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Methodology

RBS-C experiment NRA-C experiment Molecular Dynamics (MD)
D(3He,p)*He Density Functional Theory (DFT)

@/ NRA-C simulatio
RBSADEC code___
[S. Zhang et al., Phys. Rev. E, 94 (2016) 043319]
Combination of MD, DFT
RBS-C, NRA-C experiments and
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Defect types and deuterium locations!
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Tasks and objectives in 2023

» Task 1.1 Incorporation of the goniometer in the INSIBA experimental station — JSI.
» Task 1.2 Detection system for ion beam methods
+03.1 (Task 1.1) ) C-RBS spectra obtained with new channeling set-up. (D1)
» Task 2.1 Production of samples with dominant defects in the material - MPG and JSI.
» Task 2.2 Characterization of defects —-UHEL, JSI, MPG.
» Task 2.3 Simulation and interpretation of C-RBS spectra - UHEL, CEA, JSI.

+03.2 (Task 2.2, 2.3, 3.1) Defect identification by C-RBS and correlation to TEM and PAS
measurements — report. (D2)

» Task 2.4 In-situ C-RBS and sample heating — JSI
++03.3 (Task 2.4) In-situ sample heating in INSIBA-C. (M6)

» Task 3.1 Characterization of defects by D retention studies and MRE modelling - JSI, MPG, CEA,
UHEL.

» Task 3.2 Development of C-NRA method - JSI, UHEL, MPG.
+03.4 (Task 3.1 and Task 3.2) Detection of deuterium by C-NRA method. (M8)

» Task 3.3 — Modelling of deuterium position in lattice/defect and identification of D position - UHEL, CEA,
JSI.

+03.5 (Task 3.3) Incorporation of C-NRA in RBSADEC. (M9)
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Management

WP 4 management - four zoom meetings organized with the team members, details and presentations available on
Indico, links to indico sites on Wiki page https://wiki.euro-fusion.org/wiki/Project No4

March 2023 — three-day meeting in Ljubljana, Slovenia
June 2023

September 2023

» December 2023

Publications:

« Jin et al., Effect of lattice voids on Rutherford backscattering dechanneling in tungsten, J. Phys. D: Appl. Phys. 56
(2023) 065303 (13pp) https://doi.org/10.1088/1361-6463/acad12 ID: 33582
» Markelj et al., Unveiling the radiation-induced defect production and damage evolution in tungsten using multi-

energy Rutherford backscattering spectroscopy in channeling configuration, Acta Materialia 263 (2024) 119499,
https://doi.org/10.1016/j.actamat.2023.119499 |ID: 35374

Under review:

« Jin et al. Analysis of lattice location of deuterium in tungsten and its application for predicting deuterium trapping
conditions, Submitted to PRM (Rejected at Acta Materialia) ID: 36157

« Markelj et al., First study of the location of deuterium in displacement damaged tungsten by nuclear reaction
analysis in channeling configuration, Submitted to NME as ICFRM proceedings ID: 33906

In preparation:

« Zavasnik et al. Microstructural analysis of tungsten single crystals samples irradiated by W ions: the effect of
dose and temperature on damage evolution
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v JSI — 6-axis goniometer specified, public call, final order at National Electrostatic Corp. (NEC)
08/2021. Delivery scheduled for June 2022, delivery of last missing parts on 22" January 2024!
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Positron annihilation - Doppler broadening

« The DBS measurements of positron annihilation radiation were performed on the same single crystal
samples with a variable monoenergetic slow positron beam at the Institute of High Energy Physics,
Chinese Academy of Science, China (IHEP).

» Positron implantation energies varied from 0.2 to 20 keV, corresponding to a mean penetration depth up
to 0.27 ym (maximum information depth ~ 0.5 ym). The line-shape parameters, S and W, are integrated
from the Doppler spectrum.
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Multi-energy RBS-C (0.02 dpa, 290 K)
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Multi-energy RBS-C (0.02 dpa, 290 K)
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Multi-energy RBS-C (0.02 dpa, 290 K)
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Multi-energy RBS-C (0.2 dpa, 290 K)

3 MeV He ions

Dislocations: %4<111>

(S. Markelj, et al., Acta Mater., 263 (2024) 119499)
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Multi-energy RBS-C (0.2 dpa, 290 K)

