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Cemht; Dpa and He, H induced in material for fusion

v ITER, DEMO : very hard conditions for materials

v Fusion reaction 2H +3H — %He(3,5 MeV) + n (14.1 MeV)

Plasma and neutrons irradiations

He, H high flux
Low energy

0

ITER Tokamak

n 14.1 MeV

Temp. 800- 1700°C

Big challenges : for thermal, electrical and mechanical properties

Elastic collision
@ Pka : Primary Knocked on atom, recoil atom
dpa : displacements per atom

Tungsten divertor and first wall (ITER), first wall? (DEMO)

M. F. Barthe, Mod-PMI 2025, Vienna, 26-28/05/2025 P. 2



Cemhty Damage induced by neutron irradiation @ 7
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_ * Large energy distribution (up to 2 MeV)
Damage dose max in 3 years = 12dpa mean value at 150 keV
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Cemhty

Irradiation Temperature (°C)

Damage induced by neutron irradiation in W
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Cemhty Damage induced by neutron irradiation in W P
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diation in W P
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Cemhty

Self irradiations : W (150-2 MeV) ions

Dislocation loops: 2<111>, <100>
2 MeV W, 0.4 dpa, 500°C[1] :

/- Loops ¥4<111>: 3.3 x10%2 m?3
g - ey s00C mean size 3-4 nm [1]
§ ' v’ For irradiation at 500°C, preferential
formation of <100> loops at low dpa
© [1] X Yi et al Acta Materialia 92 (2015) 163-177

T T T T T T T T
00 05 1.0 15 20 25 30 35 40
damage level (dpa)

v" Density and size depend on temperature|| v  Size distribution is a power law
as calculated in MID 100 o ceorr—eeen
e ao0kev (oph O
] 150 keV W SN, 150keV(MD) A
8 W 773K k=1.12
5 10" @ W 1073K c
S = k=104 2
Z R T k=093 g 10
£ 10 B S -
= s 2 2
E 10 -:_;":.’J %é. 104
g 107 [L 106
§ ¢
R T R B R .= = 150 keV W, LN2 18 , | |
Dose (W'/m?) 1 10 100 1000 10000
X. Yi et al. / Acta Materialia 112 (2016) 105-120 Yi, X., et al., EPL 110 (2015) 36001 defect size (N)
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Cemhti Role of impurities on the irradiation induced damage microstructure @

Source of impurities .
P WEST Campaign C3 [5]
> H, He from Plasma and transmutations!?!
bubbles, fuzz... TR O W W
H 3
» Transmutation elements (Re, Os, Ta..) B! ?122122‘; T —
precipitates... % '
&
» Reactor’s environment light elements impurities (C, N, O... = |4
; : : : : : : : S 10 SIMS [5]
> in material ©! m ; ; ; ; s ; "
: ......... ......... ......... ......... ......... ......... ...... O 500 10(x) lsm
| Concentration (at. ppm) (10¢-700 nm) Depth (nm)
______________ T BN
. [+ . .
| 5 SN99.95% 99.9999% "
________ Al et0e | ] ue 3. Ol777nmtriplet > ou 0 sum
¢ 4e02 ~90¢ ~ < 65¢ 5 20 320 -\
N[ 130 |y T 15 w3
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ﬂ,"pl’U‘.‘iEl:Ed CGHCEH‘[I’iafIDr‘Ib",'SUpﬁ-“EFh,l" unl:leiéectahle JyL@&-ICP—MSc,r“:a'IMS : 2 10 ‘:5' 5
> plasma (C, N, O... in WEST °) gL Lo 0 2 4 6 8 10
775 777 719 781 783 ||BS [5]
» Impurity in plasma Wavelength (nm)
» Impurity-defects complexes and role on microstructure
2 Greenwood.al 212-215, 635-639 (1994). 3 Computational Materials Science 184, 109932 (2020). 3 Liu. Computational Materials Science 50, i
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Cemhty Role of impurities on the irradiation induced damage microstructure @

OKMC (Object Kinetic Monte Carlo) simulations [6]

>

Impurity-defects complexes
Carbon in tungsten

n|' = 19

C =50 appm/dpa —
C = 75 anpmidpa  —

C = 100 appm/dpa —
= 150 appm/dpa =
= 175 appm/dpa
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"
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Loops size (nm)

Loops density and size depends on C content due to trapping of loops
at C atoms:

Loops density (*1 022m'3)
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[6]N. Castin, et al J. Nucl. Mater. 527 (2019); M. F. Barthe, Mod-PMI 2025, Vienna, 26-28/05/2025  P. 11



