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Exposure aims (@)
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——Max temp within +-10mm ——Mean temp over +- 5mm

800

For 1000 pulses

15t scenario — Fuzz formation
Temperature ~900-1000 'C
Fluence ~ 1.5E25 m2

For 1000 pulses

2"d scenario — He campaign
conditions

Temperature - 700 °C
Fluence ~ 2E26 m2

900 1000 1100 1200 1300
Temperature (deg C)

Plot based on probe 26 data in Tile 6 of the fluence per pulse against time spent above a certain
temperature as determined by IR.

The plotted are for the average pulse
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Experimental set-up )

\ )
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Samples: W-CFC, bulk W JET lamella and W-polished-ITER grade(FZJ), Bias: -100V ~ 80 eV

1st exposure — Fuzz formation
Temperature ~ 950 °C

lon Flux ~ 4.5 x 1022 m?s?
Fluence ~ 1.5 x 102> m™

BEFORE

2"d exposure — He campaign 3rd exposure: ELM-like heat pulse
Temperature ~ 700 °C Temperature ~ 730 °C
lon Flux~ 1.1-1.2 x 1022 m-2s1 lon Flux ~ 1.1-1.2 x 1022 m2s1

Fluence ~ 2 x 1026 m™ Fluence ~ 2 x 1026 m™

-~
-l

AFTER
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Samples for helium plasma studies on JET ©)

15t exposure — Fuzz formation
Temperature ~ 950 °C

lon Flux ~ 4.5 x 1022 m2s!
Fluence ~ 1.5 x 10> m™
Energy ~ 80 eV

@

W JET 2

s ‘ S s St
W bulk JET lamella W bulk ITER grade (FZJ) W coating on CFC

All three types of materials show similar fuzz formation
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Samples for helium plasma studies on JET ©

15t exposure — Fuzz formation
Temperature ~ 950 °C

lon Flux ~ 4.5 x 1022 m2s!
Fluence ~ 1.5 x 10> m™

Energy ~ 80 eV

W JET 2

Fuzz-1300- 1500 nm

800pA  SEZ 5407 0o
SOOKX  Width=228Tum  WD=51mm 7 0ct2022

A S e

i-’\

1130 mmm 160 mm

300 nm S5ookv I Probe= 800 pA SE2 §40° oOn WJET J2 IEK 4

—

300 NnMm 500kv IProbe = 800 pA SE2 540° oOn W JET J2 IEK 4 ‘ JULch
2500KX  Width=4573pm  wD=53mm 4 Aug 2022 Rasinski @ . .umsesn | s | 2500K X Width=4573pm  wD=51mm 7 Oct2022 PSI2 He Rasinski J Farrnngssm
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15t exposure — Fuzz formation
Temperature ~ 950 °C
lon Flux ~ 4.5 x 10?2 m2s i
Fluence ~ 1.5 x 102> m2
Energy ~ 80 eV

W JET 2

BRI
oA D
£ A000 i

.\ ‘,'ui » > ""¢\

A L R e A 2 60 mm
("."} I Tipdie) :

T, 4
< el 2 E 4

1 MM 500KV  IProbe= 800pA  SE2 00° Of  WUJETJ2 EK4 o & JULICH
300} { 1000KX Width=1143ym  wD=52mm 70ct2022 PSI-2 He Rasinski J Fecsarungseaninm | o1 MR Reumai 9 JULICH
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Samples for helium plasma studies on JET ©)

15t exposure — Fuzz formation
Temperature ~ 950 °C

lon Flux ~ 4.5 x 10%2 m2s!
Fluence ~ 1.5 x 102> m2

Energy ~ 80 eV

WCh1

2 pym be= 800 pA
f——] 5KX  Win=2287um

300 Nnm 500kv  IProbe= s00pA  SE2 540° On  WCh1 IEK 4 300 nm 59%kY  IProbe= 800pA  SE2 540° on  WCh1 EK4
| — 2500KX  Width=4573pm  wp= 61mm 9Jun2022 Rasinski ~ 2.5 L [ — 2500KX Width=4573ym  WD=§2mm 28Jun2022 PSI-2 expl Rasinski
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Samples for helium plasma studies on JET ©

15t exposure — Fuzz formation
Temperature ~ 950 °C
lon Flux ~ 4.5 x 1022 m2s® &
Fluence ~ 1.5 x 10 m2" .
Energy ~ 80 eV Fa

WCh1

o

1

300 Nm 500kv  |Probe= 800pA  SE2 540° On IEK 4 i .
300 — 2500KX Width=4573pym  WD= 52mm 28Jun2022  PSI-2 exp1 Rasinski o !Eul;lrscunﬂ Bomam  PSzewt e « %) J0LICH
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Spectroscopy (®)

0.18

He 1447.1nm

o Wavelength range (nm): 400-1000

R £ :% Spectral resolution (FWHM, nm): 7

E % : T Spectral bands: 204

S ol 2 = z S 2 Spatial resolution in this set up (mm/pixel): ~0.48
Sz s 2

=
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0 . n .
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Wavelength (nm)

