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Outline ®)

Part 1: In situ benchmark experiments on hydrogen
retention in self-damaged tungsten: Uptake, transport,
dynamic retention, isotope exchange

Part 2: Study of deuterium retention in tungsten
simultaneously damaged by high energy W ions and loaded
by D

Part 3: Influence of He on deuterium retention

Conclusions and motivation for further studies in each part
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In situ benchmark experiments on hydrogen
retention in self-damaged tungsten: Uptake,
transport, dynamic retention, isotope exchange

CRP Objective 4: to perform coordinated experiments and
computations to improve the knowledge base on the influence of
tungsten microstructure on tritium retention and tritium transport

properties
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STAE Motivation - Part 1

Plasma wall interaction involves molecular, atomic and
ionic species with a broad energy range few eV - keV

First Wall/

Plasma

}\f

Divertor 7

Fluxes of low energy
neutrals in divertor up

to 1024 D/m?s [Roth et
al. INM 390 (2009) 1]

Tungsten interaction with

neutrals - hydrogen

isotope atoms

¢ The simplest possible
specie

¢ Large fluxes of neutrals
in divertor and remote
areas

¢ Need to understand also
atom/molecule
interaction to predict
tritium retention in
fusion reactor

» Goal: in depth understanding of tritium retention in W-based materials
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WP PFC

+ n " /_
Motivation -Part 1 ((\)

Plasma wall interaction involves molecular, atomic and
ionic species with a broad energy range

N Tungsten interaction
Divertor :

- with neutrals -
Reflection Adsorption Recombination

o o o0 ©° hydrogen isotope
atoms
Implantatidn Desprption o > Startigg Withll(;)1‘:3v D
N A AT e %‘“ OO atom flux in -
D O b ‘Q 101° D/m?s range

O OO O O O O » Set-up a laboratory

model system to

O O OTrapplngO O O: benchrrllark

o modelling codes -

O__Q_@___Q___Q__Q___Q_“Q_Q extrapolating to large

flux
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Processes: atoms versus ions ({:_;)
Diffusion Trapping
—Pp 0 omo .m
Ions > few eV G ,@@@@@@@@@B@@
— <_< @ o @ @ @ '@
Atoms ® *
A
-Potential
¥ D,=2.25eV energy
~leV
1 N >
4 H, (g) - . Trap U Distance
physisorption Eq site , from surface
E..,=0.8-2eV
 } p
chemisorption |
bulk

» Direction implantation
» Large hydrogen concentration in the lattice at implantation depth -
possible defect creation due to local stress (ion-induced traps)
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S|d& Processes: atoms versus 10ns

Ions > few eV

. )

Atoms

1% D,=2.25 eV

WP PFC

=N

“H,(g)
physisorption E,

chemisorption

bulk

)\
Diffusion Trapping
N [~ X
S '90.0 0 0.0
A
-Potential
energy
W bulk
> parameters
Distance Eqirr=0.39 eV
from surface | Q.= 1.04 eV
EA= QS+ Ech + Ebs
E,=2eV
[Frauenfelder 1969 J.
Vac. Sci. Technol.]

» No additional defect production
» Separate implantation effects from transport and trapping at defects
» High E, - no transport of D atoms into bulk at low temperatures < 700 K
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In situ studies by ion beam methods

Méoller et al. NIM B 136 (1998) 1203:
Dynamic in situ diagnostics using high
energy ion beam analysis - “MeV ion
beam is presented as a powerful tool for
in situ, real-time process diagnostics...”

No transport trough air between sample
exposure and analysis - no contamination

Possibility to study the dynamics of
processes on the surface and in the bulk

Measurements of all parameters -
computer control of the system

Possibility of analysing beam effect -
damage production and He effect

lon beam analysis methodsl

MeV-ions
Back-
' ‘ ‘ . scattering
A 4 \ 4 Y A 4
RBS
Sample
surface

2\

y-radiation

NRA PIXE ERDA

New: in situ study on self-damaged
tungsten and exposure to deuterium
atoms
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Method: Use of self-damaged tungsten material WF;EFC

77N\
+ Nuclear reaction analysis (NRA) + HABS

SRIM calculation of damage

dose depth profile |> ngh energy ion damaging

0.30

10 MeV

r,,=7.8x10" W/m?

0.251

* High energy (20 MeV) W ion
irradiation = self-damaging

* Surrogate for neutron damaging
* Damage creation - few um
q * Increased fuel retention in ion damaged W
0004+ N material from ~ 103 at. % 2 ~ 1 at. %
0.0 0.5 1.0 1.5 2.0 25 3.0 .
Depth [um] * D retention saturated at > 0.25 dpa
e * Possibilities to study hydrogen isotope
uptake/transport/isotope exchange in bulk

0.20 4

0.15 1

Dose [dpa,,]

0.10 1

0.054

The damage layer serves as a
“getter layer”

— D retention - a way to
determine the trap concentrations

ScanningTransmission Electron Microscopy

(STEM) [L. Ciupinski et al. NIM B 317 (2013) 159]
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Method: Use of self-damaged tungsten material ™~
1 + Nuclear reaction analysis (NRA) + HABS =

D, D atom flux
density profile

D/Dz ERERERERE RN

v~ Sample

I |
‘ I ‘ Heater

* Energy0.28 eV/D (2150 K)

* Dissociation rate 30-50 %

| . , e Atom flux: 4x1018 — 3x101°D/m?2s
> “He+D - “He +p e Atom fluence: 102°-10%* D/m?
(Q=18.352MeV; p energy 11-14 MeV) Studies with deuterium

Broad resonance peak near E(3He) = — extrapolation to tritium
0.63 MeV (FWHM 730 keV)

Nuclear reaction to probe ?H = D:
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Method: Use of self-damaged tungsten material w/; :\FC

+ Nuclear reaction analysis (NRA) + HABS &

2 Collimator slits

. Recrystallized W sample
damaged by 20 MeV W ions,
Damage dose: 0.25 dpay,

In-beam

QV  mesh charge=... 1

collector

-
RBS

. Exposure to D atom beam @
600 K for 48 h.

. D atom beam flux density:
5.8x108 D/m?s.

‘ ‘ Heater
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D loading of self-damaged W by D atom

exposure

D atom loading - filling of damaged area by D atoms.

D concentration [at.%]

t=2.5h |
D atom exposure @ 600 K
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For more information see: Markelj et al. INM 469 (2016) 133
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D loading of self-damaged W by D atom

exposure

e D atom loading - filling of damaged area by D atoms.

D concentration [at.%]

|t=6h |

D atom exposure @ 600 K
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: D loading of self-damaged W by D atom

exposure

e D atom loading - filling of damaged area by D atoms.

D concentration [at.%]

t=245h |
D atom expdsure @ 600K ‘
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m D loading of self-damaged W by D atom R
e exposure

O

=

e D atom loading - filling of damaged area by D atoms.

t=315h |
D atom expdsure @ 600K ‘
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D loading of self-damaged W by D atom
exposure

D atom loading - filling of damaged area by D atoms.

D concentration [at.%]

D atom expdsure @ 600 K ‘
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: D loading of self-damaged W by D atom WE PFC

ﬁ //‘/"\\\
1= exposure =/

D atom loading - filling of damaged area by D atoms.
. Total fluence 1.0x102* D/m?2

. D total amounts in damaged layer
| D atom loading I

T T T T T T T T T T T T T

an
o

\

\

X

Total deuterium amount [10'° D/m?]
N
o
PR [ S T PR T PR
1

0 10 20 30 40 50 60
Time [h]

» Atoms do penetrate into the bulk
» Deuterium transport is dominated by trapping into traps created by W ion
damaging
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Dynamic retention @ 600 K (7

WP PFC
)

L)
‘{\E@

How much of D is dynamically released
during the exchange at 600 K?

Hold @ 600 K
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P =

S| & Dynamic retention @ 600 K ®

\;’-?))