1.2 MeV W, 0.02 dpa, 500°Cin 3N and 6N W [1] :

300

—
[=2)
(=]

250

140

. . Damage level (dpa) 0.02
£ g0 Observation conditions JEOL ARM200, 200 kV, 500 kX,
« 100 [
g “ g 150 Irradiation Temperature ( °C) 500
g E
Z & Z 1o Purity 3N-HP 6N-XHP
? Thickness (nm) 55 + 20 (EFTEM) 90 + 30 (EFTEM)
® “ Mean diameter (nm) 0.97 + 0.19 1.13 + 0.21
Density (1024 m) 1.73 + 0.71 156 + 0.52
6 Swelling% 0.09 + 0.02 0.12 + 0.04

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Diameter (nm) Diameter (nm)

TEM Over focused (+300 nm) images

S‘r'nall vacancy defects (<1nm) ? By TEM difficult to observe and to count them

Less data on vacancy defects and cavities
=» Self irradiations and characterization of the microstructure using TEM and PAS

1. Z. Hu, P. Desgardin, C. Genevois et al. Journal of Nuclear Materials 556 (2021) 153175 M. F. Barthe, Mod-PMI 2025, Vienna, 26-28/05/2025  P.12



Cemhti Role of impurities on the irradiation induced damage microstructure p

Impurity-Vacancy interactions

DFT calculations X EX E‘;_Xl Egi_sﬁl
(eV) (eV) (eV)

H 0.21 (TIS-TIS) [24] 1.24 [a] 1.45

C 1.46 (TIS-0IS) [20] 1.93 [b] 3.39

N 0.73 (TIS-0IS)[26]  2.48[c]  3.21

(0) 0.17 (TIS-TIS) [22] 3.05 [d] 3.22

Vv

low me—

B

-mhqv [C]

Strong interaction between Vacancy interactions with LEs (H,C,N,0 )

[a] Yang, L. et al. Comp. Mat. Science 184, 109932 (2020) [b] Liu, Y.-L et
al. Comp. Mat. Science 50, 3213 (2011) [c] Y.-L. Liu, et al, Comp. Mat.
Science. 83 (2014) 1. [d] A. Alkhamees, Y.-et al INM437 (2013) 6

M. F. Barthe, Mod-PMI 2025, Vienna, 26-28/05/2025 P. 13



Cemhti Principle of positron Annihilation Spectroscopy @

Positron Annihilation Spectroscopy is based on 2 properties of positron
v'As antiparticle of electron, positron annihilates with it, leading to emission of 2 y rays : E= 511 keV + AE
v'Trappping in vacancy defects

2/ Implantation, diffusion ¥ ANNIHILATION

4/ Annihilation

Sample \r@

e+
: : keV-MeV

1/ source

—  Electronic Structure of solids
Probe for vacancy defects and free volumes

M. F. Barthe, Mod-PMI 2025, Vienna, 26-28/05/2025 P. 14



Cemhti

Y ANNIHILATION

2/ Implantation, diffusion = han

3/ Trapping

4/ Annihilation

]

e+
j { keV-MeV

1/ source

<€ — >
Lifetime ©
[ 10° — Lattice
5 * 1 § 10*
— ks
T —_ (7Z-r0 Cne _ ) % 108
£
ro: electron radius PALS 2 10?
c : light velocity o
n,.* : local electronic density 0 1000 2000 3000
Time (ps)

Principle of positron Annihilation Spectroscopy @

Doppler broadening
Spectroscopy

14000 [

12000 | — | attice
10000 |
8000 |

6000 |

Counts

4000

2000 f

505 509 511 514 517
v Energy (keV)

Annihilation fractions of e- e+
= with low momentum
= with high momentum
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Principle of positron Annihilation Spectroscopy @

T, Sy, W,

Annihilation characteristics in perfect Lattice

(without defects)

r = (mgeng_ )"

ro: electron radius
c : light velocity

PALS

n,.* : local electronic density

Normalized counts
= = =
o (@] o
w =S [323
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= with low momentum
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Cemhty Principle of positron Annihilation Spectroscopy @

Doppler broadening

O OO;)OCOOOCT}O( 1,5, W, Spectroscopy
1 )
,H’}éCO,O QOOD  Annihilation characteristics in perfect Lattice 16000 -~
) C O 0 C Q G C . 14000 k — Lattice = Vacancy
0000000 (without defects)
12000