3 MeV He ions Dislocations: %4<111>

6000 - 3 0.138 dpa
A [
::"" i LY ]
= 5000 3 :
3 3 i .
Pk B W ¥ Lacking agreement between
S 3000 \ ! experiment and simulation due
~ I 0.172 dpa 0.194 dpa o __g 5
= Jrrey ' to limited size of MD cells —
U .
= A work in progress
1000 "'%‘.,, ,
0 300 1000 1500 2000 2500 3000 0.0
EHI‘\"H\I !Ilﬂ‘l\
100 > RBS/c experiments (high damage, 0.2'dpa)
O Exp. Higher yield than that of 0.02 d i
8] ¢ MD igher yie an that of 0.
0.2

RDA 0.2 dpa (increase with ) > RBS/c simulations (MD cell

__G._

23
£ ,
- — 607 . Y e T
E o o Dechanneling as a function of E AT o 3 8 .
e e £ ST r 4 i -
k= PO S 3 m o ™
O 40 0 ................ D dr
S © o e 0 01 02 03 [um]
D= | EB————dge__ 0
TN R s BornnnnnnBnnnnnaad Increases = STEM results:
Dechan. . Decrease . .
0.02 dpa (constant) with E Dense networks of dislocation
0 . ' . . . . . , , lines (length > 100 nm).
2750 3000 3250 3500 3750 4000 4250 4s00 a47s0  Defect Dislocation = No lines in MD cells: limited
Energy, E (keV) hature lines size of cells
(S. Markelj, et al., Acta Mater., 263 (2024) 119499) strain field | s'Wiirke). ENR-MAT-b1-JSIl- Reporting meeting - activities 2023, 6th February 2024 | Page 20



Publication summarizing the work on tungsten-irradiated W (111) at RT
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ARTICLE INFO

ABSTRACT

Keywords:

Tungsten

Defects

C-RBS

Displacement damage
Molecular dynamie simulations
TEM

Radiation-induced defect production in tungsten was studied by a combination of experimental and simulation
methods. The analysis of structural defects was performed using multi-energy Rutherford backscattering spec-
troscopy in channeling configuration (multi-energy C-RBS). To create different microstructures, (111) tungsten
(W) single crystals were irradiated with W ions at two different doses (0.02 and 0.2 dpa) at 290 K. Detailed
transmission electron microscopy (TEM) analysis of the samples revealed the presence of dislocation lines and
loops of different sizes. The RBSADEC code was used to simulate the measured C-RBS spectra, recorded with four
different He beam energies along the (111) direction. For the first time for tungsten, molecular dynamics (MD)
simulations of overlapping cascades were used as input. The well-known method of randomly displaced atoms
(RDA) was applied for comparison. RDA does not provide a satisfactory understanding of the nature of the
induced defect structure. With MD, a very good agreement between the simulated and experimental spectra was
obtained for the sample prepared at a lower dose, despite the fact that the absolute defect densities are two
orders of magnitude higher than those found with TEM. A discrepancy is observed for the high-dose-irradiated
sample, which is ascribed to the presence of extended defects such as dislocation lines, which are clearly
observed by TEM, but cannot be formed in finite size MD cells. RBSADEC with MD cells as input can describe
correctly the response of the RBS signal with analysing beam energy while RDA as input gives the wrong trend.
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Tasks and objectives in 2023

» Task 1.1 Incorporation of the goniometer in the INSIBA experimental station — JSI.
» Task 1.2 Detection system for ion beam methods
+03.1 (Task 1.1) ) C-RBS spectra obtained with new channeling set-up. (D1)
» Task 2.1 Production of samples with dominant defects in the material - MPG and JSI.
» Task 2.2 Characterization of defects —UHEL, JSI, MPG.
» Task 2.3 Simulation and interpretation of C-RBS spectra - UHEL, CEA, JSI.

+03.2 (Task 2.2, 2.3, 3.1) Defect identification by C-RBS and correlation to TEM and PAS
measurements — report. (D2)

» Task 2.4 In-situ C-RBS and sample heating — JSI
+03.3 (Task 2.4) In-situ sample heating in INSIBA-C. (M6)

» Task 3.1 Characterization of defects by D retention studies and MRE modelling - JSI, MPG, CEA,
UHEL.