Study of dynamic release
 Sample held at 600 K for 43 h

t=43h |
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Atomic beam switch off; Study of dynamic release for 43 h at 600 K

Dynamic retention @ 600 K

» 30% decrease in total D amount in damaged layer after 43h

» 68% decrease during the isotope exchange @ 43h

| D dynamic release |

Total deuterium amount [1019 D/m2]

For more information see: Markelj et al. INM 469 (2016) 133
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Dynamic retention @ 600 K

e  Atomic beam switch off; Study of dynamic release for 43 h at 600 K
» 30% decrease in total D amount in damaged layer after 43h
» 68% decrease during the isotope exchange @ 43h

| D dynamic release |

Total deuterium amount [1019 D/m2]

For more information see: Markelj et al. INM 469 (2016) 133

T T T T T T 1 T T T T ] 800
40 ; ﬁ 1700
] 1600
304 i
] | 1500
£ i
] 4+ 1400
20 + B D amount = g
‘ Model B hmiviel
* 0.78MeV ]
. : 200
: 1100
o-—————7—7—7 7 10
0O 5 10 15 20 25 30 35 40 45
Time [h]

NRA int. signal [counts]

Can we model what
was observed in the
experiment?

Do we understand all
the mechanisms?
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Modelling experimental results o
‘ | i)
by rate equation model )

Rate equation model

» The MHIMS code — developed at CEA (C. Grisolia, E. Hodille) to model bulk
H trapping/detrapping and diffusion [Hodille at al., INM 467 (2015) 424]

v" New: Included surface processes

» Determination of parameters by modelling the experimental data

Langmuir-Hinshelwood ER

|D E'.
3

Eley-Rideal D ges -

5
Pexc Sticking /-| o F /-| N F
® B IE i
o o i

Reng aas g
'c'ia«ox&ecﬁﬁﬁcﬁc N

yng | =soepnsg | wnaoep
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Sfa= Modelling experimental results WP PFC
‘ | @)
by rate equation model ()

» The MHIMS code - surface processes + bulk trapping/detrapping and diffusion

Modelling results:

v' Trap concentration and trapping energy obtained from the annealing study
(D depth profile and TDS spectra) [zaloznik et al. Phys. Scripta T167 (2015) 014031]

» Surface parameters determined by varying the parameters and from literature

v" Simulation of depth profiles shown before

D atom loading | Dynamic release
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, Modelling experimental results R
ST % 7>\

- ()
by rate equation model =

» The MHIMS code - surface processes + bulk trapping/detrapping and diffusion

Modelling results:

v' Trap concentration and trapping energy obtained from the annealing study
(D depth profile and TDS spectra) [zaloinik et al. Phys. Scripta T167 (2015) 014031]

» Surface parameters determined by varying the parameters and from literature

v" Simulation of depth profiles shown before - Good agreement

D atom loading Dynamic release

05— L 0.5 : :

— NRA: 2.5h | i — NRA: 48h exposure |
E oal Simulation | g 04l --— Simulation |

o NRA: Bh — — NRA: 20h at 600K
I ;L Simulation 1< - --— Simulation 7
S 03f% T —— NRA:245h] & 03} L= —— NRA: 43h at 600K -
© \ AN ] Simulation | '@ < --— Simulation i
*%‘ 0ol \ ‘ 1‘\ — NRA:31.5h E 0ol .- e i |

o - 1‘. I Simulation | © |, 1
- = — NRA:48h 18§ [ 1) .
0 0.1f P *T ----- Simulation |~ 0.1t i\ |
R At T '
DD 1 2 3 4 5 DD 1 2 3 4 5
Depth (um) Depth (pm)
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: Modelling experimental results WEDFC
.
by rate equation model

» The MHIMS code - surface processes + bulk trapping/detrapping and diffusion

Modelling results:

v' Trap concentration and trapping energy obtained from the annealing study
(D depth profile and TDS spectra) [zaloinik et al. Phys. Scripta T167 (2015) 014031]

» Surface parameters determined by varying the parameters and from literature

v Extraction of D total amount from loading + dynamic release - Good agreement

Total amounts

L L 1 L L L L
50l & Exp. axposura B0O K |
— W Exp. desor, B00 K
T ——  Simulation MHIMS
éE 40P ' __-"Ji!:' —— Bulk FI . =1.65aVv -
% #;’ﬁ HL"‘*--LEH____ Bulk EI: 1.85 aly
% 2or A ¥ —— BukE _=206eV ]
% Vs B Su. 2E_ =174 eV
o 20 s - - ]
% / .
= 10 ..’rl& . -
"El-'--' -
0 : S ' I ____________ r_ ______ L L L
0] 20 40 &0 80 100 120 140
Time (h)
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e Modelling experimental results by rate V%Q\m
‘ | ' 8 _J)
equation model - determined parameters )
Atoms
A
Ediff =0.2 eV

-Potential [DFT - Fernandez et al.

energy 2015 Acta Mater. 94 307]

>
\_/
¥2H, (g) e Trap Distance
phy p Ech Etrap ’ site from surface
? =0.8-2eV

chemisorption

1 D,=2.25 eV
Eps= Eqitr

bulk 3 traps identified due to W ion
damaging

E,= 1.65 eV jogged dislocation line
E,= 1.85 eV dislocation loop

E.= 2.06 eV cavity

» In agreement with literature [t Hoen et
al. NF 53 (2013); Ogorodnikova et al. JAP
118 (2015), JAP 119 (2016)]
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WP PFC

e Modelling experimental results by rate P

“ 1 - (@)

equation model - determined parameters =’
Atoms

“rotential et Fernandez et al.
energy 2015 Acta Mater. 94 307]

1% D,=2.25 eV

Eps= Eqite
>
\/
% H, (g) - UTrap Distance
phy p Etrap ’ site  from surface

=0.8-2eV

i

—
chemisorpfbn

bulk

E, =0.69 eV & 0.87 eV > In agreement with literature
' [Tamm & Schmid JCP 45 (1971) 4775;
Markelj et al. ASS 282 (2013) 478 ]
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Modelling experimental results WERF
‘ | ' L))
by rate equation model - determined parameters “='

Atoms

[DFT - Fernandez et al.
energy 2015 Acta Mater. 94 307]

-Potential
% D,=2.25eV

%BH,(g
physisorption B,

chemisorption

Eps= Egits

>
Trap Distance
Eqrap \Qj site  from surface
=0.8-2¢eV

» Not in agreement with
Fraunfelder values

E\=1.33/155eV E,~2eV— Q=1.04 eV

> Q,=0.44/048eV | , Experiment: Gas loading of

tungsten at high temperatures

[Frauenfelder R. 1969 J. Vac. Sci.
Technol. 6 388]
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Modelling experimental results WP PFC
] by rate equation model - conclusions &2

What have learned
» We “understand” and can model the experimental
results - the agreement is very good

v’ For more details see: Markelj et al. INM 469 (2016) 133 - experiment
Hodille et al. Nucl. Fus. 57 (2017) 056002 - modelling

Questions that we still need to address:
» Reason for lower activation energy - lower Q. as
compared to Fraunfelder

More detailed look by second
benchmark experiment:
D-atom loading study at
different temperatures
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D atom loading of self-damaged W at different w/v; PFC

temperatures

» Recrystallized W sample
damaged by 20 MeV W ions,
Damage dose: 0.25 dpaKP 2 Collimator slits

In-beam
mesh charge g
collector [
RBS

» D atom exposure 122 h = 5 days;
j=4.2x10'8D/m?s
» Fluence = 1.8x10%* D/m?

