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2 | Outline: Hydrogen effects on materials

Fusion energy

H adsorption on W(111)

High-temperature annealing of He-induced W fuzz

Summary

Hz(g) dosing
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Fusion energy

———-—__————_——_—__—_____—
“Holy grail” of energy technology



4 I Fusion energy

« relatively clean
 sustainable & abundant
 no risk of meltdown

* really difficult




How will fusion work?

Fusion reaction:

O
D+ T - He +n (14.1 MeV)
g.?;.am.\.h = ; requires high temperatures and plasma density
i achieved by containing plasma

with magnetic fields

He, & impurities) are intentionally dumped

llluul Iwue

R
&& surfaces

Scrape-off layer

Strike points — X-point

[ .
Divertor plates = Private plasma

Divertor: where heat and particle flux (D, T, I
iter.org euro-fusion.org I



| Divertor

* tungsten is a leading candidate material

* highest melting point
* low sputter yield
« high thermal conductivity

* however, polycrystalline W is likely insufficient

W-fiber remforced W UFG W (T dlspersmds)

' Density >95% il

iter.org

LA 2

s
mm

J. Coenen et al. |IAEA - FEC2014 Kolasinski et al., IJRMHM, (2016).




7 | Divertor difficulties

iter.org

[1] T. Tanabe, J. Nucl. Mater., (2011).
[2] B. Bornstein et al., Fusion Eng. Des., (2013).

Challenges for tungsten plasma-facing surfaces:
« plasma contamination (high Z)

 material degradation
« high heat flux (melting)
* H blistering and embrittlement
« He plasma induced nanostructure
« tritium retention and inventory [1]
one 5 min shot with ITER ~ 10°Ci of T
10 shotsin 1 day = 10°Ciof T

<<1 Ci into environment—track <1 ppm!

serious issue! 5 yL of T,0 is lethal [2]



Plasma-facing surfaces in a fusion reactor

Surface physics is key for fusion!
« extremely complex, but needs to be well understood for materials

development and predictive modeling (e.g. T tracking)

« plasma-surface interactions affect both the core plasma and bulk material

Our core science questions for plasma-surface interactions with W:

(1) How does H interact with W surfaces before diffusing into the bulk?

(2) How do high- flux He plasma alter W surfaces?

I I T ) -v. -------- E—— B
OOO Q000400 ODOD

DGOODD COQCO GOO Q00 OOOQQ'Q

e l'ul!dlﬂmhn& vacancy/vold defects bubbles & amorphous

""" "'FF"" from ion and blisters  film growth
neutron radiation

® Blectron @ WOTfuelion @ PFCmaterialion () WO/T fuel neutralatom () PFCmaterialatom () Redeposited PFC material stom  Zinckle, Fusion Sci. Tech

| w

., (2013).
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Characterizing the W(111)+H(ads) system



0 I H adsorption on W(I | 1I) _

I
Bond centered (BC) site on W(111) predicted using density functional theory (DFT)
by Zack Bergstrom and Brian Wirth at University of Tennessee
Top view Side view [011] |
© 0O o Experimentally validate DFT results:
d
—— _0Q DFT provides inputs for larger scale models
© °@ @ oo o PO g
F—=70 O- --60——- e.g. interatomic potentials for

© 0 09 o

1.5A<dg <1.7A 0.95A<h<1.10A

molecular dynamics (MD) simulations

.

L. Bergstrom et al., J. Phys.: Condens. Matter, (2019).



11 | Detection of surface hydrogen is challenging

Not many experimental techniques are directly sensitive to surface hydrogen

NG

7 OAES )

Auger electron spec.

Electron collision

Auger electron emission
wikipedia.org

/

no auger

Kelectrons for H /

XPS

X-ray photoelectron spec.