OGP o

)OCOOQC'O NO J( TV; Sv; WV § 8000

YOO AR ene  Annihilation characteristics of Vacancy T

0Q0HO00 o

2000
° 5(I)5 509 511 514 5::.7
Energy (keV)
g1 e
Lifetime t S Vacancy defects
* - N
T = (ﬂrozcne—) . g1 T increases
£ 5

r,: electron radius PALS S 1 decreases
c : light velocity 1ot

0 1000 2000 3000

n,.* : local electronic density _
Time (ps) M. F. Barthe, Mod-PMI 2025, Vienna, 26-28/05/2025  P. 17



Cemhty TC- DFT calculations of annihilation characteristics in tungsten @ &

Lifets Doppler broadening
ITetime
T Spectroscopy (S &W)
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*In vacancy clusters : WDA (Q=1)

Exp: T,=105%3 ps N in V, increases

Ty = 200 + 5 ps Tun » increases
decreases

Contents lists available at ScienceDirect
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L
A combined experimental and theoretical study of small and large ) UN“I'ERSITY
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1
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Cemhtf TC- DFT calculations of annihilation characteristics in tungsten ¢ 7~

—
Doppler broadening
Spectroscopy (S &W)
. '\\ oV, eV 0.48 7 \\ o ExpVy
O 125 - Vs Ve
3 QA\} Dy oV, eV e AN Dy
£ 120 1 > o Vs Vis | @ 0.44 - \\
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Relative W parameter W parameter

TIn vacancy clusters : WDA (U=1)
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e -r‘—;% Journal of Nuclear Materials
journal homepage: www.elsevier com/iocate/jnucmat
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Cemhti TC- DFT calculations of annihilation characteristics in tungsten @ &

Doppler broadening
Spectroscopy (S &W)
] Zg Lattice
V1
E | \\ o V; o Vy 0,50 - v
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Cemhti O,V, properties calculated by TC-DFT @

» One V, can trap until 6 O atoms, forming O, [V,
complexes [1] G &

PALS [3] DB-PAS [3]

] oV, oV, + o,v,
opvl’ 0,V1 1.159 Q g =0, 05V, OgV,
Y binding (eV) t (pS) !
meTTme . ofo
; Zg Eg 3 1051 or,
. o %
4 8.56 130 o 1.00- ﬁﬁ . s
Lattlce
5 10.06 124 |8 + EWE N
6 11.92 132 7 el X
\ | (RO
0.90 . . . . . . .
Pure V,, Ty =195 ps (Theo.) [2] 00 08 Wi, - ko

[1] You et al. RSC Adv. 5 (2015) 23261-23270. [2] Q. Yang et al. Journal of Nuclear Materials. 571 (2022) 154019..

[3] Z. Hu et al., Journal of Nuclear Materials 602 (2024) 155353. M. F. Barthe, Mod-PMI 2025, Vienna, 26-28/05/2025  P. 21



Cemhty Positron Trapping model @

Assuming n independent defects and no de-trapping from defects [1]

t t
— lai 77y o B 77
.e;h lizati 1. PALS(t) o R(t) * Z(rdi € Tl) T T4 e "+ BG R(t), BG: experimental values
ermalization
l Diffusion , S=S,-fi+XSu-fui T4, S,; and W, calculated using TCDFT
[Defect free (Lattice) ] W = wp - fL + Z Wdi . fdi
l K41 K4, Trapping (
[ = —di and [, +Y I, =1
) ai— AL=Ai+Y kai | 1 di Al T = I : Intensity of lifetime component i
_ _ kai L S —_— .
}\L l)\dl )\dn \ fdi =Ty P and fL + Zdl fdl — 1 fi: Fraction of annihilation state i

[ Annihilation ]

Where trapping rate, K4; = Cg; * Ugi

C,: vacancy (V) concentration
Wqi: Specific trapping coef ficient

[1] K. Saarinen, P. Hautojarvi, C. Corbel, Chapter 5 Positron Annihilation
Spectroscopy of Defects in Semiconductors, in: Semiconductors and
Semimetals, Elsevier, 1998: pp. 209-285. M. F. Barthe, Mod-PMI 2025, Vienna, 26-28/05/2025  P. 22



Cemhti Trapping model +TC- DFT @

» Vacancy distribution (C;) can be extracted from Experimental data : PALS spectrum, Sexp’ Wexp
Or

» PALS spectrum, S, W can be calculated and compared to Experimental data

Semimetals, Elsevier, 1998: pp. 209-285. M. F. Barthe, Mod-PMI 2025, Vienna, 26-28/05/2025 P. 23
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Moderator