» Task 3.2 Development of C-NRA method - JSI, UHEL, MPG.
% 03.4 (Task 3.1 and Task 3.2) Detection of deuterium by C-NRA method. (M8)

» Task 3.3 — Modelling of deuterium position in lattice/defect and identification of D position - UHEL, CEA,
JSI.

+03.5 (Task 3.3) Incorporation of C-NRA in RBSADEC. (M9)
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Incorporation Of NRA-C into RBSADEC COde .z.é?:g" *UNIVERSITYOFHELSINKI
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® Institute

U Incorporation of NRA-C into RBSADEC
= RBS-C: a pristine W target

—— NRAC (RBSADEC)
—— RBSC (RBSADEC)

1751 D O ResCraauxers
.|‘ NRA-C: . <001> %‘1_50.
< - » _; 1.25
« . " Tetral | | Octa, | | o
e [ ° /.« /# \/( q o o /o /45 |//¢ g g 0.75
«— > b @coo@boo@clo@olce » CEERY S SN S 0.50
102.5 nm ® /'/ /'/ | | + ‘ ° /o/ /o/ /‘# | + y 0.25
P 'L 'Ry £ | + [o® » ' e ® i + il
- o . !/ ﬂ/ sl/ ®c70® q - ’ - 9 1 9 g 0.00 S T
0.1 % of D at tetrahedral sites 2ot o08t 000 foaoto0s] K o & o 6 e > 5 | ol 2 2
S SRR ER SR AR R Polar angle, 6, (°)
$0eetete : | : bt e ; | ; * S. Picraux, Phys. Rev. Lett., 33, 1974)
110 110
(110) (001) (110) (001)
— e 3 x 10 cm230keV DonW
2 2] Difference between experiments and
.% simulations: not exactly on tetrahedral sites? —
3 1o Vacancies, some position close to tetrahedral
=
sites, etc.
vol— . | | | = Effect of damage dose: D sites change
Polar angle, 6, (°) » Improving the fit: adjust D locations,

Angular scan

D location according to DFT calculations
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Development of C-NRA simulation and detection of D by RBSADEC " 7S

code

O SRIM calculation of vacancy distribution for . = Best agreement obtained for
. . . . | |
30 keV D ions in W for Picraux experiment C?I;:c‘l‘lat'on the NRA and RBS He-field vacancy with 5 H atoms
e
(S. Picraux, Phys. Rev. Lett., 33, 1974) y
1.4
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* C(Creation of vacancies

* Multiple hydrogen occupancy in a 0:%3 e
vacancy [Heinola et al. PR B (2010), T negymeny Polar angle
Fernandez et al. Acta Materialia (2015) ]

* Hydrogen occupancy for exp. conditions [Jin et al. submitted to PRM.]

calculated by MHIMS
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* Samples: NRA-C tungsten single crystals (100) W (100) Dplasma ' =370K

E<5eV/D

* Jrradiation: 10.8 MeV W ions

 Two damage doses: Two temperatures:
Low (5.8x106m2) &  High(5.8x107m™2) 290K & 800K
SRIM-KP l l l ‘gentle’ loading = ‘decoration’ of defects
ion flux: 6 x10° D/(m?
0.02 dpa 0.2 dpa Single vacancies Vacancy clusters :2: ﬂﬂznc; 1.1025/([?;;1 (48 h)
@ low dose Diff. sizes

Based on Hu et al. JNM 556 (2022) 153175 — open volume type defects

W (100) single crystal should show a difference | ISSMPIEN| Nadation condiions | iedominsnt defect expecied

in the C-NRA signal when D is near the 78g / #1 0.02 dpa, 290 K single vacancies
octahedral (OIS) or tetrahedral interstitial sites

(TIS) [Cabstanjen, H.-D. Phys. Stat. Sol. (a) 59, 78f / #5 0.2 dpa, 290K heavily damaged standard
11-26 (1980)].