Shifts in N 1s peaks possibly due
to H bonding

Iv. A

o7 405 40 401 399 w7 395 kil
Binding Emergy, eV

Kerber et al., J. Vacuum Sci. Tech.,
(1996).

small shifts in peaks

Que to H binding J

LEED

Low energy electron diffraction

Reconstruction of W(110) due to H adsorption

INTENSITY (ARB.UNIT)

1 s 1 1
4.0 8.0 12.0

EXPOSURE (L)

0.0

Chung et al., PRL, (1986).

indirect H detection
Qrom reconstruction /

Temp. programmed desorption

Flowers et al., J. Chem. Phys. (1993).

H amount and activation
wergies, not locationy

TPD

Desorption of D from Si

0.025 [

600 700 800

Temperature,/ K




P | LEIS and DRS

/LOW energy ion scattering (LEIS)

2
E cos @ + /u? —sin2 4 E 4u 5 |
- = — = > cos“ 0
\EO 1+ 4 / \ B, (1+p) /
« both techniques can be performed simultaneously my ‘
« energy of detected ion depends only on py and 6 no mp



13 | Why DRS and LEIS?

™

—
o

scattering signal (counts/nC

relative energy E/E( (dimensionless)

1 keV Net = W(111) \

w@s)” ft

2

E 4u 5
= cos“ 6

Ey  (1+up)?

E cos O + /u? — sin?
B 1+u

Advantages of LEIS & DRS

direct detection of hydrogen on surface
studies for insulating materials are possible

surface specificity: ultra-thin depth profiling
(monolayer sensitivity)

structural information can be obtained with
more complex measurements and modeling

),




4 | Shadow cones

Focusing effect incoming ar
/ ion beam

)

Shadow cone

[3] Agostino et al., Surf. Sci. 384, (1997).

« Shadow cone arises from ion focusing

 Enhanced scattering or recoil signal when cone

coincides with neighboring atom




15 | Early study to find H on surfaces—shadow cone analysis

LEIS to detect D on Pd surface
Bastasz et al., Phys. Rev. Lett. 63, (1989).

4000

3000

He* —~ D SIGNAL (counts/uC)

1000

2000

-20

D scattering signal, varying only ¢

T T T T
0 20 40 60 80

nio) CRYSTAL AZIMUTH (degrees)

surface

normal A d)

[001]

100

 based on D being hidden by Pd-atom
shadow cones
 unable to fully determine binding site

 only works for D, not H

Fc?g effect

I, ﬁ%o(d)

Shadow cone

[3] Agostino et al., Surf. Sci. 384, (1997).

| w



16 | Channeling with multi-angle maps (varying both angles)

polar angle () [

o
=9

45 90

135 180 225
azimuth () [deg.]

270

H(r) intensity

counts/(nC)
50
40
30
20
10
0

H(r) intensity
counts/(nC)

30
20
10

0

H within channel = recoil peak

A IR XY K
e

.........

.........

surface

normal A (p

maps provide information on ion
channeling

detection of adsorbates not limited
to near-surface

only considers scattering from top
monolayer and adsorbates

does not identify complex binding
geometries




17 | Bond centered site on W(I | I)

Top view Side view [011]
© O o Previously described methods are insufficient:
<y @ 1. complex adsorbate binding geometry
?T"G:xeﬁ §|° -O—I'?gﬁ—?- 2. corrugated surface of W(111) leads to
© 09 o © scattering by sub-surface atoms

1.5A<dye<1.7hA 095A<h<1.10A

Characterization of W(111)+H(ads) required the following advances:

1. extend shadow cone analysis for multi-layer scattering

2. perform more extensive MD simulations to determine H binding site

3. develop a more complete ion channeling model to describe recoil maps

C.-S. Wong, J. Whaley, Z. Bergstrom, B. Wirth, and R. Kolasinski, submitted to Phys. Rev. B.