» Each sample different
temperature — depth profile
measurement at different
times/fluences ‘ E— ‘

‘ ‘ Heater

» Exposure at low temperature
where defect annealing has
minor role.
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D atom loading of self-damaged W at different ™

7N
temperatures

\\'\"\‘;‘))
The D atom loading experiment at 450 K |

=%

» Max D concentration 0.49 at % - range 0.2 pm
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| - ' WP PEC
D atom loading of self-damaged W at different ™

7N\

7 N\
)

8_J)
temperatures =g
The D atom loading experiment at 500 K |

» Max D concentration 0.4 at % - range 0.65 pm
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= D atom loading of self-damaged W at different WEFFC
g g )

/f§
\_J)
temperatures =

7 S\
The D atom loading experiment at 550 K |

» Max D concentration 0.42 at % - range 1.2 pm

0-6_""1""1""1"'l" T ]
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| - ' WP PEC
D atom loading of self-damaged W at different ™

/f§
temperatures

\\'\"\‘;‘))
The D atom loading experiment at 600 K |

=2

» Max D concentration 0.36 at % - range 1.9 pm
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D atom loading of self-damaged W at different

_
©
N=
temperatures =
0.6 I e o A Anans a
50 o}
] ] i
05—_ 7 g 4 /I
S 0 40 600K _ - .
:04- ® ® 2 40' o
B S ] o 1 -
5 ] § — ] -
= T f c 30+ " g
z 031 HABS D atoms 0.3 eV 1 3 ] o
Q b E 4
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8 0.2 - O 20—_ 7 r 500 K i
2 ] e o) 7 - ”i——
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o 1T g T e el
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OO — ———————————————— .E 0_./.””
400 450 500 550 600 L I B o e B

T T
0 20 40 60 80 100 120
exposure time [h]

» Smaller penetration depth but higher D conc. @
lower temperatures

> Higher the temperature less time/fluence needed to
saturate damaged layer

> Large temperature dependence of D uptake

Exposure temperature [K]
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: ] - WP PFC
D atom loading of self-damaged W at different "

(7N
. )
temperatures - modelling results |

‘{\‘E@

The TESSIM code (developed by K. Schmid, IPP) — “the same” as the MHIMS code
» Bulk de-trapping energies and trap concentration from TDS spectra

v' Fitting of the total amount for all four temperatures — the same surface/bulk
parameters

Total D amount from NRA Thermodesorption spectra |
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= D atom loading of self-damaged W at different WEEFC
)
temperatures - modelling results

(®)
‘\E@»

The TESSIM code (developed by K. Schmid, IPP) — “the same” as the MHIMS code
» Bulk de-trapping energies and trap concentration from TDS spectra

v' Fitting of the total amount for all four temperatures — the same surface/bulk

parameters
Total D amount from NRA Thermodesorption spectra |
B AT N — — -
50‘; : gggE . N [| T ;
: 550 K % 7 3
4011 v 600K ] o00 K

o
=)
|

D effusion flux [10" D/s]
N

integrated D amount [‘Ilifl'El D!mz]

20 . 1 ]

10 ] - :

: 13 NI\ -;

0 20 40 80 80 100 120 400 500 600 700 800 900 1000 1100 1200
exposure time [h] sample temperature [K]
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a D atom loading of self-damaged W at different
; |
emperatures - comparison to plasma

Hydrogen Atom beam source
Energy: 0.3 eV - thermal energy
lon flux: 4.2 x 108 D/mss
Temperature: 450 K

0.006 — T T ]
. damage 450 K 405
— 0.005 S~ profile i
8 ] i 1
5 0.4
@ 0.004 :
E. 23 2 10.3
< 0.003- | = 7.6x1024 D/m2 (50 h) |
2 , . |==w=1.1x10" D/m* (74 h) |]
© B E | 4
S 0.002- | |=<=1.8x10* D/m’ (122 h)r 0.2
o . :;'( :‘- ]
c : i
8 0.001 - J0.1
=) ] | ]
0.000- T T T T -‘- T |\\\I T T I T T T T T T T 00
0 1 2 3 4 5

depth [um]

WP PFC

f\

Low-temperature ECR plasma (PlaQ)
Energy: “<5 eV/D” (floating target)

lon flux: 5.6 x 101° D/mss

Temperature: 450 K

D'D2 i ! i ! i | i |

&, [10% DIm’] [
225
——155
—— 145
—— 040
——0.10

114h
72h

0.01+ 20h

5 dpa Plad, ficawng 450K

T. Schwarz-Selinger, 1
PFMC-14 2013

damage profile [dpa]

oh

D concentration (at. fraction)

A4S A5, ADHSA, O

0.00 - .ﬁ

0 1 2 3 = 5
Depth (um)

Small penetration depth = reason why low energy neutrals can be
ignored at plasma exposures at temperatures < 450 K
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a D atom loading of self-damaged W at different
; |
emperatures - comparison to plasma

Max D concentration [at. %]

Hydrogen Atom beam source
Energy: 0.3 eV - thermal energy
lon flux: 4.2 x 108 D/mss
Temperature: 450 K

WP PFC

_
77
/)

\k_@

\=
Low-temperature ECR plasma (PlaQ)
Energy: “<5 eV/D” (floating target)

lon flux: 5.6 x 101° D/mss

Temperature: 450 K

20 —m——r——— 17— L
: ; ECR plasma - ions <5 eV/D floating
J il
1.5 {, g 1
. Further work needed to
1.0 1 ~ Factor of 3!! -
~ understand the
; difference - fill level
0io= ® o o & dependence
HABS D atoms 0.3 eV )
00 - L O LT L L TN TR NELEL NS B DN T L T R N LA (L L S
250 300 350 400 450 500 550 600

Exposure temperature [K]

Plasma data by courtesy of T. Schwarz-Selinger, IPP
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D atom loading of self-damaged W at different W;F; PFC

17N\

- \_J}
temperatures - modelling results =

» Activation energy from surface to bulk E,=1.43 eV -5 Q ,=0.34 eV
in good agreement with Hodille et al. (E,=1.33 eV/1.55 eV)
Possible explanations?
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D atom loading of self-damaged W at different WZEFC
] temperatures - modelling results =
> Activation energy from surface to bulk E,=1.43eV > Q,=0.34eV

in good agreement with Hodille et al. (E,=1.33 eV/1.55 eV)
Possible explanations?

» No D uptake in the case of the -
Fraunfelder value of Qg 60] ™ experiment _ _ .
— Ebulk= 0.733 eV, no implantation
£ 50] @ E, = 1.43eV, 20 % implantation 3
L] L] L] D - N -
> Direct implantation + Q_Fraunfelder | . | 4 E_ =143V, 80 % implantation
. o 4
value — from MD calculations 0.3 eV | = 404 ]
D atoms penetrate 0.2 nm deep 5 30 :
[Ogorodnikova et al. JAP 119 (2016) S
054901] 2 20 i S
O ]
©
o 104 =
2
£ 1
0 ] | ' . v . | s ’ S ! | ¥ ! ’ v I
450 500 550 600
exposure temperature [K]

Sabina Markelj | 3 IAEA CRP meeting| Vienna | 27-30 June | Page 41




\ | - ' WP PFC
D atom loading of self-damaged W at different *_C

temperatures - modelling results

> Activation energy from surface to bulk E,=1.43 eV -5 Q. =0.34 eV
in good agreement with Hodille et al. (E,=1.33 eV/1.55 eV)
Possible explanations?

> No D uptake in the case of the
Fraunfelder value of Qg

» Diffusion through grain boundaries
— additional access to grains yields
faster effective uptake and lower

effective Qg [von Toussaint et al. Phys
Scr. T159 (2014) 014058, Oda Fus. Eng.
Des. 112 (2016) 102]
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))

H atom loading of self-damaged W with different WEFFC
grain size

Exposure of four self-damaged samples W at 600 K
» D atom exposure 70 h — 4 days; j = 4.2x10'*D/m?s
» Each sample different grain size - FIB cut figures

Plansee annealed

Plansee recrystallized
used in the previous
experlments

I Grain size:10-50 pm I

W monocrystal <100>

Raidl A Al
0000 @

¢ Gl 0000
I Grain size:5-10 um I ' ' ' ' '
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» We do observe a
difference in the
transport BUT is small

» Smaller the grains the
faster uptake of D

BUT:

» Recrystallized W and
single crystal W — very
much similar

» Q, previously
determined in the
loading study was
performed on
recrystallized W

: D atom loading of self-damaged W with

different grain size

D total amounts [1019 D/m2]

WP PFC

—_\

\=?