78c [/ #3 0.02 dpa, 800 K small vacancy clusters

78b / #2 0.2 dpa, 800 K big vacancy clusters




Channeling measurements at HZDR — The Hedgehog system

* Multi Detector RBS Setup

» Sensitive samples / insulating samples

» Higher sensitivity for trace elements

» Lateral mapping

» Channeling scans and maps

» Multiple backscattering angles to reduce the ambiguity of RBS

bx 166° = 53.8 msr
12x 150° = 107.6 msr
16x 135° = 143.5 msr
20x 120° =179.3 msr
22x 105° = 197.3 msr
Q =681.4 msr
9.2% of half sphere

» 200 PIPS detectors fabricated @IBC

g VA
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RBS-C measurements (2D maps)

“He 2.5 MeV RBS-C 2D maps / search for the channel

#4 - SCW (100) - Reference Simulation — identification of channels #5: 290 K, 0.2 dpa
: , U.
Intensity
Intensity 18000
16000
20000
14000
_ = 12000
= 15000 b=
£ 2 10000
L <
= 10000 _ o
6000
5000 o 5 4000
(]

2000

-15 -1.0 -05 0.0 05 1.0 15
Angle 6 [°]

Angle 0 [°]

Channels not well visible anymore for

high irradiation dose
RBS-C was performed at the Hedgehog setup for RBS

channeling at lon beam center at HZDR.
(g VA™ 2]

S. Markelj, ENR-MAT-01-JSI — Reporting meeting - activities 2023, 6th February 2024 | Page 27



NRA-C and RBS-C: DeHydroC first measurements

3He 0.8 MeV — simultaneous RBS-C and NRA-C 2D maps

Sample: 0.2 dpa, 290 K
1095 T T
10% 4 sum 165°
sum 135°
z .
€ 104
S,
o
£ 10°4
cC
S
10° 4
. RBS ROI
10" +——rr
100 200 300 400 500 600 700 800 900 1000

Channel No.
RBS-C was performed at the Hedgehog setup for RBS

channeling at lon Beam Center at HZDR. moor
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NRA-C and RBS-C: DeHydroC first measurements

3He 0.8 MeV — simultaneous RBS-C and NRA-C 2D maps
2D map for sample #2: 800 K, 0.2 dpa

Intensity
70000 2
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50000
° 0
40000 :
30000 © —1
20000
-2
10000
-3

Angle 6 [°] Angle 0[°]

RBS-C NRA-C
RBS-C was performed at the Hedgehog setup for RBS
channeling at lon Beam Center at HZDR.
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2.0
15
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NRA-C and RBS-C: angular scans

P =
=
0@ Joief ((( \,\)
Stefa N—~,
® Insetit:te N=Z

1.5 1 1.5-
- .:#'J =
E 1.0 ! é 1.0 4
> - E
g Y 800 K, 0.2 dpa 9 290 K, 0.02 dpa
g Y ——RBS N —RBS
E ] —— NRA line scan g ] ——NRA line scan
S (5- ——NRA 2D map S 05- —— NRA 2D map
< Y 800 K, 0.02 dpa _ 290 K, 0.2 dpa
----- RBS _
- Om - NRA ||ne scan = NRA Ilne scan
0.0 T T T T T T 0.0 'A ' 'q ' :) ' |1 ' T T '
-3 -2 -1 ~ ~ o - - - 0 1 2
A Work ongoing:

« The NRAsignal peal  NRA-Csimulations, combination with DFT - multi
to the 0.02 dpa/29C occupancy of H in vacancy and vacancy clusters

Speculation: vacancy clusters are larger in size and the deuterium location in these clusters has a
broader distribution, further away from the centre of the cluster.

r NRA signal compared
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DFT calculations of vacany clusters

= Binding energy of Hto V H, ,

3
=77
> = DFT calculations
o1
%” > VASP
£ 5. » 47*4* 4 supercell
0 - 10 15 0 : 10 15 » Cut-off energy: 500 eV
_ » Position and volume relaxation
3,
% » Estimation of the maximum number of H
S 14 atoms attaching to the vacancy surface:
2 » Threshold binding energy of 0.69 eV
2 0. (black dashed line)
@ - [ . - - . - (from N. Fernandez, et al., Acta Mater., 94, 2015)
0 5 10 15 20 0 5 10 15 20 25
Number of H atom, i Number of H atom, i

(empty and filled markers: energy without and with ZPE)
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2.00

DFT calculations of vacany clusters |

= Binding energy of H to V H,, s 123
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DFT calculations