Source .
22Na _1 -

Positrons ~ 3 eV

Acceleration
(0to 25 keV)

Reemission
of positrons

Echantillon
Positronium

emission
Surface state

Positron implantation profile in W

e’ Energy

5keV
——— 10 keV
—— 12 keV
—— 15 keV
— 20 keV
— 25 keV

0 100 200 300 400 500 600 700 800
Depth (nm)

Slow e* beam
at CEMHTI

[1] Desgardin et al. « Slow Positron Beam Facility in Orléans ». Materials Science Forum 363-365 (avril 2001): 523-25

Variable slow positron beam
+ Doppler Broadening

Monoenergetic e* beam (@ 2-3mm, 10°
e*.cm?2.s1) from 0.5 to 25 keV [1]

— S(E) and W(E)

Vacancy-type defects in
thin layers

M. F. Barthe, Mod-PMI 2025, Vienna, 26-28/05/2025 P. 24
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v’ 2 illustrations
» Oxygen vacancy interactions
»Vacancy clusters distribution in self-irradiated tungsten
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Cemhty Experimental design:

2.5 MeV electron irradiation at Room temperature (RT)

Damage profiles using POLY et

99,95% (3N) polycrystalline tungsten
6 (3N) polyery & SMOTT code [1-3]

Pristine Damaged
5 o o oo oo EBlectron =TT 8x10 HF — 2x10% e.m™
© 0 00 00 0 0 . L. oo 000 00 ¢ o 23 _ 9
006060000 ¢ irradiation je 030 o © ¢ ¢ _ 1 |_|: 1x10° e".m
© 0060606009 HtRT |00 00 9 0.C S 6x10%
® O O O 9 0 ¢ ¢ @ '@ ¢ v ¥ @ @ ©
® © © © 006 & ¢ ¢ ® ¢ & 6 v @ @ 8 1
® ®© © © © 6 © ¢ ¢ ® 0o 0 ¢ ® ' ® € © |
‘ ) . l . o @ - 87 4X10_4 N
S 0 5 7 7 777 - N P ©
® O O O 90 © 0 ¢ O VV @ O 9 @ 9 '@ e 1
©
© 0 00090 0 0 6 ® 6 Yo 0.9 9@ Q ]
® 0 00000 06 @ 9.0 o0 0 ¢ 6! 2x10
( lIsolated single vacancy V, & W atom i
0 . .
) 50 100 150 200 250
4 . I l Denth
Characterizations | epth (pm)
* Positron annihilation spectroscopy (PAS) : Vacancy-type defects : Max damage
e SIMS : LE atom Impurities | HF: ~8 x 10* dpa
|
- J | LF: ~4 x 10 dpa

[1] McKinley et Feshbach, PHYS. REV. 74 (1948) 1759-1763

[2] Lesueur, PMA 44 (1981) 905-929 .
[3] Dunlop et al. NIMPRSB 42 (1989) 182192 M. F. Barthe, Mod-PMI 2025, Vienna, 26-28/05/2025  P. 27



Cemhti Secondary ion mass spectroscopy (SIMS) : quantification of impurities P

O Quantification in irradiated samples A3, and in the pristine sample A6

1-100 W= 101-200 W= 201-300 EE‘P??E‘(‘;
1 Anion A Set —— A3 A6
10° 4 ons £ 100 184\ \f
% E Y
2 1 g 10
=10%4
] W
1 OZWOS - 160
102 - T T T T T T g_ 104
o
s
5] Cations pset % 104
g WO, 5 |
S 104 & 102
—_ ®)
- 30 appm
25 appm
102 T T T T T J T I T 101 } . . . . . . .
0 50 100 150 200 250 0 20 800 1200  1e00 \detection limit)
Mass (a.m.u) Depth (nm)
i : * A set: heterogeneous distribution
* Signifiant signal of Oyxgen (O) and ' 8 '
oxygen-tungsten molecules (WO, ;) [O]: 30-250 appm.

