honcgsndded

0.8 L L L I L L L
0 5 10 15 20 25 30 35
PL/(lofgm[]C)

B 26 A[EEE KRR Ti/Al B (% CDB i & 1)
Fig. 26. CDB spectra of Ti/Al interface at different anneal-

ing temperatures!™!.
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BILT | 25 TR1 R e 110 235 Ay A e A ] i D~ 5 2 7 2
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T BN T T R UE B K 78 53 oy B S B 2
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TAEBHG Z, A RS —PEJE3 J3 73 ) A
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TR TBORNZEAE) | 28 7 VBRI g RS R B | 25 45 -
ZR P A2 R AR . X BT M TAE AT LATR
P IE FL TR ARAEBE 5T 7 TR A 2, SLRENS:
SR ZE R SIS ARG A, X TSR R
AIRENE.

FrRuESE Y RS (density functional theory,
DFT) R &% E X —410, SRR IER T
T 25 e 5, T EE R 2 REe b iy TR
1 L4 B R PRER. X A2 Al i AL TG
W JE 7 BREEE (two-component density functional
theory, TCDFT) 18453, HH Ef 7% 25
4™ 7 TCDFT WM BEE ] RN

E [n+,n_] =

Fn*t|+F[n ]+ /drvext (r) [n~ (r) = n* (r)]
- /dr/dr’W+E§P[n+,n], (6)

Herbr, Fln*] F1 Fln] 43 5152 1E HL 7 FI L 5 19 5.5
T PR Uy g2 — PR AN ER# (external potential),
EcP W F-1E M T AH X2 . £ 1IE A9 Kohn-
Sham J7 25 7] LURHA R SR s me /M, R
7R

1 0B [n_] SES®[ng,n_]
-f§v2 +o(r)+ on_ (r) dn_ (41_“) ]
X Y (r) = e (r), (7)
ey 0Blni) | OB [nyn ]
_ 3V 0 ony (r) |

x it (r) =l e (1), (8)

Hrp, o nTFRA

o (r) = / g "= (T~ () Vo). (9)

v
ML T AIE f TR H
no(r) =3 i (r), (10)
e (r) = |t (). (11)

TEXTAPRL ) T H - 3R T AR, BT
SR, o — MR E AN M [ R b iy 7
W R R IE HL T AR BR (zero-
positron-density limit), B[ iEH % B 7F JC Bk FE i
&R AR O R HE . 15 58, AR DFT
SRR HOR, IE R S TE S R i

Ve =— / g ()

[r— |

- %xt("") + V::orr(r)a (12)

Horr, g NHTHE; Ve AHT-IER FAHEH
SE: P /oy, (r) FIZFHEEMBR (zero-positron-density
limit). X FHAZ A BIEREE AR (AnEpas (2
PO RRC &), BB ENE FHF W e s
TEH . B FXR A ) g A R
BERAFIEME (o4 ) XIRL (14) A pyF0L IEH TS
JES Fomh

Ff = Ve, =—

<”€/’p |ij (r)] 1/’p>

= [ arny ()97 ). (13)
o, g B LTI, H(r) K I FL T
WAL,V (r) BRI

Vi (r) =3 Vo (7 = By))

N

~

_H

+ Veor (Zni(T—le)) o (14)

J
Horp VI BRI nd BT IR R 5, 1B
TSI FEOE R T TR TR, XA b
Xt T A A 07 A SR B ) T v T AT
FE BT TR A

A= 2 =mic [y ()7 (). (15)

MBI W R SRS M TR, B,
Y(ne(r)) s& 58 K ¥ (enhancement factor). Zfj &
534 p(p) FIH RS M (state-dependent) 151 7
A PAW (projector augmented-wave) JyiEi15E T
TV LA 1E X B 530 p(p), Rom N
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SR T AR A (independent-particle model, IPM)
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Fig. 27. Doppler spectra of vacancy clusters in tungsten!™.
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Fig. 28. (a) Computed S and W parameters calculated from

Doppler spectra™; (b) experimental S and W parameters

for tungsten lattice, single vacancy and V™.
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Fig. 29. (a) Doppler spectra of pure tungsten with different

numbers of vacancies®™); (b) Doppler spectra of pure tung-

sten with different vacancy/He atom ratios/*’.
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Fig. 30. Doppler curves of pure tungsten with different va-
cancy/He atom ratios!s.
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Fig. 31. (a) Doppler spectra of the fcc Cu and V-Cuy_g®;
(b) Doppler spectra of the fecc Cu, V-Cuyysy and single
vacancy in fcc Cu and bee Cu lattice with two different lat-
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Fig. 32. (a) Doppler spectra of Al-In alloys after quenching
as well as the spectrum of the pure indium referencel®?;
(b) calculated ratio curves with respect to Al for mono- and

di-vacancies as well as for vacancy-In complexes(®2.
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Abstract

Positron annihilation technique is an atomic-scale characterization method used to analyze the defects and
microstructure of materials, which is extremely sensitive to open volume defects. By examining the annihilation
behaviour of positrons and electrons in open volume defects, local electron density and atomic structure
information around the annihilation site can be obtained, such as the size and concentration of vacancies, and
vacancy clusters. In recent years, positron annihilation spectroscopy has evolved into a superior tool for
characterizing features of material compared with conventional methods. The coincident Doppler broadening
technique provides unique advantages for examining the local electronic structure and chemical environment
(elemental composition) information about defects due to its effectiveness describing high momentum electronic
information. The low momentum portion of the quotient spectrum indicates the Doppler shift generated by the
annihilation of valence electrons near the vacancy defect. Changes in the peak amplitudes and positions of the
characteristic peaks in the high momentum region can reveal elemental information about the positron
annihilation point. The physical mechanism of element segregation, the structural features of open volume
defects and the interaction between interstitial atoms and vacancy defects are well investigated by using the
coincidence Doppler broadening technology. In recent years, based on the development of Doppler broadening
technology, the sensitivity of slow positron beam coincidence Doppler broadening technology with adjustable
energy has been significantly enhanced at a certain depth. It is notable that slow positron beam techniques can
offer surface, defect, and interface microstructural information as a function of material depth. It compensates
for the fact that the traditional coincidence Doppler broadening technique can only determine the overall defect
information. Positron annihilation technology has been applied to the fields of second phase evolution in
irradiated materials, hydrogen/helium effect, and free volume in thin films, as a result of the continuous
development of slow positron beam and the improvement of various experimental test methods based on slow
positron beam. In this paper, the basic principles of the coincidence Doppler broadening technique are briefly
discussed, and the application research progress of the coincidence Doppler broadening technique in various
materials is reviewed by combining the reported developments: 1) the evolution behaviour of nanoscale
precipitation in alloys; 2) the interaction between lattice vacancies and impurity atoms in semiconductors; 3)
the changes of oxygen vacancy and metal cation concentration in oxide material. In addition, coincident
Doppler broadening technology has been steadily used to estimate and quantify the sizes, quantities, and

distributions of free volume holes in polymers.
Keywords: coincidence Doppler, electron momentum, element distribution, microscopic defects
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