(@) | (b)
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Change of H positions with the number of H atoms per vacancy surface:

(a): . clear different positions in different vacancy clusters

- Due to different types of vacancy surfaces

(b): : converge and get similar behavior. 33
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Attendance at the conferences in 2023

PFMC conference:

« E. Punzon-Quijorna et al. "Multi-Energy Rutherford Backscattering Spectroscopy in Channeling configuration for the
analysis of defects in tungsten" (poster)

« X.Jin et al. Study of the lattice location of deuterium implanted into tungsten using simulations of nuclear reaction
analysis in channeling mode®(poster)

IBA conference:

» S Markelj et al., Analysis of deuterium and defects in tungsten by Rutherford backscattering spectroscopy and
nuclear reaction analysis in channeling configuration® (poster)

« X.Jin et al., Deuterium trapping conditions and potential location sites in tungsten by combination of nuclear reaction
analysis in channeling mode with first principle calculations" (poster)

» F. Djurabekova et al., Simulation of Rurgerford Backscattering spectrometry in channeling mode from arbitrary
atomistic structures (Invited)

ICFRM conference:

« X.Jin et al., Analysis of radiation effects in tungsten by comparing molecular dynamics simulations to experiments of
RBS-Channeling" (contributed talk)

« S Markelj et al.,"Detection of defects and hydrogen by ion beam analysis in channeling mode for fusion - DeHydroC"
(poster)

MINES:

« Markelj et al., Analysis of deuterium and defects in tungsten by Rutherford backscattering spectroscopy and nuclear
reaction analysis in channeling configuration (Invited talk)
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Attendance at the conferences in 2024

PSI conference May 2024:

« Markelj et al. Detection of defects and deuterium in displacement-damaged tungsten by applying
Rutherford backscattering spectroscopy and nuclear reaction analysis in channeling configuration

» Hodille et al., Macroscopic modelling of D trapping in self-damaged tungsten with vacancy clusters
using atomistic scale modelling data
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Tasks and objectives in 2023

» Task 1.1 Incorporation of the goniometer in the INSIBA experimental station — JSI. on schedul
n
> Task 1.2 Detection system for ion beam methods (:) schedule
@ Delayed

» Task 2.1 Production of samples with dominant defects in the material - MPG and JSI.
» Task 2.2 Characterization of defects —-UHEL, JSI, MPG.
» Task 2.3 Simulation and interpretation of C-RBS spectra - UHEL, CEA, JSI.

+03.2 (Task 2.2, 2.3, 3.1) Defect identification by C-RBS and correlation to TEM and PAS
measurements — report. (D2)

» Task 2.4 In-situ C-RBS and sample heating — JSI

» Task 3.1 Characterization of defects by D retention studies and MRE modelling - JSI, MPG, CEA,
UHEL.

» Task 3.2 Development of C-NRA method - JSI, UHEL, MPG.
++03.4 (Task 3.1 and Task 3.2) Detection of deuterium by C-NRA method. (M8)

» Task 3.3 — Modelling of deuterium position in lattice/defect and identification of D position - UHEL, CEA,
JSI.

+03.5 (Task 3.3) Incorporation of C-NRA in RBSADEC. (M9)
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Deliverables in 2024

« Study of C-RBS during sample annealing.
« Paper on microstructure analysis and correlation with HI retention.

» Detection of deuterium in lattice defects and comparison to modelling.
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Multi energy C-RBS - experiment

‘He beam E=4.5 MeV

Depth (um)

* “Heions along <111> channel 25 2.0 1.5 1.0 0.5 0.0

* Multiple energies of He ions (3 MeV to 4.5 4000
MeV) — Multi energy RBS-C

» RBS-C spectra @ 4.5 MeV

Irradiation at 290 K:

e 78f:0.2dpa, 290 K (heavily damaged standard)
* 78g:0.02 dpa, 290 K (single vacancies)

Irradiation at 800 K:
e 78c:0.02 dpa 800 K (small vacancy clusters)
* 78b:0.2 dpa 800 K (big vacancy clusters)

e Clear differences between the irradiation
damage treatments .
* Knee point indicates damage depth 0 ;

I s
2000 2500 3000 3500 4000 4500
Energy (keV)
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Multi energy RBS-C
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Multi energy RBS-C
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