18

Multi-layer scattering from W(l | |) substrate




19 | ARIES: Angle-Resolved lon Energy Spectrometer

surface:
mnm'all

0

b

« LEIS and DRS performed with ARIES S

 can also be configured for backscattering measurements




20 | Constructing multi-angle scattering maps with ARIES

track counts of scattered Ne*
while varying angles « and ¢

scattering signal (counts/nC)
o

O : 1 1 1 1 1 1 1 1 1
00 01 02 03 04 05 06 0.7 08 0.9
relative energy E/E (dimensionless)

10

ESA



21 | Multi-angle scattering maps for W(QS)

10

Ok

ESA

o

=10

y-distance (})
=

3 keV Net = W(111)

Wi(s) intensity (counts/nC)

wiil B R B T T N A i B =
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x-distance (&)
B ]
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2 | lllustration of shadow line analysis

incoming
ion beam

L

coincides with nejghb
shadow cone overshoot

neighbor for larger «

edge of cone realigned
by ¢ rotation

incoming
ion beam

Shadow line = delineates
region of enhanced scattering

Agostino et al., Surf. Sci. 384, (1997).




23 | Shadow lines—analytic description

* In the literature, shadow lines were calculated numerically

* | showed that shadow lines can be determined analytically, based on

geometrical arguments:
¢ro¢ = arctan

cot(ay)

shadow cone

envelope

\

cos?(a)

cos?(ay)

neighboring atom

h

y r-h r

Shadow line = delineates
region of enhanced scattering

center

scattering




24 | Shadow lines for fimse ¥W\aheyess

*  Gledngganisaiific xOivtoaddiirysigsaat tering

pigaathe center be explained?
» Crystalline orientation confirmed with

ICISS backscattering maps

Experiment: ARIES ICISS Simulation: MARLOWE

01 02 03 04 05 06 07 08 09 0 2000 4000 6000 8000 10000
Backscattering intensity (normalized) Backscattering intensity (counts)

3 keV Ne* -» W(111)

y-distance (A)

x-distance (A)

I |
0 5 10 15 20 25 30
W(QS) intensity (counts/nC)

-10 |



25

Determination of H adsorption sites on W(l | |):

modeling experimental data with MD simulations




26 | Obtaining H recoil measurement at a single «

1 keV Net -» W(111),06 =45°, a=76°"
1 i 1 i 1 i 1 i I 1 10
H>(g) dosing

100
i - 0.8

80
- 0.6

60

- 0.4

H(R) signal for H>(g) dosing (counts/nC)

40

o %02

%0 60 120 180 240 300 360
azimuthal angle [@]




Molecular dynamics (MD) simulations with Kalypso [5] -

Simulations performed for the DFT predicted BC site
as well as 3 other high symmetry sites for comparison

top (T) three-fold (TF)
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[5] Karolewski, Nucl. Instrum. Methods Phys. Res. B 230, (2005).



28 | Modeling H(R) with molecular dynamics (MD) simulations

saturated H coverage on W substrate elastic collisions—universal ZBL potential |
surface relaxation of W substrate® only include projectile—target interactions
vibrational displacements of W & H* stationary target atoms

only count recoiled H with final trajectory

and energy that corresponds to detector ~ 02Mage to target was not tracked

*DFT calculations performed by collaborators at U. Tenn



29 | MD simulation results compared to experimental H(R)

1 keV Ne* - W(111)+H(ads)
eiperi’meht\' R 1500

100
top (T) three-fold (TF) 80|
60 =
40
20
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N A OO ®© O
o O O O O

ARIES H(R) signal (counts/nC)
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100
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20 @

0 60 120 180 240 300 360
azimuthal angle [¢]

Kalypso H(R) signal (counts)



30 | Constraining adsorbate

h=1.0+0.1A

DFT prediction:
0.95A<h<1.10 A

dBC= 1.610.1 A

DFT prediction:
1.5A<dg <1.7A

height and position

Side view [017]
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Kalypso H(R) signal (counts)



31

Channeling physics for the W(I | | )+H(ads) system




surface
normal A

» | Constructing H(R) maps

1keV Ne™ » W(111),0 =45, a =76°

H-(g) dosing
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13 | lon channeling along and into W(I | I) surface

Hz(g) dosing

] .
i
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i

bond-centered (BC) (b)
® ¢

@ 15t layer W
® 2" l[ayer W
e hydrogen

T ]

Previous studies [3]:

H within channel = peak in H(R) signal 30 60 %0 120 150

H(R) intensity (counts/nC)

[3] Kolasinski et al., PRB, (2012).