Spectrum during W fuzz formation experiment Separation of W and Mo from He plasma
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Spatial distribution during W fuzz formation



Spectroscopy - evolution of time @)
camera spectral bands of 522.18£3.5 nm M camera
TE 12 F
position kR
19 e |
Z=7.5 mm > ="
i ‘W 506» ;
€ 10 R=-19mm 2 8
£ L 3
0 0 - 02f
=) & , |
- I.'__U 10 20 60
T 10 T E
« 5
-19 - 0.2 W_He_Erosion case 1 29/09/202
0.1 750
-29 Fm0 —* .
0 9 19 28 38 48 57 &7 77 86 £ 650 ¢ o L' .
. % 600 o’ * % * o
g ® e o @
Z-axis [mm] = ol o« %o
‘E 500
The results of both hyperspectral camera and spectrometer % 4o spectrometer
show the downward trend of W | intensity. 400
0 200 400 600 800 1.000 1.200

t/sec

Marcin Rasinski | WPPWIE Review Meeting | Zoom | 17 October 2022 | Page 12



Samples for helium plasma studies on JET ©)

15t exposure — Fuzz
formation

Temperature ~ 950 °C

lon Flux ~ 4.5 x 10?2 m2s1
Fluence ~ 1.5 x 102 m
Energy ~ 80 eV

W Ch9

Exposure at 950 °C for 1h
leads to formation of Mo,C at the
interface

More on carbide formation due
to annealing:

M. Rasinski et al. / Thin Solid Films 2013 531
doi.org/10.1016/j.tsf.2012.10.066

H Maier et al. / Phys. Scr. 2016 014048
doi:10.1088/0031-8949/T167/1/014048

500KV IProbe= G00pA  SEZ §40° o
400KX  Width=2858pm  WD= E1mm 4Aug2022

Weho 1 um 500KV IProbe= E0OPA  InLens 840" o0 weha =
L esvats 0 JULICH

——————{500KX  Width=7522pm  WD= EAmm 4Aug20Z2

Faansis 9 JULICH
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Samples for helium plasma studies on JET ©

2"d exposure — He campaign
Temperature ~ 700 °C

lon Flux ~ 1.1-1.2 x 10?22 ms!
Fluence ~ 2 x 102°m™

Erosion — 300 nm

W_ITERS

300 nm 500kv IProbe= 800 pA SE2 540° on W_ITER

IEK 4 ' /30 300 nm so0kv IProbe = 800 pA SE2 540° On 85
— 2500KX Width=4573pm  WD= 50mm 28Jun202z  BS Resmski o IUUCH. — 2500KX  Wicth=4573pm  WD= §4mm 29Jun2022  PSI2 exp2
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Samples for helium plasma studies on JET ©

2"d exposure — He campaign
Temperature ~ 700 °C

lon Flux ~ 1.1-1.2 x 10?22 ms!
Fluence ~ 2 x 102°m™

W Ch4

1 um 5.00 kv IProbe = 800 pA SEZ 540° On

EK 4 &1 1um 5.00 KV IProbe= 800pA  SE2 §40° oOn WCh 4 IEK 4 a1
————{S00KX  Width=76Z2im  WD=5imm Zdun202 o et @pJoucH  |TH tw P JULICH

JS00KX  Width=7622ym  WD=51mm 29Jun2022 PSI-2 exp2 Rasins| ki

Marcin Rasinski | WPPWIE Review Meeting | Zoom | 17 October 2022 | Page 15



Exposure at t, » 700°C - ELM simulation by laser ©

fast IR measurements resolving laser pulses

3'd exposure: ELM-like heat pulse = With reduced area of observation, itis ® Laser pulsesincrease the
i i local surface temperature by
Temperature ~ 730 °C (global possible to increase the camera frame
P (8 ) rate to ~3600 fps, thus resolving 60-70°C to max of ~800°C.

800 °C (laser pulse)
lon Flux ~ 1.1-1.2 x 1022 m=2s1
Fluence ~ 2 x 1026 m™

individual laser heat pulses

Temporal Plot: Laser spot

® For steady-state at *800°C W
fuzz is normally formed.
However, here no W fuzz was
observed. Laser has probably
too low duty cycle to allow
for W fuzz formation.

WCh7 - ELM

Frequency: 30 Hz
Pulse duration: 1 ms

@
5
E
@
a
5
=

Absorbed power density 0.065 GW/m2.