)

80 1

(O)] (o)} ~
o o o
| I R

D
o
N

10 -

W annealed ‘

ITER grade

W recystallized |

W single crystal <100>

|

—
/"/‘

Time [h]

80

solution energy.

The diffusion in grain boundary does not explain the lower
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S[9& Conclusions Part 1 (®)

+

In situ NRA used for benchmark experiments to study D uptake,
transport and dynamic retention and isotope exchange in self-ion
damaged W by D atom exposure

Rate equation models can explain the experimental data - determining
the free parameters needed for modelling

\V

Difference between atom and plasma loading:

Small penetration depth of atoms at low temperature — reason why neutrals
can be ignored at plasma exposures < 450 K

Difference in D concentration — further work - fill level dependence

SNV | X

AN

Lower solution energy Q¢ as compared to Fraunfelder value:

No uptake when the Fraunfelder value would be used — but we do observe it
Direct implantation of D atoms does not explain the experimentally observed
temperature dependence of D total amounts

Diffusion through grain boundary does not explanation for lower Q;BUT we
did observed difference in D transport in samples with different grain size
Further work needed to reveal the reason for lower solution energy

Sabina Markelj | 3" IAEA CRP meeting| Vienna | 27-30 June | Page 45



ST4& (@)
\=

Study of deuterium retention in tungsten
simultaneously damaged by high energy W
ions and loaded by D

CRP objective 1: to inventories knowledge about effects of neutron
irradiation and charged particle surrogate irradiation on the
microstructure of tungsten based plasma facing materials

CRP objective 2: to inventories knowledge about the relation between
tungsten microstructure after irradiation and plasma material interaction
properties for erosion, tritium retention and trittum migration
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L. WP PFC
Motivation - Part 2 (7

In depth understanding of tritium retention in
neutron-like irradiated W-based materials

» Increased fuel retention in neutron damaged W material [e.g. Hatano
et al. NF 53 [2013] 073006] — more significant in DEMO (2-6 dpa/fpy)

Damage creation at Damage Damage creation at
room temperature annealing high temperatures

Fuel thermal

Fuel implantation Diffusion of fuel .
de-trapping

» Different damaging/exposure scenarios to understand the mechanisms
of damage creation and annihilation and deuterium trapping/diffusion
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WP PFC

=

Motivation - Part 2 (7

Fusion device scenario
neutron damaqging and D/T ion bombardment
simultaneously at high temperature

Synergistic Effects
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damaging + HABS + Nuclear reaction analysis (NRA¥'
* Neutron irradiated samples— activation of the samples

Method: Use of high energy W beam for self- WP PFC
SfaE

0804 » High energy ion damaging ‘

10 MeV - 5
FW=7.8x10 W/m

0.25 1

e Surrogate for neutron irradiation
* High energy (10-20 MeV ) W ion
irradiation = self-damaging

e Dense cascades and no chemical effect
e Shallower damage creation few pm

0.20 1

0.15 -

Dose [dpa, ]

0.10 1

0.05 -

0.00 T T T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 ]
Depth [um] |On damaglng neutrOn damaglng

SRIM calculation of damage
dose depth profile

The same D retention at
 saturation level 2 0.25 dpa

—_— g
Few pum Few cm
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= Method: Use of high energy W beam for self- WP PFC
sfas g gy

2\

. damaging + HABS + Nuclear reaction analysis (NRA¥'

Hydrogen atom Beam Source = HABS | [ DEiMefim deteeion by SHENRA

D, D atom flux
density profile

.............
________
@
2 2x10"°4
]

5
11111111

oooooooooooo

‘ ‘ Heater

* Energy0.28 eV/D (2150 K)

* Dissociation rate 30-50 % Nuclear reaction to probe 2H = D:
° . 18 _ 19 2
Atom flux: 4x1018 — 3x10° D/m?s > 3He+D - *He +p
* Atom fluence: 10%°-10%* D/m?
Studies with deuterium (Q=18.352MeV; p energy 11-14 MeV)
— extrapolation to tritium Broad resonance peak near E(3He) =

<, 0.63 MeV (FWHM 730 keV)




. Simultaneous W irradiation and D loading W/';PFC

) /(’3\\
EE Experimental set up &/
2 Collimator slits * 4 mm

Sample at high

|; temperatures
| |

‘ Heater

Simultaneous W irradiation and D atom
exposure at high temperatures for 4 h

‘ ‘ Heater

NRA analysis d(*He,p)a I

W fluence = 1.4x1018 W/m?

Atom flux=5.4x1018 D/m?s

[ =8x1022 D/mz Dose— 0.47 dpaKP Depth profile deconvolution with SIMNRA and
D=

NRADC [K. Schmid et al., NIM B 281 (2012) 64
Displ. Rate = 3*10°5 dpa/s [K. Schmid et a (2012) 64
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. Simultaneous W irradiation and D loading NEEEG

IEE on wi (@
Trap population with D atoms at 600 K =2
2 Collimator slits > mm
In-beam
Q%  mesh charge A
collector
RBS
dete,‘_'{or /[/'9
= Vo,
Q,
\Q"\/ <® o’°ﬁ
Q

/\/
b Sample at 600 K

Vg

=

‘ ‘ Heater ‘ ‘

Heater

Exposure to D atoms at 600 K for 19 h INR A analvsis I
To populate the defects y

Atom flux=5.4x1018 D/m?s
[,=3.7x1023 D/m?
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Simultaneous W irradiation and D loading WP PFC

72\
D depth profiles after 4 h damaging and exposure &=/
» Terminal D conc. depth profiles 04 e
for different damaging +D ] 45l0 K | :S‘/mulllanéous Idam.' & DI/oad'/hg I -
loading temperatures ; Damage i
I profile 10.5
_ _ 0.341 ]
v D concentration determined by : 104

balance between D flux into the
bulk and flux out
due to D thermal de-trapping

=
N
A I

=
w
Dose [dpa, ]

=
—
|
PR I T T L
o .
N

v' At lower temperatures higher
fluence needed to populate
traps deeper in bulk

D concentration [at. %]

PR IR
o
—

1000 K 900 K

o
o

N
w

Depth [um]

Sabina Markelj | 3" IAEA CRP meeting| Vienna | 27-30 June | Page 53



Simultaneous W irradiation and D loading WP PFC

72\
: . _,
D depth profiles after 4 h damaging and exposure =
" :

» Terminal D conc. depth profiles , I Logaritmic scale! I e
for different damaging + D 1/ 450 K [ Simultaneous dam. & D loading ||
loading temperatures ; Er"c‘;f?lzge los

v" D concentration determined by . 04
balance between D flux into the = o
bulk and flux out 2 103 5
due to D thermal de-trapping £ ] 2

§ 10.2 8§

v At lower temperatures higher S -

0 0.1
fluence needed to populate :
traps deeper in bulk 100

Depth [um]
Markelj et al. NME in press, 2017
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Simultaneous W irradiation and D loading
ik Final D depth profiles to obtain trap population

» D conc. depth profiles
after additional D atom
exposure at 600 K

» Indicated temperatures
apply for damaging + D
loading temperatures

v D concentration in the
damaged zone decreases
with temperature

=
w

o
N
1 L L

| 45I() K - :S‘/'mullfane"ous ldam.l & l?lloac;’/hg |
: Damage , ! D populatTon @ 600 K T
profil'e’,/' " [600 K ]
J800k] [\

o
-
1

D concentration [at. %]

O
)

0.0

Depth [um]

