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To investigate underlying quantities fundamental for sputtering and defect formation from
plasma-wall interaction:
- Energy deposition of plasma species in wall materials.
- Interaction potentials with wall species.
key input variables for computer codes used to model erosion
and implantation in plasma facing components.
Synergistic study:
- Experimental measurements with high accuracy.
- Theoretical calculation from first principles.
- To assess the sensitivity of these quantities to the presence of defects (ion irradiation).
- Benchmark the fundamental quantities by measuring sputtering yields with high accuracy.
Materials:
ITER-grade W, Fe and EUROFER steel.
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General management

Kick-off meeting

Task coordination
Annual meetings (2)
Final meeting & reports
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Sample preparation

Batches of Fe, W and EUROFER.
Chemical and morphological
characterization (e.g., AFM, SEM,
XRD). Distribution and routinely
quality control (ex-situ and in-situ).

Computational modeling

TDDFT simulations of electronic
stopping power of W, Fe and 4
EUROFER:-like (samples w/wo defects). £
MDRANGE: ion implantation & sputter ¢
yield (input: electronic stopping) -

Electronic energy loss meas.

Experimental stopping cross section
of pristine Fe, W and EUROFER.
For each sample @ keV and sub-
keV regime. Compare experimental
results between pristine & damaged

Synergetic
study

lon-irradiation experiments

Define irradiation conditions. Ex-
situ and in-situ ion irradiation
experiments on Fe, W and
EUROFER @ UU and TU.
Samples to be reused in W-Ps
3.4.5

Sputtering yield & QCM Interatomic potential measurements

QCM set-up at UU. Sputtering yield and ToF-LEIS & ToF-MEIS angular scans
angular distributions of pristine Fe, W and measurements (pristine and damaged
EUROFER samples (@ TU and @ UU up samples).

to some extend). BCA-based simulations

(SDTrimSP).
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Table: Revised deliverables (D) and milestones (M) schedule according to the working-packages (W-Ps) per calendar year.

_ 2021 2022 2023 2024

W-P 1: D1.1 D1.3 D1.4 D1.5
General management : M1.1 M1.2 M1.3 M1.4

W-P 2:
. D2.1,D2.2, D2.3, D2.4, D2.5 M2.2
Sample preparation/ M2 1 M2.3 M2.3 M2.3

Electronic energy D3.1 M3.1 D3.2 M3.2 D3.3 M3.3 D3.4 M3.4

loss measurements
W-P 4:
Interatomic potential D4.1 D4.2 M4.1 D4.3
measurements
W-P 5: D5.4
Sputtering yields and D5.1 M5.1 D5.2 D5.3 M5.2 :
. . M5.3
BCA simulations
W-P 6: D64
lon irradiation D6.1 M6.1 D6.2 D6.3 ;
i M6.2
periments

M4.2

D7.3 D7.4 D7.4
TD-DFT and D71 M7.1 D7.2 M7.2 M7 3 M7 4 D7.4 M7 5

Molecular dynamics
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d Working-package 2 (W-P 2) main deliverables/milestones for 2021:

- Characterization of the chemical composition of the pristine
samples (Fe, W, EUROFER) by combined ion beam based techniques (UU), as
a protocol for the standard quality control.
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E. Pitthan, M. V. Moro, S. A. Correa, D. Primetzhofer, Surf. Coat. Tech. 417, 127188 (2021)
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Electronic Stopping Power M
Stopping data for Fe & EUROFER in the medium/low energy regime

Sample characterization
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Final stopping data corrected by
Bragg’s rule
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O Working-package 3 (W-P 3) main deliverables/milestones for 2021:

— Stopping power of pristine PFCs samples for light ions (keV regime).