4« | Enhanced ion channeling due to adsorbed H

@ 15t layer W
® 2" l[ayer W
e hydrogen

bond-centered (BC)

1keV Ne* » W(111), 86 =45°, a =

76°

L} 1 L) 4 1 ! 1

H>(g) dosing

100

residual H—"

1
(9))
o

1 1 1
N w EN
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21l
=
o

120 180 240
azimuthal angle [¢]

H(R) signal for H,(g) dosing (counts/nC)
(@]
o

300

368

Increased signal with H dosing due

to enhanced ion channeling

H(R) signal for residual H (counts/nC)



35 | Summary of W(Il | I)+H(ads) study bond centered (BC)

o¢ 0.
pPe 0.8 4@
1. Advanced existing analysis and modeling _ "'?'-. e u
g ) ._: ’..:I
techniques for surface hydrogen detection: D¢ e --E i

o 9 ® -.:

complex binding geometry and corrugated surface

Hz(g) dosing

2. Validated DFT predictions:

DFT provides inputs for larger scale models, e.g.

« interparticle potentials for MD

......

* hydrogen dissociation energies on surfaces

30 G0 90 120 150
H(R) intensity {(counts/nC)



Effect of TDS on He-induced W nanostructure



37 I Helium-induced “fuzz’” on WV surfaces

RN02062007 RNO6182007 (b) RN01222007 (c) RN0S272005 (C RN06152007

Importance for fusion applications:
« material degradation

 effects on T retention

e tritiated W dust
e, T Y

S8ku X9, 886 = M UC FISCES
[6] M.J. Baldwin and R.P. Doerner, Nucl. Fusion (2008).




13 I He-induced nanostructure growth on W surfaces
(b) He" flux

« physics for fuzz growth still not well understood

fo W
original surface

ARAEARARERRRE

* general st

. He implanted into W
. forms stable pairs of He
coalesce into He bubbles

4. He bubbles + surx:\e stresses + W adatom

diffusion = nanostkucture

thermal desorption spectroscopy (TDS) has

Dasgupta et al., Nucl. Fusion (2019). _ . .
been applied to study He-W interactions



19 | Thermal desorption spectroscopy (TDS)

TDS has been used to successfully study trapping energies in W
e.g. D trapping
D-exposed W VS He-exposed W

Complications for He:

1. presence of W nanostructure

2. high T (>1800 K) required to
fully desorb He

Kolasinski et al., J App. Phys., (2015).

To what extent does the surface nanostructure change due to the

high temperatures of TDS, potentially complicating TDS spectra?




40

Plasma exposure and conditions

[ ] TD [ ]
' ' g | T ion flux Loy, =4.0x%x10"cm=2s
electron temp. T, =11 eV
plasma potential 1, =40V
plasma density n, =2.0x10"%cm?
DPE: Deuterium Plasma Experiment
(but with helium) Plasma exposure (same for all samples):
P P

(1) 6 hours in plasma
(2) held at 850 °C
(3) biased at -50 V (ion energy of 90 eV)




Improving Langmuir Probe modeling Old model B

Added sheath expansion effect to our model . g
" ' data -
ion sheath = i ]
ionshasth (ion cgl_!e_czi?n volume) ;%* — original model
(ion collection volume) L \'u' E
T i i ’
]! i i
'§!  Langmuir probe : | Langmuir probe -80 -60 40 -20 0 20 40
: : : : Probe Bias Voltage (V) H

1mproved model
small negative bias voltage large negative bias voltage N = 2 O X 101 0 Cm 3 .E—f‘-l; I

20_
- EI LP data

[ = ion current + electron current B S —

10r . sheath expansion current

Current (mA)

U-V
/= an,,ﬁe(l +2—> + by [Toexp [e( T p)]
p e

does not have any additional free parameters! 0 60 4 2 0 20

Probe Bias Voltage (V)




2 I Samples annealed at various temperatures and durations

Final annealing temperature T (K)

1073 1173 1273 1423
E
= 40
2 No TDS
®
D
=
-
« 80 /
O
-
S
=
>
0 160 ‘/

Temperature ramp rate of 17.5 K min-?