WP PFC

- =
=N
2\

/4 £/

0.6

o
o

o
»

o
w
Dose [dpa, ]
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Simultaneous W irradiation and D loading W
I . . . O
Maximum D concentration at damagmg temperatures \{\*5-?}))
Simultaneous damaging 0.4 i
and D loading at TEXP 9 j ¥ 2alpltls |
3 .
» Maximum D = 031 e g
. 5 \"/lf o )
concentration in the = é ™. g ]
damaged zone versus = . \O/oad/. )
damaging temperature § 02 o "9 |
: T
v" Concentration decreases é 0.1- ]
with damaging o
temperature _
OO Y * ) | ' ¥ s | J ' : | ’ . " | y
v' Stabilization of 400 600 800 1000 1200
concentration > 900 K Damaging temperature [K]
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s Simultaneous W irradiation and D loading NETFTE

// SO\
Maximum D concentration at damagmg temperatures “‘“ ))
Simultaneous damaging 0.4 - -
and D loading at TEXP 9 j M |
» Maximum D '% 031 e S’}ha/, i
concentration in the -% - \éd m, & |
damaged zone versus = i \O/oad ;
damaging temperature 3 0'2__ ® "9 ]
e
v" Concentration decreases é 0.1- ]
with damaging @]
temperature _
0.0 ——
v’ Stabilization of 400 600 800 1000 1200
concentration > 900 K Damaging temperature [K]

Comparison to sequential
procedures of damage
formation and loading?
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Comparison of different damaging procedures )

Different Damaging procedures

e Damage at 300 K + anneal at

TEXP. D population at 600 K
(extropolation)

* Damage & D exposure at
TEXP; D population at 600 K

D, CONcentration [at. %]

WP PFC

. é? 0%
0.4 - i n
\O DOS/
J ‘9/7,7@
3
1 a2 i
0.3 = S e[( 2l
_ L //)7(//1‘ 5004'
N 0
<
] O /Oe |
0.2 g -
- ®
0-1 v y L) | Y Y 4 I Y ! L | Y ! ! ? Y
400 600 800 1000 1200

Annealing/damaging temperature [K]

Sabina Markelj | 3 IAEA CRP meeting| Vienna | 27-30 June | Page 61



WP PFC
Comparison of different damaging procedures )

\"‘/

Different Damaging procedures I e e e B L A

' O D |ati 600 K [
) opuiation
- ) pop @ I

e Damage at 300 K + anneal at
TEXP. D population at 500 K

e Damage at 300 K + anneal at
TEXP. D population at 600 K
(extrapolation from 500 K)

D, CONcentration [at. %]

* Damage & D exposure at
TEXP; D population at 600 K

0.1

400 600 800 1000 1200

Annealing/damaging temperature [K]

» Lower D retention in simultaneous case as compared to
sequential post annealing
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WPPFC

Comparison of different damaging procedures {“\ ;})

Different Damaging procedures T — ——— 7

« Damage at 300 K + anneal at 5.
TEXP. D population at 600 K 9 )
(extropolation) B,
- .
. % 0.3
 Damage at T?*?; D population £ .
at 600 K 3
N
5|
DE
014 —_—
400 600 800 1 000 1200

Annealing/damaging temperature [K]

Sabina Markelj | 3" IAEA CRP meeting| Vienna | 27-30 June | Page 65



WP PFC

=

Comparison of different damaging procedures )

\

T T T T T T T T T

D population @ 600 K I

Different Damaging procedures
* Damage at 300 K + anneal at
TEXP- D population at 600 K

(extropolation)

 Damage at TE*P; D population
at 600 K

* Damage & D exposure at
TEXP; D population at 600 K

D, CONcentration [at. %]

v" Despite high T during damaging, 0.14+—————7— .D' . \? — ? :
simultaneous damaging and loading 400 600 800 1000 1200
results in more trap sites (higher D Annealing/damaging temperature [K]

retention) than damaging at high T.

> Simultaneous damaging and D exposure

—> competition: defect annihilation at elevated temp. and defect
stabilization by D = presence of D stabilizes the defects




: WP PFC
Conclusions and outlook for part 2 A

u_)
\:¢
* D retention in self-ion damaged studied by D atom loading

e Simultaneous W ion damaging and D atom exposure
v' Comparison to other damaging/exposure procedures
v' Competition between defect annihilation and defect stabilization with D
v’ Synergies are present but not dramatic

 Decrease in D retention when exposure at higher temperatures
but faster D diffusion in depth

For more details see: Markelj et al. NME in press (2017)

» Modelling ongoing

» STEM analysis - under way

» Simultaneous W ion damaging and ion exposure -in progress
» Effect of simultaneous He irradiation and D loading

» Comparison to neutron damaged material
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Influence of He irradiation on D retention

BOP Publishing | insrmational Atomic Enemy Agency

Nuclaar Fuslon

Mucl. Fuslon 5T (2017) DB4002 (5po) hitips:iool.orgH 0. 1088 7414326 /86027

Letter

Hydrogen isotope accumulation

in the helium implantation zone in tungsten — He diffusion barrier?
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Crosabark
Abstract
The influence of helium (He) on deuterium (D) transport and retention was studied
experimentally in tungsten (W), Helium was implanted | pm degp into W 1o a maximum
calculated concentration of 3.4 at.%. To minimize the influence of displacement damage
created during the He implantation on D retention, so-called self-damaged W was used. W
was damaged by 20 MeV W ion bombardment and defects were populated by low-lemperature
[ plasma at room temperature before He implantation. Deuterium depth profiling was
performed in site during isochronal annealing in the temperature range from 300K to BOOK. It
is shown for the first time unambiguously that He attracts D and locally increases D trapping.
Deuterium retention increased by a factor of two as compared to a non-He implanted W
reference after sample annealing at 450 K. Rate equation modelling can explain the measured
D depth profiles quantitatively when keeping the de-trapping parameters unchanged but only
increasing the number of traps in the He zone. This bolsters the confidence in the theoretical
caleulations predicting that more hydrogen isotopes can be stored around a He cluster zong.

Keywords: tungsten, helium, deuterium retention, displacement damage, NRA

(Some figures may appear in colour only in the online journal)

Reduced retention in He-D
mixed plasma experiments

Influence of He as an
analyzing beam?

CRP Objective 4: to perform coordinated
experiments and computations to improve the
knowledge base on the influence of tungsten
microstructure on tritium retention and tritium

transport
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S| Sample preparation 7®)
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W self damaging until saturation

20 MeV 7.9x1017 W/m?
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M INQ

Sample preparation @)
D plasma loading at 290K
< 5eV/D ‘ 1.5x10% D/m?

< 2 at.%
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M paiuejdwi-jlas

M INQ

First experimental series: In situ R
77N\

annealing + NRA =

—

He implantati
€ implantation 2h isochronal annealing + NRA

500 keV
cover ‘ 300K ... f ... 800K

M pawuejdwi-jjas

9H pajue|dw|
9H pajue|duw

M XIng
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: The experiment: Isochronal annealing WEFrY
’_rd ﬁ (‘I‘: S\

Depth profiles on the self-damaged part L/

_| Only self-damaged part of the sample: |

» Heating for 2h at each blslr————7—"7—7
temperature l e |nitial-IPP ]
0.025 i dE R -
i gy v es_e» 500 K
> In-situ NRA after cool ¢ st
B 0.020- _
down = —0= 600 K
= ' e 700 K
. c 0.015- -l "
Observations: ke De= 800 K
©
Z 0.010-
(&)
c
@)
O 0.005 -

Depth [um]

Sabina Markelj | 3 IAEA CRP meeting| Vienna | 27-30 June | Page 74



2 The experiment: Isochronal annealing wre
Ik Depth profiles on the self-damaged part =/
_| Only self-damaged part of the sample:
» Heating for 2h at each =7
temperature 0.005 l e |nitial-IPP |
: . enCem 450 K N
— _ - 500 K
> In-situ NRA after cool ¢ — :;_ 550 K
down el -0 600K |
3, —=Ce= 700 K
Observations: é e ==l 5
v" D content drops g 5
continuously with § '
temperature & sivre
v" No D left after heating |
at 800 K 0 1T 9 3 4
Depth [um]
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z The experiment: Isochronal annealing WP PFC

S|4 & . . (@)
Depth profiles on the He irradiated part =
» Heating for 2h at each | He implanted part of the sample:
temperature | |
00« —
Observations:
e |nitial INSIBA
- 450 K
€ 0.02- 500 K _
= 550 K
S, 600 K
5 700 K
5 - 800 K
S 0.01-
o
C
@)
O
0.00
0 1 2 3 4
Depth [um]
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» Heating for 2h at each
temperature

Observations:
v' D increases in the He
zonelll

2h isochronal annealing + NRA

300K ... ... 800K

M paiue|dwi-j|as

oH palue|dw|

bulk W

Concentration [at. frac.]