Incident ion beam
(20 to 350 keV)/charge

350 kV Danfysik Implanter

Implantation 7/ r :
ToF-MEIS | e % /] @]
Ol e
A ! - ; .
B cr—— =] g | = Incident ™~ 4 um Al foil Secondary
, : | angle, Y __-sample electron
: g T— \ o Tilt A supressor
Low-energy 350 kv Impiamerl _ —— S
| {_RBS & NRA [-— *| sample G (v
i ~rI T holder =%
Ll a8 . | ) ) ) N R | e IM{
Sample \ : (i:hargte
selection \ J—— ntegrator
— ' —
Goniometer
Controller
Faraday Cup

S. A. Correa, E. Pitthan, M. V. Moro, D. Primetzhofer, Nucl. Instr. Meth. Phys. Res. B, 478, 104 (2020).
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Evaluation procedure
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M. V. Moro et al., Phys. Rev. A 102 (2020)
M. V. Moro et al., Nucl. Instrum. Meth B 498 (2021)
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Experimental procedure
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(a) Backscattering spectra: 140 keV H, in Fe/Cu

Reference Cu (experimental)
Reference Cu (simulation)
——Iron (experimental)

Iron (simulation, corrected ¢)
Tron (simulation, + 10% ¢)
— — —TIron (Impurity + FWIHM)

Incident angle = 5 deg

Detector resolution ~ 3.5 keV

Eqy

Detected particles

50 60 70 80
Equivalent proton energy [keV]

90

Electronic Stopping Power M
2 Stopping data for Fe & EUROFER in the medium/low energy regime
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(b) Backscattering spectra: 100 keV H, in EUFOER /Cu

Reference Cu (experimental)
Reference Cu (simulation)
——EUROFER (experimental)

Incident angle = 5 deg

Detector resolution =~ 4.0 keV

— EUUROFER (simulation, corrected €) 7

(
——EUROFER (simulation, + 10% )
— — —~EUROFER (Impurity + FWHM)

Evaluation window
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Experimental results
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Electronic Stopping Power M
Stopping data for Fe & EUROFER in the medium/low energy regime
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Next steps: low energy regime (E, < 10 keV) [PhD student: Jila Shams]
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Analytical Chamber: Sputtering cleaning,
heating, e’beam evaporation, AES, and LEED

ToF-LEIS (1-10 keV):

- Surface sensitivity.

- Sub-monolayer resolution.

Fe 8§ C N CrO Fe

Ready for
measurement

M. Draxler et al. Vacuum, 73 (2004).

! After 1* cleaning step

EUROFER cleaning cycle:
Argon sputtering/Annealing (300° C)

| As-polished surface

S

0 200 400 600 800 1000
Electron energy [eV]

AES differentiated signal [nA/eV]
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. Stopping data for Fe & EUROFER in the medium/low energy regime
U ALA
el Next steps: low energy regime (E, < 10 keV) [PhD student: Jila Shams]
70 T T T T T T T T T I
Cri |Fe As-prepared surface - 8 keV Ne|
. Convoluted TRBS simulation Measurement geometry of ToF-LEIS:

60 - Do = o

1 Chopped beam: 8 keV 2°Ne* £

4

=
5
2
59, (FWHM = 80 ns) MCPS\/
— 30 - -
=
Z
20 - 1 = Energy converted ToF-LEIS spectrum

W+Ta | from as-prepared surface of
| EUROFER97 sample (after polishing
L and in-situ cleaning procedures) using
0 T ' | T ' T ' T T : 3 : :
1 5 3 i . 5 8 keV Ne projectiles with the scattering
Energy [keV] angle of 129°,

N
o
1
1

» Composition according to MC simulations (TRBS):

Layer 1: 10 A, d=5.187 g/lcm3, Fe=46.6 at%, Cr=5.0 at%, W= 0.42 at%, O= 48 at%
Layer 2: 20 A, d=5.455 g/lcm3, Fe=50.2 at%, Cr=5.0 at%, W= 0.80 at%, O=44 at%
Bulk: 200 A, d=7.846 g/cm3, Fe=89.3 at%, Cr= 10.2 at%, W= 0.42 at%

. ENR-SBM-2021-12-01 A N\ ] - 13




u - TECHNISCHE Aalto University //
Worklng paCkageS M UWTé\INERSITAT A' School of Science \{\\\_}I/})}
Bl Sputtering yields and BCA simulations

O Working-package 5 (W-P 5) main deliverables/milestones for 2021:

- QCM set-up assembling at UU.