M. F. Barthe, Mod-PMI 2025, Vienna, 26-28/05/2025 P. 29



Residuals

Normalized counts

Cemhti PALS in irradiated samples (A set)

5‘ 160
o ~ Tav
L ..ori_:z‘_:_ﬁ_m Sampd 8O 7 Z (" 3 annihilation states A
¢ 505 Y 3T e ges s 0 W A 3 120} : :
T g AR & 120 / % e Single vacancies 200 ps [1]
- ' ooleem o Ll -
A prisine LEHF e Reduced-lattice ~10 ps
1071 Exp O 200 . T
7 150} \__* Unidentified (X) defects (120-140 ps) 29
103_ \P/ 100}
L I o Defects with free volumes smaller than V,
10%4 -
1 < 1000 - Oxygen —vacancy complexes, O V, ?
107 2 sof
]
0 500 1000 1500 2000 0 1x10%9 2x1019 1 170
Time (ps) Fluence (e".cm?) 2 f 142 \
Vacancy defects are detected 3 components are extracted 3 143
4 130 ?
5 124
6 132

[1] Lhuillier et al.Physica Status Solidi (c) 6, n° 11 (novembre 2009): 2329-32. M. F. Barthe, Mod-PMI 2025, Vienna, 26-28/05/2025 P. 30



Cemhti Cluster dynamics (CRESCENDO code ) : to simulate irradiation process @p

* Mean field description of microstructure evolution, evolution of cluster concentrations C;:

e jn—z—m—l jn—l—m jn—mﬂ jn+l—m+2
— =Gy + Z Jn-mon — Z Jnon+m — Z ]m—>m+n kdn n(C —C )
mEM meM me) :

L
universite
PARIS-SACLAY

irradiation assouat|on/d|ssouat|on sinks (ex.: dislocations)
with association dissociation %
Jnon+m = lgn,m ChCm — an+m,an+m f’(;ﬁ\l
El\ v ’Ilb(. O/.f
. 2 —_ -
Sink strengths: k5 m = BnmCn/Dm D,
"

Defects (Vn, SIAn ) evolution in matrix with O and without O

[1] T. Jourdan, J. Nucl. Mater. 467 (2015) 286 M. F. Barthe, Mod-PMI 2025, Vienna, 26-28/05/2025  P. 31
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Concentration of pure V, decreases with increasing of O, depends on fluence

—> pure V, and Oxygen-vacancy complexes (O, (V,) coexist

Z. Hu et al., Journal of Nuclear Materials 602 (2024) 155353
M. F. Barthe, Mod-PMI 2025, Vienna, 26-28/05/2025 P. 34



Cemhti Combination of Positron Trapping model & Cluster dynamics + DFT P

Assuming n independent defects and no de-trapping from defects [1]

Theoretical PALS(t)
Iy —— I, —=

+ — —dl , T4 it S
@€ 1. PALS(t) o R(t) * Z(Tdi e d ) + T4 e "+ BGR(t), BG: experimental values

Thermalization
l Diffusion Tqi (1/A4;) calculated using TCDFT

[Defect free (Lattice) ]
Kdi
K Ky, Trapping [ ;.= and [, + 1 =1
l dl d di /‘lL_/‘li_I_Z kdi ’ 1 Zdl di

Defect1 | ....

I4; : Intensity of lifetime component d,
A J)‘ou Adn %

[ Annihilation ] Where trapping rate, Kg4; = [cdi ] Hdi

C:: vacancy (V) concentration
Ui: specific trapping coef ficient

[1] K. Saarinen, P. Hautojarvi, C. Corbel, Chapter 5 Positron Annihilation
Spectroscopy of Defects in Semiconductors, in: Semiconductors and
Semimetals, Elsevier, 1998: pp. 209-285. M. F. Barthe, Mod-PMI 2025, Vienna, 26-28/05/2025  P. 35



Cemhti Theoretical and experimental PALS spectra @

l;; -t I, _t
PALS(t) =R(t)*2(ﬂe Tdi)+—18 1 + BG / \
Tdi 71 Trapping-model without O :
CD: Concentration
* PALS(t %+ PALS(t
e DFT: Lifetime (Oen (D
— Other defects
LF |]|] HF Trapping-model with O :
E 28 E 28 better agreement
290 . 290
----- EXP_LF

2 105, Oappm £

o —— 20 appm 3

(&) (&)

5 104 S

N S

@) @)

< 10% <

0 | 5(I)0 | 10IOO | 15IOO | 20IOO 0 | 5(I)0 | 1OIOO | 15I00 | 20IOO
Time (ps) Time (ps)
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Cemhti Theoretical and experimental PALS spectra

