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Lithium improves plasma performance and protects
underlying substrates

Improved performance:
— Increased n,, Wy,p
— ELM reduction

Li protects even fragile
porous substrates from
high heat fluxesa?

Liquid Li is an alternative
to W for a DEMO PFC

— Self-healing under a/n
bombardment

— Eroded material can be
replenished by flow

aG. Mazzitelli et al., FED 2010
bT. Abrams et al., JNM 2013
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Previous results on flow-flux devices suggest Li erosion may
be unacceptably high at elevated temperatures

e Li erosion rate scales with temperature

— Evaporation (Langmuir Law)
— T-dependent sputtering (PISCES-B, IIAX, DIII-D)

e Thermal-spike model2: Atomic Li Yield vs. Li Temperature

Measured on PISCES-B

A —1.59 eV _ 100 F—— — T
Y(TLE) = E'Xp c F A PISCESTtILY eld, 50 eV
VET; + B VKT + B 2 - PiscES adstom macel 508V
(2] T —— P!SCES evaporation.
A,B: Fitting parameters E 10 oo e %
k: Boltzmann's constant © - =++* High-Flux evaporation - - ’. .
-c P - K -
. . . T’ 1 E E|
e Adatom-sublimation modelb;: £
Y = ]
ad

Y(TLi) = E E 01 E E|
1+ Aexp ( e“) S :

kT ; < - ;

Y. A, Eg Fitting Parameters 0.01 — - :
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aJ.P. Allain et al., Phys Rev B 2007
PR.P. Doerner et al., J. App. Phys. 2004

Li Temperature (°C)

R.P. Doerner et al., JNM 2001
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At higher D fluxes and fluence, Li+D mixed-material effects
must be accounted for

« Lireadily absorbs atomic D, forming LiD&P
— D will diffuse into Li¢, resulting in D/Li ratios 8 up to 1:1¢
— D buildup is slow on low-flux devices
— At high fluxes, D bombards surface faster than Li can absorb it

D/ Li concentration profile
after D fluence of 1.6*10%2 m-?
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ap.T. Sprunger et al., Surf. Sci
bS. Casassa et al., Phys. Rev.
¢H. Moriyama et al., JNM 1992
dM.J. Baldwin et al., FED 2002
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Sputtering of LiD is suppressed relative to pure LI

* Preferential sputtering: less atoms available to sputter

« Chemistry: SBE* is higher for LID (2.26 eV) vs. Li (1.67 eV)

Three stable positions for
D atoms at a Li surface:
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Evaporation of LiD in suppressed relative to pure Li

e Livapor pressure above Li/LID mixtures is reduced relative to pure Li

* Reduction factor is independent of temperature

... (T, = PLiD Mixed-material Li/LiD
evap l :
\/ZTtmLikTLi 1 vapor pressure vs. pure Ll
Tevap: Evaporative Li flux
pLi. Li vapor pressure -
my;: Li mass (6.941 amu)
g 06 * 527°C i
Ir ' - -~ m 627 °C
« Empirical fit formula: 2 04 | s 72700
S X 827 °C
PLip 02 X 927 °C
Yz (1 . ﬁ)0'705 : Fi
pLi O ] | 1 ] ] ] 1

0 02 04 0.6 0.8 1
D / Li concentration

E.E. Shpil'rain et al., 1987
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Corrected Li erosion model is a function of Li temperature
and D concentration in the Li

_ Yaa(B) _ p(TLi, B)
Ii(Twi, B.Tp+) = Tpi|Yeon(B) + E,; +\/21rm T
Total Li erosion 1+Aexp (kBTLi) LB
(m-2s1) - . ) Evaporation
Collisional Thermally-enhanced
(BCA) sputtering sputtering

Mixed-material Li/LiD

. . « Adatoms are excited from their
erosion yield vs. temperature

= 100 — | bound states, but not with
% B=0 sufficient energy to sputter
£ 10F p=05
% B=0.9  Adatoms on a liquid?
g 1 p=0.99 — Have been observed in MD
[ simulations?
; 01 — Aisrelated to adatom lifetime t
Q001 — 1 >> 15, (less vacancies on liquid)
E E
§ 0001 = L e Y_ /Y.y is fairly constant on