X-ray detector (PIXE)
HPGe detector (NRA)
large viewport

;‘ H Valves

Collimating slits :
thlcle Load-lock chamber
detector (ERDA
o Faraday cup ;" 5-axes
|:| goniometer

particle detector sample position

(RBS/EBS/NRA)

90° to 180°

gas supply

Ion source
(Ar sputtering)

Residual gas analyzer

e-beam —_— — —
evaporator

Allows in-situ implantation/erosion investigations
simultaneous to material characterization by IBA

K. Kantre, M. V. Moro, et al. Nucl. Instr. Meth. Phys. Res. B, 463, 96 (2020).
| ENR-SBM-2021-12-01  § N\ ] 14
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QCM (Quartz Crystal Microbalance) set-up with low noise and high sensitivity
for mass changes (= 90 pg/cm?/s). [1,2]

QCM holder designed for UU setup:
Quartz crystal (SC-cut)

Resonance frequency of 6 MHz
QCM . :
Front contact fmm A & _~ top layer of interest
v g ( screen
| Back contact i
'V\\Au contact

Preparation: At TU Wien, new electronics and hardware components constructed.
Installation: TU Wien campaign by C. Cupak and M. Fellinger (October 2021).
Features: In-situ mass-change measurements and subsequent IBA (RBS, ERD).

[1] G. Hayderer et al., Rev. Sci. Instrum. 70, 3696 (1999)
[2] R. Stadlmayr et al. Rev. Sci. Instrum. 91, 125104 (2020)
[3] G. Sauerbrey, Z. Physik 155, 206-222 (1959)
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Low-Energy lon Implanter
O Working-package 6 (W-P 6) main (1 eV — 10 keV)

deliverables/milestones for 2021:

- Define irradiation conditions: ions, energy,
fluencies within different (ex-situ and in-situ) set-ups.

Energy: 0.5-4 keV, D,*
Fluence = 1x1022 D/m?.

— Ex-situ: Dedicated low-energy ion implanter.

')}
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d Working-package 7 (W-P 7) main deliverables/milestones for 2021:

—> MDRANGE simulations of ion implantation ranges and sputtering yields
from surfaces with evolving composition. (A. E. Sand, Aalto University, Finland).

Changed schedule: begun MD simulations of ¢ Principle of MDRANGE: efficient ion

sputtering (D7.4) with existing MD model, in range calculation by considering only
response to TU Wien’s pre“minary QCMm recoil and small region of target in MD
measurements showing unexpected results framework. ®* o 0000
compared to SDTrimSP (reported in "' .o
September meeting). o SIS Y :
Investigating angular dependence and ool .E. :
dependence on surface morphology Ry

® 00 00 o
Status of TD-DFT: expected to start in ®eio 0i0 e
January 2022. e -??'j‘ .

e ©,0 0,0 0

®© 0,0 0,0 0

o .:. .:. a

. ENR-SBM-2021-12-01 \ N\ ] W 17
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d Working-package 7 (W-P 7) main deliverables/milestones for 2021:

—> MDRANGE simulations of ion implantation ranges and sputtering yields
from surfaces with evolving composition. (A. E. Sand, Aalto University, Finland).