I, _t
PALS(t) = R(t) = (—e le) +2e T+ BG / \
11 Trapping-model without O :
dL CD: Concentration * PALS(t)¢pn # PALS(E) gxp
DFT: Lifetime
— Other defects
[ Trapping-model with O :

o LF @
L < 20
é é 0 * PALS(t):n = PALS(t)gxp
g £ -20
2 105 0 appm 2 10
=

4 - 4
§ 10 100 appm § 10
= ; —— 140 appm = 5 = 140 appm
g 10°; 180 appm g 10°; 180 appm \ /
5 sw220appm 5 e 220 appm
< 10% Ty < 10% -

0 500 1000 1500 2000 0 500 1000 1500 2000
Time (ps) Time (ps)
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Cemhty Theoretical and experimental PALS spectra P

I -t L _t
PALS(t) = R(t) = (ﬂe Tdi) + —~e T +BG / \
Tdi 11 Trapping-model without O :
CD: Concentration PALS PALS
DFT: Lifetime (O)en # PALS() gxp
— Other defects
Trapping-model with O :
2 20 LF 2 20 HF
% 0 _________________ ?) O_ - = o PALS(t)th =~ PALS(t)Exp
x —20 . . x —20 . . . .
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L 105 100 2 105 S
% 10 appm % 10 140 appm v HE: 100-180 appm O
o (&)
3 10 8 10* >Agree with SIMS:
TE 10% Tg 10% [0] =30-250 appm
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0 | 5(I)0 | 10IOO | 15I00 | 20IOO 0 | 5(I)0 | 1OIOO | 15I00 | 20I00
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»Vacancy clusters distribution in self-irradiated tungsten

New metbodology

New insight into quantifying vacancy distribution in self-ion irradiated tungsten: a combined
experimental and computational study

Zhiwei Hu %*, Jintong Wu b*, Qigui Yang %9, Francois Jomard €, Fredric Granberg ©, Marie-France Barthe & *

@ CEMHTI, CNRS, UPR3079, University of Orléans, F-45071 Orléans, France Accepted in
b Department of Physics, Post-office box 43, FIN-00014 University of Helsinki, Finland

¢ Institute of High Energy Physics, CAS, 100049 Beijing, China

d China Spallation Neutron Source, Institute of High Energy Physics, CAS, Dongguan 523803, China .NAM‘

® Groupe d’Etude de la Matiere Condensée, CNRS, UVSQ, 45 avenue des Etats-Unis, 78035 Versailles cedex, France
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Cemhti Irradiations W ions (1.2, 2 and 20 MeV) @p

o . . ] Before irradiation : Annealing at 1600°C/1H/Vacuum
Irradiation with W ions, SRIM calculations (KP)

* 1.2 MeV in thin and thick samples: * 2or 20 MeV in thick samples:

W 2 MeV W 20 MeV
W 1.2MeV 55eV 45° —1.8E12at.cm-2 5% 10
- 1 1E13at Cm_2 =2 T T T T T T T T T T T T T T T T N 020 | Postron |mt
. . - = - | mi
; —— 1.1El4at.cm-2 10 em? (035 dpa)] ' _ 12 ot o
14 ' at.cm ' 1 o L | 1.3X1012 at.cm ]
- - - Epaisseur couche mince 5 dos I — 8.9x10“ at.cm"
1.2 o 1 13 -2
. i 0.15 - 1.8x10* at.cm
12.5% |- —~ !
5 50 nm ) L\ —a5x10% atem?
© 104 2 SkeV - S 1
g - 106 § = !
T S 10.0% s 5 I
T e o 3 !
5 0.8 4 ?_:D 8o L 0.10 1 m
< 3 75% £ o '
Q0 8— 10keV 0.4 8 % t
T 0.6 % !
€ 2 . % |
S g s 15keV O s :
0.4 § 20keV . do2 : |
2.5% F / I
0.2 3 ]
el |
0.0 0.0% T T T T T T T T T T T T T T T 0.0 0.00 r T r T T ; T - T T
. T T g T y T T T T T T 0 100 200 300 400 500 600 700 800
0 5 100 150 200 250 300 et (o) 0 500 1000 1500 2000 2500
Depth (nm
Depth (nm) pth (nm)
Dpa* : mean dpa value in the thin foil Dpa* : at the mximum of the peak Dpa* : mean dpa value in 700nm surface region,

post- mortem characterizations : PAS (with slow positron beam, S(E) & W(E)) and TEM

M. F. Barthe, Mod-PMI 2025, Vienna, 26-28/05/2025  P. 41



Cemhti S and W annihilation characteristics in self-irradiated tungsten &P

lon energy

( MeV) dpa Temp (°C) W S
0.0085 k 0.058(1 0.418(1
1 2 (peak) - (1) (1)
0.085 (peak) 0.053(1)  0.432(1)
0.0481(1) 0.459(2)
[2] 20 0.02 (mean 0- 700 nm)
700 0.051(1)  0.457(4)

[1] Mean value of 5 fits

What is the distribution of Vacancy defects ?