0.03

. The experiment: Isochronal annealing NEFEG

=R

l/"\\\

. . . W)
Depth profiles on the He irradiated part \-_-!)

He implanted part of the sample: |

©

o

V)
|

0.014

0.00

e |nitial INSIBA
e=Om= 450 K
500 K
550 K
600 K
700 K
800 K

Depth [um]
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z The experiment: Isochronal annealing WP PFC

f§

S| & . o (@)
Depth profiles on the He irradiated part \=
» Heating for 2h at each | He implanted part of the sample: |
temperature — |
Observations: 0.025 4 cmm [nitial INSIBA -
v' DincreasesintheHe 5 | =G, 450 K
© 0.020 4 e=Oem 500 K i
zone!!l = - 0= 550 K
v B, e=0m= 600 K
D content b?yond the He = 0.015- sl 7 6 |
layer drops in the same way = ] w=Ce= 800 K
as in the non-He-exposed % 0.010 - : |
part! § A
v’ Total D desorption at ~ © 0.005- l
800 K as for the non-He- - 'l
exposed part 0 1 2 3 4
Depth [um]
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x The experiment: Isochronal annealing werere

E - /l(/’sx\\
R Comparison at 450 K &2

Observations:
v' D increases in the He
zonelll

—r
= (e 450 K no-He -
e 450 K He

1 |
AN

 Hdimpl.

v’ 2 times higher D .+, W damage profile
concentration in He

zone

-%.-Q

D concentration [at. %]
W ion damage dose x 10 [dpa] / He conc. [at. %]

Depth [um]
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z The experiment: Isochronal annealing WP PFC

= _ o)
Nk Comparison at 450 K N
1 . 3 T T T T T T T T §|
Observations: _ - - 250KnoHe | =
v’ D increases in the He ——450KHe 14 ¢
=0= 600 Kno-He | 8
zone!ll < dimpl. e 600 K He o
s B 13 =
- g
. . < ~+. W damage profile 1 &
v’ 2 times higher D S N ] e
. . s I - d - 2 =
concentration in He g : 1 3
o 14 { ©
(=
zone S 1, :é-fa
o | 3
v" D content beyond the He g
layer drops in the same way ~ °7 1 S S
as in the non-He-exposed Depth [um]

part!

» No diffusion barrier!!
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7 N\
{

fag Diffusion trapping modelling with TESSIM ~ WEPFC
21d code L

» He is trapped in a vacancy there
are a factor of two more ‘optimal
charge density sites’ for H (12
sites) as compared to a He-free
vacancy (6 sites) due to the
volume expansion.

[H-B. Zhou et al. Nuclear Fusion
50, no. 11 (2010)]

» Doubling locally trap density
in the implantation zone

D concentration [at. %]

Result:

Depth [um]

» Local D increase not only
- qualitatively but
- quantitatively matches
the experiment!
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WP PFC

+
=N

S[4Z Summary and conclusions part 3 ®

\

Influence of He on D transport and retention in W

See also S. Markelj et al. Nucl. Fusion 57 (2017) 064002 (5pp)

» He (nano-bubbles) does not act as diffusion barrier

» Presence of He increases D trap densities above values known from
displacement damage

» D concentration exceed “no He” values by up to a factor of three for isochronal
annealing, isothermal loading and re-loading after TDS

» Diffusion trapping modelling can explain observation with an increased

trap density only with unchanged detrapping energy quantitatively
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Summary (D)

v’ Part 1 - in situ benchmark experiments on self damaged

v’ Part 2 — first simultaneous W ion damaging and D loading —
step toward the fusion conditions

v’ Part 3 — Influence of He irradiation on D retention — strong
influence of He which confirms the current MD/DFT
calculations

Thank you for your attention!
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Discussion slides
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Hydrogen isotope accumulation
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Abstract o bulk W

The influence of helium (He) on deuterium (1)) transport and retention was studied
experimentally in tungsten (W). Helium was implanted | pm deep into W to a maximum
calculated concentration of 3.4 at.%. To minimize the influence of displacement damage

9H pawedw|

zone 1 zone 2

created during the He implantation on I retention, so-called self-damaged W was used. W 3 E . : 5. T 3
was damaged by 20 MeV W ion bombardment and defects were populated by low-temperature | :'He impi ' i — | ritial i
D plasma at room temperature before He implantation. Deuterium depth profiling was ; i : = = 450 K no-He 14 o
performed in sitn during isochronal annealing in the temperature range from 300K to 8O0 K. It 1 i — 450 K He §
is shown for the first time unambiguously that He attracts D and locally increases D trapping. —_ - i : = U= 600 K no-He | L
Denterium retention increased by a factor of two as compared to a non-He implanted W 3“ 24 : | ' 500 K He {3 =
reference after sample annealing at 450 K. Rate equation modelling can explain the measured ®, I : |7z
D depth profiles gquantitatively when keeping the de-trapping parameters unchanged but only = HE 4 W darhage profile =
increasing the number of traps in the He zone. This bolsters the confidence in the theoretical :g 1 ,: E . y . H 1 2
calculations predicting that more hydrogen isotopes can be stored around a He cluster zone. ,,E - -_3 xcl i ‘!_ — 12 :
e ow . B (]

Keywords: tungsten, helium, deuterium retention, displacement damage, NRA § 14 .‘.._!’ ".. §
(Some figures may appear in colour only in the online journal) 3 . i : - 41 Eu
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Abstract 1
Simulations of deuterium {[3) atom exposure in self-damaged polycrystalline tungsten at Dyn am I C release
SO0 K and 600K are performed using an evolution of the MHIMS (migration of hydrogen 0.5 - 0 - 0
isotopes in materials) code in which a model to describe the interaction of [ with the — NRA: 48h exposure |
surface is implemented. The surface-energy barriers for both temperatures are determined e o :
) . i i — Simulation
analytically with a steady-state analysis. The desorption energy per [ atom from the surface =2 0.4
is 0.69 + 0,022V at 500K and 0.87 + 0.03eV at 600 K. These values are in good agreement - —— NRA: 20h at 600K
with ab iniftie calculations as well as experimental determination of desorption energies. The & --— Simulation -
absorption energy (from the surface to the bulk) is 1.33 £+ (0udeV at 500K, 1.55 + 0.02eV c i .
at G0 K when assuming that the resurfacing energy (from the bulk to the surface) is 0.2eV. _g 0.3F N_RA' 4l3h at 600K -
Thermal-desorption spectrometry data after I atom exposure at 500 K and isothermal E | N -=— Simulation |
desorption at 600 K after [ atom exposure at S00 K can be reproduced quantitatively with -E _,....-L‘:;:‘\.—
three bulk-detrapping energies, namely 1,65 £ 001 eV, 1.85 £ 0032V and 2.06 £+ 0L eV, o g2t 1 s J
in addition to the intrinsic detrapping energies known for undamaged tungsten {085 eV and g \_;"' “|
1.00eV). Thanks to analyses of the amount of traps during annealing at different temperatures o i i1 T
and abr imitio calculations, the 1.65eV detrapping energy is altributed to jogged dislocations and Q |'l‘
the 1.85eV detrapping energy is attributed to dislocation loops. Finally, the 2,062V detrapping 0 0.1 '-_‘ 7
energy is attributed to [ trapping in cavities based on literature reporting observations on the | '.'-.‘ _
growth of cavities, even though this could also be understood as [ desorbing from the C-1 'n‘\
bond in the case of hydrocarbon contamination in the experimental sample. 0 3 r L e L
Keywords: tungsten, damaged material, rate-equation modeling, deuterium atoms, 0 1 z 3 4 5
fuel retention Depth (Pm)
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Keywards:

Tungsten

Deuterium retention
Displacement damage
Meutral atoms

NEA

Deurerium rerenrion was for the first rime measured in ungsren samples simulaneously irradiared by
ions and exposed 1o D atoms at five different temperarures from 450 K o 1000 K. In order to obain i
formarion on the defect concenirarion, samples were afrerwards exposed m D atoms ar 600 K o popul:
the creared defecrs. The results were compared 1o different sequential damaging/exposure e perimen
Synergistic effecrs were observed, namely, higher D concenrrations were found in the case of simuh
neous damaging and D-atom loading as compared ro sequential damaging ar elevared temperamures al
populating the defecrs afrerwards. However, the deurerium rerention is stll lower as compared o s
quenrial damaging ar room remperature and post-damaging annealing. The observations are explained
stabilizarion of defects by the presence of solure hydrogen in the bulk thar would annihilare ar high e
perarures withour the presence of hydrogen. Results of simultanecus W-ion damaging and D exposure
elevared remperatures were also compared to a sequential experiment of W-ion damaging ar room tel
perarure and rhen D-atom loading ar high remperarures showing thar thermal D de-trapping dominar
deurerium rerencion at high remperarures.
@ 2016 The Authors, Published by Elsevier L
This is an open access article under the CC BY-NC-ND licen
(hrrp: |/ creativecommaons.org) licenses/by-nc-nd/ 4.0

D,,.. concentration [at. %]

0.1

2 Collimator slits

In-beam
mesh charge [+
collector
v
RBS
detecto”

=

W E=10.8 MeV

—r—7
600 BOOD

— T
1000 1200

Annealing/damaging temperature [K]

» Simultaneous damaging and D exposure - increased D retention compared to
sequential damaging and exposure = competition: defect annihilation at
elevated temperatures and defect stabilization by D




D atom loading of self-damaged W at differen

fr N\
. W_J)
temperatures — compdarison to plasma =
D atom fluence [D/m’]
1E23 1E24 1E25 1E26
60_""'] UL R LN S B RR) | "_
1 | Exposure time fixed = 120 h ]
s — /700K 3
Hydrogen Atom beam source £ -
E.nergy.: 0.3 eV - thermal energy 2 :
Fixed time of exposure 120h = ]
E 30-
S -
(o) i
£ :
a 207
o ]
T o
T 1000 K
400 K
O L | LA | L | o e
1E17 1E18 1E19 1E20 1E21

D atom flux [D/mzs]

Small penetration depth = reason why low energy neutrals can be
ignored at plasma exposures at temperatures < 450 K
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LI T 1
D IN He - IMPLANTED |
& 9\ STAINLESS STEEL _

* Insitu = Hydrogen/Deuterium concentration
measured during the exposure, annealing,..

o
®

o
[+:]
T

04 -

D FRACTION RETAINED

 Meyers etal.]. Appl. Phys. 56 (1984) 1561:
Trapping and surface recombination of ion- Lue ATazm &L E o R
implanted deuterium in stainless steel . g, M oo

&

* Morita etal. [JNM 162 (1989) 990: Dynamic °Goc 300 400 500 600
. EMP (K)
measurements of depth profiles of hydrogen FIG. 2. Deuterium retntion v 1:;?:“5 ) He-implanted Type 304

stainless steel for a D fluence of 2 10" atom/cm”

implanted into graphite at elevated temperatures
e Scherzer JNM 168 (1989) 121: On the dynamic

inventory of deuterium implanted in graphite ERDA

* Langhoff and Scherzer JNM 245 (1997) 60: The i Ree
hydrogen inventory in plasma exposed graphite e o

* Markeljetal NIM B 259 (2007) 989: Studying e 1 e s et st b e
processes of hydrogen interaction with metallic ¢ ek vaeam vesel
surfaces in situ and in real time by ERDA Langhoff and Scherzer JNM 245 (1997) 600

New: in situ study on self-damaged tungsten and
exposure to deuterium atoms
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: Bulk isotope exchange H — W,ZS\F ©
’r‘ ﬁ £/ \\)}

D in self-damaged W =

Study of bulk isotope exchange at 600 K

o Exposure to H atoms

. H atom beam flux density: 6.9x10'® H/m?s
. D depth profile before start of H exposure

H atom exposure @ 600 K - H->D
05 T T T T T T T T T T T T T T T T T T T 06

4 9x10%° D/m’ (23.5h)
e {05
g 4
=, 104
(o
ke -
-.t-u' ’ ' -
g | 0.3 _§
© 024 -
8 ‘.\ —40.2
o 1£ _
0.1 \ o1
- U
0 1 2 3 4 5

Depth [um]
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STA &

D concentration [at.%]

Bulk isotope exchange H —

D in self-damaged W

Study of bulk isotope exchange at 600 K
o Exposure to H atoms
. H atom beam flux density: 6.9x10'® H/m?s

J Decrease of D in the bulk — faster near surface

H atom exposure @ 600K -H->D |t =22 h
——

0.5 T L AL |
4 9x10%° D/m’ (23.5h)
- e 1 10°° H/m? (4h) -
al e 5 5% 10 H/m? (22h)
0.2-
014 ]
I 1 I 1
0 1 2 3 4 5
Depth [um]

WP PFC
o
\\‘5’*)

0.6
0.5
0.4

03 ®

dp

0.2
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Bulk isotope exchange H — RS

2

7N

D in self-damaged W W)

Study of bulk isotope exchange at 600 K

o Exposure to H atoms

. H atom beam flux density: 6.9x10'® H/m?s

. After 96 h of H exposure, fluence 2.4x10%* H/m? , 20 % of D still
remained

D concentration [at.%]

0.5

0.4 1

H atom exposure @ 600 K-H->D |t =96 h |

—r—————7 71— 7+ 0.6
4 9x10%° D/m’ (23.5h)
e 1 10°° H/m? (4h)
e 5 510 H/m® (22h)

e 7 2% 107 H/m? (29)

: 1.1x10°* H/m’ (45h)
2.4x10** H/m’ (96h)
1 S
/A ©
024 - ]
1/ H40.2
0.1 — _
T T e T T T T -l 0.0
0 1 2 3 4 5
Depth [um]
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o Bulk isotope exchange H — wre
a . @
D in self-damaged W =

Study of bulk isotope exchange at 600 K

o Exposure to H atoms

. H atom beam flux density: 6.9x10'® H/m?s

. After 96 h of H exposure, fluence 2.4x10%* H/m? , 20 % of D still

remained H atom exposure @ 600K -H->D |t =96 h
05— —— 0.6

— 4 9%x10%° D/m’ (23.5h)
e 1 10°° H/m? (4h)

- 0.4 ——55x10®° Him? (22h) .
= —7.2x10° H/m* (29h) |4,
‘g 034 e 1 1x10%* H/m? (45h)
5 2.4x10%* H/m* (96h) .
= ]
S 0.2
(@]
(&)
D ’
014

Depth [um]

D removal in bulk of damaged layer by H atoms = isotope exchange!!!
No kinetic energy for exchange




First simultaneous W irradiation and D loading ((?;j\,
Q._/

—

Damage creation at Damage

Damage creation at

room tomnnrn-l'llro t
Self-ion damaging and D atom exposure (R
simultaneously at high temperatures

Fuel implantation  piffusion of fuel Fuel thermal
de-trapping

» Comparison to post annealing/exposure experiments — look at the
individual building blocks to sort out the effects.
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Modeling of simultaneous W irradiation NEEEG