53 I Representative TDS spectrum during annealing

temperature T (K)
500 750 1000

10131 1273 K for 160 min | (e) S6]
1021 § A WTUERTING | WO (T RO 11 [N EPN 1 TR PO O e A
1011 : | ; : i ! . ! : ! . ! . ! : | ; | : ! b .
0 20 40 60 80 100 120 140 160 180 200 220
time (min)

« consistent desorption peaks near T=373 K and 1123 K for all samples

« 1123 K peak observed in literature for similar He-plasma exposures

« spikes are indication of bursting of near-surface He bubbles



4 | Surface characterization: HIM and SE

Helium ion microscopy Spectroscopic ellipsometry

pros. pros:

» FIB profiling to measure thickness « can be performed in-situ and in real time

» better depth of field, resolution, * non-destructive & contactless

and contrast than SEM » detection of nm-sized changes

Colls: « a lot of information embedded into ¥, A

« performed at UC Berkeley (slow) con:

 ex-situ and post-mortem  need to interpret data with a model or benchmark

e

‘ ﬂ?

'mﬁanﬁatm'
(opttonal) ometric parameters: ¥, A

lo optical constants: (n), (k)




45

g (min)

Duration of annealin

Surface characterization after annealing

1073 K 1273 K 1423 K

= e o & ' B
3 ¢ oY\ o Aohs
LY o & 2 Fou-¢
w» Yo €

SISTER S

—— WY pre-anneal |L
- - = ¥ post-anneal
—— Apre-anneal | — W pristine ]
- - - Apost-anneal - —-——=A pristine

-
(&)
o

-
o
o

(&)
o

ellipsometric parameters
o
F T

11 | I | | I I | | 11 I | 1 1 1 1 1 1 11
500 600 700 500 600 700
wavelength (nm) wavelength (nm)

é Surface recovery

¢

(k) for pristine surface

post-anneal layer thickness (nm)

HIM imaging

1 2 3
average pseudo extinction coefficient (k) (dimensionless)

spectroscopic ellipsometry

1) changes to surface morphology occur at
relatively low temperatures (<1800 K)

2) potential use of ellipsometry to
track surface recovery in-situ




s I Summary

1. Validated bond centered (BC) hydrogen binding
for the W(111)+H(ads) system

2. TDS of He-induced W nanostructure

« changes in morphology observed at 1273 K
(>1800 K needed to fully desorb He) 100

80

60 4P
 interpretation of TDS spectra should account <«

28 i ndlcentleredl (B |

for changes in surface nanostructure 0 60 10 180 240 300 !

azimuthal angle [¢]

Thank you for your attention!
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s | lon-sheath expansion term (Child-Langmuir law)

Xg = 102/11)

-1/2 +

41/2



s I Channeling into the surface breaks symmetry

MD simulation data Experimental data

1keV Ne™ = W{111), a = 76°

60 F — o~ ICISS 3 keV Net = W(111), a=76*
— ARIES H(R) for residual H w
= I I I I | I
50 o Kalypso: bulk-channeling Net 7030 T g
P e [
g $3025 £ 5 10"
£ 2 c
0.20 -
§- o E 5]
5 I 2 2 .,
.E” | 4015 g E 10
= 20r 5 =
x 4010 ¢ 1]
f ik 1l Tk % ﬂ
0F D 0.05 E % 1{]2 I 1 i i i | i i | i i
x & 0 o B0 120 180 240 300 360
% 180 240 300 3600 azimuthal angle [§]