[1] A. Hollingsworth, M.-F. Barthe, M.Y. Lavrentiev et al., JNM 558 (2022) 153373. [2] Z. Hu, MF
Barthe et al , Journal of Nuclear Materials 556 (2021) 153175

S parameter

0,52
0,50—-
0,48—-
0,46—-
0,44-
042
0,40—-
0,38—-

0,36 A

O Exp}

0,0085 dpa RT

0,0085 dpa

Lattice

0,03

0,04 0,05 0,06 0,07 0,08
W parameter
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Cemhti Positron Trapping model @

§ =5, fL+2XSai fai S; and W, calculated using TCDFT
W=W,-fi+XWy- fa

fai: Fraction of annihilation state d.

oc
l E?fi:;g:zat'on Assuming n independent defects and no de-trapping from defects [1]
[Defect free (Lattice) ] Total trapping, f, = 0 and Ki >> XL_}\‘dn
l Kd1 K 4n Trapping _ Kdi _ Kdn
—> fi = Kg1++Kgn Jan = Kgp+-+K
S VR W nd fi+ ) far =1
v d1
[ Annihilation ] Where trapping rate, Kg; = Cg; * Ugi
C, vacancy (V) concentration
If d. is a vacancy cluster V. Hq;: specific trapping coef ficient

[1] K. Saarinen, P. Hautojéarvi, C. Corbel, Chapter 5 Positron Annihilation
Spectroscopy of Defects in Semiconductors, in: Semiconductors and

Semimetals, Elsevier, 1998: pp. 209-285. M. F. Barthe, Mod-PMI 2025, Vienna, 26-28/05/2025  P. 45



Theoretical (TCDFT) e*

annihilation characteristics of V. diameter (nm)
defect d, St & Wi 20 0,54 0,94 1,15
18 500 °C —=—QP 500°C o PAS-QP
16 A1025, ‘\\
() °
14 é ‘® D
) R 12 S 102 RS
Experimental = gt oo,
=] 10 E; N
PAS results |:> E}g g |:> =R .,
i o 1077 09
Sexp & Wex 6 = ® ®eqe
o * ©
4 © 102
2
0
. . . YU HXO 0N D ALPPNDPRPLPPS A1 K S 61 D 94907120050 pONHDH
Positron (e ) trapplng model Nitmher of varanciec in \/ Number of vacancies in Vn
W e* annihilation fraction fy; at T T !
( )f = P), fui=0and Zf““ =1 fai | ' Vacancy defect distribution
S Sexp /)’ vacancy defects | R A A !
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Cemhti Vacancy distribution for irradiation at RT : comparison with MD @

QP preset : only Vn with n=1-65
self-irradiated Tungsten at 0,085 dpa and RT
100

= MDI[1]
§ O PAS-QP
80 - M
\
g N
B 1004 g
S 60- R
= o8 s s
c 7 &g o
2 D N Very close distributions for PAS and MD
©  40- 1004 B2
+ Bt :
o 1 TTme-am
= E | |
= |
S 201 102 i
s 0 2 4 6 8 10
7
7
04 —B—8—88 88 55| B B—&8 &8

0 10 20 30 40 50 60 70

Number of vacancies in vV,

[1] S. Plimpton, Fast Parallel Algorithms for Short-Range Molecular Dynamics, Journal of Computational Physics 117 (1995) 1-19. M. F. Barthe, Mod-PMI 2025, Vienna, 26-28/05/2025  P. 48



Cemhti  Vacancy distribution for irradiation at HT : comparison with TEM & OKMC @

QP preset : only Vn with n=1-65

self-irradiated Tungsten at 0,0085 dpa and RT

. o) .
500°C V, diameter (nm) 700°C V,, diameter (nm)
0.94 1.15 0.94 1.15
| @ e e TEM o 1] o TEM
| 4%x107° - ! @
10751 @ ? o  PAS-QP 1054 L o PAS-QP
1 7% %1025 & 2x1025
’ 240 o OKMC ° o OKMC
& ‘ —
| £
é1024 1074
[ 0] c Q
o e o
= o —®--g =
S o S
: 1 23 | O Q 0 4 23 o )
= 0™~ *-o o S e S 10 * o
c o. O c o @ pS
Q " Q ¢ o S
O 10% ()1022 C] o O -4
107+ 102