100.00000000

"HinCu_ENR initial/1 00000ions/recspec.out' u 12 ——
"HinFe_ENR_initial/100000ions/recspec.out”

1.00000000

o Preliminary calculation with existing model in

MDRANGE' §,o1oooooo
« Hions (70 keV) in Fe and Cu (for comparison S oo

to experimental work at UU)
e < 1% are backscattered
« Next steps: code development to get angles of
scattered ions, implement selective output to

0.00000100

0.00000001

100 1000

n(E) (recoils/eV/ion)

g 5000 HinCHﬁﬁﬁRfllgn'zlsl/jQ|OOI/():)(;grés/l§ng/0 "u1|% —_—
ofe . . — 4500 inFe_| _initial s/rangeout® ———

facilitate better statistics. g -

) <

‘O 3500 CU

!5_ 3000 Fe >

"6 2500

5 2000

Q500

g 1000

Z s

’ 1000 2000 3000 4000 5000 6000
Depth (A)
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d Completed:
—> IBA characterization of pristine materials (W, Fe, and EUROFER).
— Stopping power of pristine PFCs samples in medium range:

— Fe: from 4 to 330 keV for protons (up to 2 MeV).

- W: 20 to 6000 keV for protons and 50 to 9000 keV for helium.

- QCM installation in UU set-up.

In Progress:
EUROFER: from 20 to 330 keV for H and He.

Sputter yields D, on PFCs samples.

vV Vv o

Fe-alloys using TD-DFT calculations.

Achievement of M e

Sample characterization/preparation in the low-energy experimental system.
Stopping power in the low of pristine PFCs samples in low energy range.

2

\-—/)}

Theoretical calculation of electronic stopping power of light ions in pristine W, Fe and

19
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Characterize damaged samples and continue monitoring pristine samples for quality control.
Stopping power of pristine PFCs samples for light ions (sub-keV regime).

In-situ preparation of the pristine crystalline Fe and W samples for ToF-LEIS/MEIS and angular
scans.

Sputtering yields and angular distributions of pristine W and EUROFER97 samples.
Ex-situ ion irradiation experiments on the PFCs samples at UU.

Theoretical calculation of electronic stopping power for random trajectories of light ions in
pristine W, Fe and Fe-alloys using TD-DFT calculations.

. ENR-SBM-2021-12-01 A N\ ] - 20
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Electronic Stopping Power [ff] icci A} i, {i )

120

(a) He® on Ag

100 -

» Reference data for e.g., Cupper:
a) Data points: +250 H* and +100 for He*

b) Statistical uncertainties < 3%

80 -

B0

€ [10747 eV cm?®fatoms|

40 -

c) Traceable uncertainties (absolute meas.)

2

d) Data sets after 1990 52"

—Z-B fit

© Data from IAEA database [13]

—&— Evaluation procedure output

10! 102 10°

e) Including complementary methods between P.
Bauer and P. Mertens (different groups, set-ups,
etc)

» Evaluation procedure / Different interpolations

» Different samples

RESIDUE (simulation - fit) [%]

» Good agreement in a wide energy range
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1. D. Roth et al., Phys. Rev. Letters 118 (2017)

2. M. V. Moro et al., Nucl. Instrum. Meth. B 424 (2018)
3. M. V. Moro et al., Phys. Rev. A 102 (2020)

4. M. V. Moro et al., Nucl. Instrum. Meth B 498 (2021)
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> In the LEIS regime (1-10 keV):
> Scattering potential (Thomas-Fermi-Moliere):
lezez r
— P (-

” T )
Screening function T
Screening lenght

V(r) =

a = cqar AR

Correction factor (empirical)

. -
: o
: K
-

.- i *

In-plane atoms
Out-of-plane atoms O

For a given 6:
c, < 1 > smaller scattering cross-section.

Low energy potentials
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Sample: Cu(100); a =0 deg

2000 - e

1600 -

1200 -

yield

800 -

[ | Experiment: —o—3 keV He' \.

/ MARLOWE: ——c, =10 b
c, =0.75

—c,=06

4004

n T T T T T T ¥ ]

0 20 40 60 80
azimuth angle ¢ (deg)

D. Primetzhofer et al./Surface Science 602 (2008) 2921-2926
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