azimuthal angle [¢]

|CISS minima = maximum

Channeling into surface channeling into surface

correlate to H(R) minima



0 | Effect of duration on surface morphology

7 Sample S3 | Sample S5 Sample S6

Top view

>
E
Eﬁm [ m [ E [ A | m ¥ LI ﬂ L H [ l [ ' || qﬂ
2 F g) {n) pre-anneal 7 - (h) .
€3k - = = {n) post-anneal] - -
% X — (k) pre-anneal - - .
< N - -
g2k = = = {k) post-anneal- = -
= [ ] B ]
O L - M ]
g1F ——————— =5 B =
o 7 : i
@m1m1§mmum§umnmmwu_ e N TR T [T NN EEEEE e
500 800 700 500 600 700 50@ 600 700
wavelength {nm) wavelength {(nm) wavelength {nm)
40 min 80 min 160 min

Increasing annealing duration t©

heldat T=1273 K

Nearly complete reintegration

of nanostructure after 160 min



51 | Multi-layer scattering effects for W(l I |)

W(Il1) has a very open surface structure

O surface atoms are far apart

O short inter-planar distances

O multi-layer scattering processes

become important

Top view

0"

4.46 A

0_

Side view




52 | MD simulation for

multi-layer scattering

3 keV Net » W(111), 6 =45°, a = 76°

N

o

o

o
T

—
()
o
o

Kalypso W(QS) (counts)

1 layer
2 layers

3 layers

< O b O

4 layers

azimuthal angle [¢]



53 | Effect of hydrogen on ion-channeling

_IIIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIIII_

bond-centered (BC)

4
@ 3
e O =
1_
@ @ ©
-1}~  clean surface (<110> direction)
-2_;{&1|]|1|l$e}fuwe;+{?:|8;l'l5ﬁ ||||||| EEEEEENEEEEEEEEEEEE
4_|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
=
2 &
=
=
-1~  H-covered surface (ZBL potential)
-E—I{CI}I1KEVNE+!'E£=-B1.5G NN NN RN
-20 -10 0 10 20
x position (A)

[1] Kolasinski et al., PRB 201 2.




s4 | State of the art: dechanneling of projectile ions

[100] [110]  [010] [110] [fo0] [i10] [0o10] {10} [100]

_IIIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIIII_

I
Surface channeling in W(100) |

84 H(r) intensity 4
- counts/(nC) -
80 50
— 40 2
30
E?B 30 i
B7 13 0
E - a =
S 84 H(r) intensity -1 " clean suriace (<110> direction)
© , counts/(nC) 2 1 keV Ne /«=81.5° I ]
& gp a0 T T T TN T T T T TN TN M T A T TN T TN TN TN TN T NN N N TN N T T T Y T T Y
8_ _IIIII|IIII|IIII|IIII|IIII|IIII|I
76 20
10 B
o oo

0 45 90 135 180 225 270 315 360

azimuth (¢) [deg.]
- H-covered surface (ZBL potential)

Ry 48
‘o @ve el -20 -10 0 10 20
& |

RN o = MW
|

7o, ® © & ) 1 keV Ne" /a=81.5°

@] & :.:.. ; : —III|||||||||||||||||||||I|IIII|II
@010y g g

o6 o o o o I

e | 3tes2h

de-o-o o

[1] Kolasinski et al., PRB 201 2.



| Constraining adsorbate position

We find dg =

1.6 + 0.1 A

DFT prediction:

1.49 A <

< dpc <

<1.69 A

Top view

100

x
(e}

N B
o O O

—
N A OO © O
o O © © O

ARIES H(R) signal (counts/nC)
N B O O 8
o O O O O o

o

100
80
60
40

20

[*2]
o

t keV Ne* - W(111)+H(ads)

0'60'120'180'240'300'368

azimuthal angle [¢]

Kalypso H(R) signal (counts)