A O 1 0 a0 0 0 P P P P 10 P P ,\96

A 0 1 a0 a0 0 0 P P P P 12 P P ,\96 _ .
Number of vacancies in V,

Number of vacancies in V,

More small vacancy defects (V,, n<20) in PAS than in TEM (due to detection limit)
OKMC (MMonCa [1]) predicts a large fraction of small vacancy defects (V,, n<20)

[1] I. Martin-Bragado, et al., Computer Physics Communications 184 (2013)
M. F. Barthe, Mod-PMI 2025, Vienna, 26-28/05/2025  P. 49



Cemhtf

» The large difference between S & W calculated from
TEM Vn distribution confirms the presence of small
vacancy clusters that can not be quantified using
TEM.

» The S & W points calculated from the Vn distribution
extracted using QP (red squares) are on the left of
the Experimental data (black squares).

> Positrons annihhlate in a defect different from the
Vn (n=1-65) clusters and with a larger W value.

Oxygen vacancy complexes ?

S parameter

0,52

0,50-
0,48—-
0,46—-
0,44-
0,42-
0,40-
0,38—-

0,36 -+

O Exp
V [0 PAS-QP
Visss TEM ( ) [ TEM( )

Lattice

0,03

0,04 0,05 0,06 0,07 0,08
W parameter
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Cemhtf

0,52

» The large difference between S & W calculated from

) O Exp
TEM Vn distribution confirms the presence of small 0504 V¥ D PAS.opwith O
1=k 1 Y1
vacancy clusters that can not be quantified using 1 Viess
0.48 - TEM ( ) [ TEM( )
TEM. !
» The S & W points calculated from the Vn distribution s 0,46
extracted using QP (red squares) are on the left of D '
the Experimental data (black squares). g 0’44'_
G
» Positrons annihhlate in a defect different from the Vn 5)- 0,42 4
(n=1-65) clusters and with a larger W value. 040 '
0,384
0,36 -
? T T T T T T T T T T
Oxygen vacancy complexes 003 004 005 0.06 007 0.08

W parameter
The agreement becomes better when O;-V;

complexe is introduced in the QP model
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Cemhti  Vacancy distribution for irradiation at HT : comparison with TEM & OKMC @

QP preset : Vn with n=1-65 + 0,-V, self-irradiated Tungsten at 0,0085 dpa and RT
' _ V_diameter (nm
500°C V., diameter (nm) 700°C n (nm)
0.94 1.15 1.42 0.94 1.15 1.42
] T T T ‘ ‘ 10 | ‘ !
: 1 4x10% o TEM 1@ 4x10%- @ ° TEM
10751 ¢ 2 o PAS-QP T O I o PAS-QP
I N o OKMC L e o OKMC
2 : o PAS-QP with O,-V, T o PAS-QP with O,-V,
élo24 7:/1024: 4
é f ol g Q %
© O] © ]
£ 107 e e Sionl £ 8
) O] 9 9 @ e R % 8 b @ ° o ° ® (] e
8 Qo N 3 c @) 0.8 + v} 5 o
Q * ° -9 " 8 ® * ., 0
O 1022’ ® 1022 © ¢ 0 @]
® ®
1021+ 102

A9 O ol D oH 10 D P D P D 0 P PP A O D D 0 0D P PP A P PP
Number of vacancies in V,, Number of vacancies in V,,

Swelling (%)
500°C 700°C
TEM 0.09 (x0.02) % 0.04 (£0.02) %
PAS 06(x0.3)%  0.6(+0.5) %

M. F. Barthe, Mod-PMI 2025, Vienna, 26-28/05/2025  P. 52

» With 0,-V, concentration of vacancy clusters increases
» Swelling deduced from PAS is higher than from TEM




Cemhti Conclusions

[ Positron Lifetime (PALS) and Doppler Broadening (DB) spectrometry

[ Theoretical annihilation characteristics T, S, W of defects

O Trapping model
1 Quadratic Processing

» Experimental confirmation of strong interaction between Oxygen and vacancy in tungsten :
» Oxygen-vacancy complexes are formed
The Oxygen effect has to be taken into account in modelling

» Distribution of vacancy defects in self-irradiated tungsten

» Small vacancy clusters are highlighted and can be quantified

» Data to parametrize and validate models

M. F. Barthe, Mod-PMI 2025, Vienna, 26-28/05/2025  P. 53
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