Energy — 1.623 J/pulse
Average power —48.69 W
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Samples for helium plasma studies on JET @©

3'Y exposure: ELM-like heat pulse 555 " Pt

Temperature ~ 730 °C (global)

lon Flux~ 1.1-1.2 x 10?2 m2s1
Fluence ~ 2 x 1029 m-2

WCh7 - ELM

1um 500kV  [IProbe= 800pA  SE2 540° on WCh TELM  IEK4
e 500K X Width = 7.622um  WD= 6.4 mm 28Jun2022  center Rasinski

aaaaaa

1um

Femsmanmin ————{500KX Width=7622pm  WpD=51mm 30Jun2022

5.00 kv |Probe= 800 pA SE2 540° On WCh 7 ELM IEK 4
Rasi

PSl-2exp3  Rasinsl ki
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Conclusions ©
15t exposure — Fuzz formation 2"d exposure — He campaign 34 exposure — He campaign
Temperature ~ 950 °C conditions 700 °C conditions 700 °C + ELM-like heat pulse
lon Flux ~ 4.5 x 102! m2s1 Temperature ~ 700 °C Temperature ~ 730 'C
Fluence ~ 1.5 x 102> m= lon Flux~ 1.1-1.2 x 102 m2s? | lon Flux~ 1.1-1.2 x 10?2 m*%s’!

Fluence ™ 2 x10%m™ Fluence ~ 2 x 10%®m=

NO W-fuzz formation

Erosion ripple structure formation
Nano-bubble formation
Predominantly erosion

Estimated erosion ~ 300-500 nm

v’ Clear W-fuzz formation NO W-fuzz formation
v’ Fuzz growing in all directions Erosion ripple structure
v’ Fuzz dimension ~ up to 1.5 um formation
Nano-bubble formation
Predominantly erosion

Estimated erosion ~ 300-
500 nm v" Not a visible difference as compared

with 2" exposure (without laser interaction)

< S
ASRNENENRN

ANRNEN

JET bulk lamella, W-coatings and ITER grade W behaves very
similar under given PSI-2 He exposures
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12 mm

~

Samples for helium plasma studies on AUG ©)

=

12 samples for AUG He campaign
6 polished + 6 polished and fuzz

PSI-2 exposure - Fuzz formation
Temperature ~ 900 °C

lon Flux~ 8.4 x 10! m2s?
Fluence ~ 1.5 x 10> m™2

Energy ~ 80 eV

PSI-2 sample holder with 2 samples mounted before He
Sample geometry plasma exposure
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Samples for helium plasma studies on AUG ©

PSI-2 exposure - Fuzz formation 'q’; ,m"
Temperature ~ 900 °C
lon Flux~ 8.4 x10*'' m
Fluence ~ 1.5 x 10> m™
Energy ~ 80 eV

600 — 800 nm ;

T
v
A f y
- - _ A - e E
300 nm 500kv IProbe= 800 pA SE2 540° On IEK 4
|_.| 2500KX  Width=4573ym  WD=51mm 14 Jun2022 PSI 2 He Rasinski J ,,J,E.ul;!,c,ﬂ
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Samples for helium plasma studies on AUG ©)
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* On each sample 4 FIB cross-sections with line marking

» Different position and orientation of each cross-section for better g
understanding the influence of plasma direction At

(@

e Cross-section examined after AUG He campaign to determine the

erosion/deposition and fuzz formation 2.5mm

6 MM e——m—ou
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Samples for helium plasma studies on AUG ©

Sample W21 fuzz
cross-section 3

A " - R
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Samples for helium plasma studies on AUG ©)

Sample W21 fuzz
cross-section 3

5.00 kv |Probe= 800 pA SE2 540° On 1 IEK 4 = 5.00 kv |Probe= 800 pA SE2 540° On W21PSI2He 3 [EK4 '
nm i #)JOLicH
— 2800KX  Width=4573pm  wD=61mm 13Jun2022  PSI2He 3 sinski — 2500KX  Width=4573pm  wD=s62mm 10Aug2022 AUGHe Rasinski Fersarangsaaninim

Fuzz structure from PSI-2 preserved
On top deposited layer of about 200 nm
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Samples for helium plasma studies on AUG ©

Sample W11 polished
cross-section 3
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300 nm 700 kv |Probe= 1.0nA SE2 §39° On W11 4 IEK 4 ‘ JGLICH
; 1 2500KX  Width=4573um  WD=51mm 16Aug2022  AUG He rasinsn < JOLICH

300 Nm 590KV IProbe= B00pA  SEZ B40° On i, IEK 4 [ J
— 2600KX  Width=4573um  wD=6Amm 21Jun2022 Rasinski J!E.I.'.l,,c.ﬂ

Deposited layer of about 200 nm
Deposition very similar to those on a fuzzy sample
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Samples for helium plasma studies on AUG ©)

Sample W22 fuzz
cross-section 3
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2 pm 5.00 kv | Probe pA SE2 840° On W22 IEK 4 ' JDL'CH 2 um 7.00 k¥ IProbe= 1.0nA SE2 540° oOn W22PSI2He 3 I|EK4
— 500K X Width =22.87 pm WD=562mm 14 Jun 2022 PSI-2 He 3 Rasinski J s | ] 500K X Width = 22.87 pm WD= 6.1 mm 11 Aug2022 AUG He Rasinski J .

Fuzz formed in PSI-2 removed/modified
New fuzz observed
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