Y
and D loading =
» Modelling D depth profiles 0.4 . 10.6
by rate equation model - )
the MHIMS code 192
< 0.3 :
) - | i 104
e Surface processes included % 15 1 }L
[Hodille et al. NF 57 (2017) So2ls 103 &
056002] £ ]s ] %
3 . 102 8
e Simulation of trap density § 0.1 E
increasing over time. o 3 BBy Wy 101
« Trap concentration taken 0'00_0 05 10 o 1_5?'0
from reference sample: Depth [um]
sequential RT damaging and
D exposure

MHIMS code [E. A. Hodille, X. Bonnin, R. Bisson et al., J. Nucl. Mater.467, pp. 424-431, 2015. ]
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The damage annealing study W,Zf o

17N\

. : : )
Trap energies and density from modelling =
& Post-annealing
|
E 40 T T T T T T T T
N —e- E,,=165(:0.01)eV |
o “a 8- E,,=185(x0.03)eV
o 30} S —A- E, =2.06 (+0.04)eV -
> e
2 20} R’ 1
() R
© \\
o K \\‘ 7
o O-eeo
210k Al T -
8 1 0 h‘ﬁ-"""'—ﬁ--—::::&s ‘h
E B ht%"'-:- hhhhhh A
D RN
= 00 15t

0 r r r r r ‘ﬂa&
500 600 700 800 900 1000 1100 1200
Annealing temperature (K)

[Hodille et al. Nucl. Fus. 57 (2017) 056002]

> Decrease of trap @ 1.65 eV — jogged dislocation

> Decrease of trap @ 1.85 eV/- dislocation loop
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Simultaneous
ST4&

» D conc. depth profiles
after additional D atom
exposure at 600 K

» Indicated temperatures
apply for damaging + D
loading temperatures

v D concentration in the
damaged zone decreases
with temperature

W irradiation and D loading

TDS spectra

WP PFC

//‘,’5\}\
=

—

1.2x10"
1.0x1 0‘3—:
8.0x1 012—:

6.0x1 012—:

Des. signal [D at. /s]

4.0x10™

2.0x1 0‘2—:

I
600

| I
800 1000

Sample temperature [K]

1200
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The damaging procedure

Damaging at elevated temperatures
TDS spectra

~ Thermodesorption spectra

WP PFC

=

7N

L)
‘{\E@

)

Damage at T¥*"; D population ;1 4,10™
at 600 K

= 1.2x10"

Damaging at high temp. (10.8 % ’ Ox1013-:
MeV W ions, ~0.47 dpa,,) o Z
T 8.0x10"

D atom loading at 600 K, 2 ]
I-D=4X1023D/m2 $ 6.0x10 '
O 4.0x10™]

2.0x10"

0.0-

/. >N

400

600 800 1000

Sample temperature [K]

1200
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Comparison post annealing versus exposure at "Wt
«

7N
high temperatures =/
I Logaritmic scale! I

=%

» Max. D concentration
comparison - damaging at RT
in both cases of sequential
damaging and exposure

l ] L) T l T L] ) I

Q
—_
]

v Significant decrease of D
retention when exposure at
higher temperatures

v" Damage annealing and
thermal D de-trapping takes
place at the same time

0.014

D,,.x CONcentration [at. %]

Thermal D de-trapping is : O Undamaged
the dominant process at T =2 B
high temperatures 400 600 800 1000 1200

> Simultaneous exp. — D conc. Exposure/annealing temperature [K]

stabilization at temp. > 900 K
— dramatic ?

[Ogorodnikova et al., Appl. Phys 119 (2016) 054901 & Markelj et al. NENE proceedings 2015]
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= Simultaneous W

» The MHIMS code — developed at

CEA (C. Grisolia, E. Hodille) to
model bulk H rapping/detrapping
and diffusion [Hodille at al., INM
467 (2015) 424]

For our needs surface processes
included [Hodille et al. Nucl. Fus.
57 (2017) 056002 ]

Simulation of trap density
increasing over time.

Trap concentration taken from
final D depth profiles and trap
energies from TDS spectra

D concentration (at.%)

irradiation and D loading
Modelling

WP PFC

=N

7N

(4
10° 4h Simult D/W
: — 450K
- - (00 K
._]
-""'ﬁ 800 K
10* = 900K
R -= 1000K !
SN
1072 '\
%
%
L
%
%
%
102 L Y
1}
L I I | ‘. :'I. | |
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Depth (um)

[Hodille et al. unpublished]
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Simultaneous W irradiation and D loading WP PFC

(7N
'] o ‘\ Z,
Modeling D depth profiles =
» Modelling D depth profiles by 0.40 ] Simultaneous damaging & D loading |
rate equation model — the 0.35 _'
09 7 450 K + )
MHIMS code | G - D population @ 600 K 7
. 0.304
< ]
» D conc. depth profiles after ® 0.25
additional D atom exposure at 5 0 20_:
600 K T
g 0.15-
» Indicated temperatures apply § 0 10_3
for damaging + D loading s ;
temperatures 0.05
0.00- . . ; . :
v D concentration in the 0 1 2
damaged zone decreases with Depth [um]

temperature
[Hodille et al. unpublished]
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Comparison of different damaging procedures WEFFC

7N
. " " ” \“\__/)))
Comparison of trapping energies and concentrations =
_ Post-annealing Simultaneous and damaging
N at elevated temperatures
E 40 T T T T T T T T [ i ' ' ' ! j j ' o ' ]
¥—¥ Simultaneous
Q g, ——n= Et3 =1.65 (+0.01) eV ® @ trap4: 1.65 eV
g - ‘\ . ! 185 0.03 Vv - 0.4} B8 trap 5: 1.85 eV
RN -8 =1. +0. e A4 trap 6:2.06 eV
E E,‘ t,4 ( ) -y prraepdamage;3 1
o 30+ H'"'-,_ —te- E _=2.06 (i'004) eV -~ ® @ trap 4: 1.65 eV
- Sl t5 = W trap 5: 1.85 eV
Z | B, | ®803f Ak trap 6:2.06 eV |
> T 5
= RN 3
C 207 B, 12
Q . ©0.2¢
© \\ 8
S N
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j: L A -'-“-‘G""--. \\\ - Tl meoemettITE I
o 10 “““““ Ao TTmm—nl ~ ~ 0.1} =~
L | T A, v Ao Mg g PR
E - \1: ,,,,,,,, A '“'4;'\‘ ------ *A ..... 4
8) "'s::"-ﬁ-""'- N
- . 0 I I I ‘a - T . - L L
= 300 400 500 600 700 800 900 1000 1100 1200

0 I r I I I “E’L [ e
500 600 700 800 900 1000 1100 1200 Temperature (annealing/damaging) (K)
Annealing temperature (K)

[Hodille et al. unpublished]
[Hodille et al. Nucl. Fus. 57 (2017) 056002]

Simultaneous and damaging:
> Decrease of trap @ 1.65 eV — jogged dislocation

> Small decrease of trap @ 1.85 eV- dislocation loop
e ————eeeeeemeee® [ - 30 June | Page 104




WIP’ PFC

Bulk isotope exchange H — D in self-damaged W \61 :},;

Total deuterium amount [10"° D/m?]

Isotope exchange @ 600 K

40 ] ® D loading

1 Isofope exchange
30_' O D—s=H

: ® H—eD#1
20 ] O H—eD#2

N
o

o

1 | » The isotope exchange in
bulk works in both
directions:

] » H exchanging D

- » D exchanging H

| | » Using simple modelling gave
] us values for bulk exchange

I | cross section

Time [h]

» Observed isotope effect

R I I L LR LS LU EURLS U R LY TR BRI I
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0,,.5(H>D;#1)=5.2£0.6x1025 m?
eXCB(H_)D;#Z)—6-5iO.3X1O -25 mz
0,..5(D—>H)=1.120.5x10-24 m?

For more information see: Markelj et al. INM 469 (2016) 133
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