0 200 400 600 800 1000 different materials®:c

Li Temperature (°C) R P Dobimer ot a1, Apn. Phye. 2004

¢H. Gades et al., Phys. Rev. B 1994
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Model tested and analyzed in Magnum-PSI
linear plasma device

Skimmer

Target
Plasma

beam

G. De Temmerman et al., FED 2013
Plasma source Magnetic coils

e [, S2¥10%*m?st, T, <3eV,n, <810 m3
e 5-10s pulses, B=0.25T at target
 Normal incidence: no magnetic pre-sheath

 Two sample types (both 2.5 mm diameter)
— Evaporated Coatings (< 1 um)
— Shallow Li cups (0.1 — 1.0 mm)

@ NSTX-U DIII-D PMI Meeting — Suppressed Li erosion, T. Abrams (07/22/2014) 10



New procedure developed for loading 0.1-1.0 pym thick
Li targets in Magnum-PSI sample holder

Li melted into sample wells inside Ar glove box
Sealed with SS shim stock covers & heat-seal mylar bags
SS cover remained on sample during mounting

Li exposed to atmosphere for 20-30 s between cover
removal & vessel pumpdown

5. Ar plasma discharges used to remove oxide coating from Ll

P w N

Photograph of Li sample
before (a) and after (b)
Ar plasma discharge
cleaning.

Li surface transformed
from dark to shiny.
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Diagnostic suite provides measurements of plasma n/T,,
Li-l impurity radiation, and sample temperature

Mirror
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Li-l emission rates can be interpreted using atomic data from
ADAS collisional-radiative model*

e Approximations: 10¢

_ Steady state (tionize"‘ 1 }JS) 107 1014 cm3 E lonization i

— No recomb./CX _10°

— No L impurity transport % 10° i Expggirginta'

— No secondary elect. emission 210 i

— No radiation trapping SIOTE N e
10-12
10-13
10-14 M N

0.1 1 10
Te (eV)
ang i
ar + V- (MLioVLio) = —NpjoNeS + e R + nyinpC

*H.P. Summers, "Atomic Data and Analysis Structure User Manual,” 2004. (www.adas.ac.uk)
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Li yields inferred from Li-l emission measurements

e Solve Li° continuity equation with boundary condition:

v, =5200 m/s (1 eV)
NV =Y. X Ipy
z=0

lonization rate coefficient (ADAS)

v
V- (nLivei) = —NLineSy ~_

e Solve forng;(r,z,Y;;)
« Model for Li-l photons / m?s; o

7 / coefficient
0 (ADAS)
ILi,model — f idZ

nLinePL
0
« Axially averaged measurement:
Qyixel (Photons
Iiimeas =T A1 S
meas
¢ Set ILi,model — ILi,meaS - Infer YLi Axially average Li-l emission
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Mixed-material Li erosion model can be tested by varying

1) ion species 2)total D fluence

1. Measure Li erosion rate during Ne plasma bombardment

Ne is not retained in or chemically reactive with Li
Thus model predicts no reduction in erosion rate at high fluxes

Time Evolution of B, I'p,, and Ty;

2. Measure LI erosion rate during typical Magnum-PSI discharge
as f changes dynamically < ™[ 1"

B(t) can be predicted using ;E

1-D diffusion model forDinLi € 1.0

Significant melt motion led to 2

uncertainty in time evolution S

of Li thickness a 08

Time evolution of B for various - [

thicknesses were tested 0.0

Li Temperature (°C)
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Li yields measured during Ne plasma bombardment are
greater than Langmuir Law evaporation

e Suggests erosion model is Atomic Li Yields Ty;/Ty.,
valid for H-free Li films . Vs.LiTemperature
z .
] . hm‘
e 20 eV Ne—lLi erosion much S o4
(3v]
lower than 40 eV =
2
— Model predicts T-dependent ; oot L
sputtering is independent of Ey,. E :
— Possible near-threshold effects S
for Ne 0.001 L L
200 300 400 500 600 700
Li Temperature (°C)
« 40 eV Ne —Li consistent with S e gty o mede

preViOUS reSU|tS for He —>|_| Dashed line: Evaporation only

Error bars: Experimental measurements
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Li yields measured during D plasma bombardment compared
to predictions of adatom mixed-material model

e Error band is distance between

homogenous & partial D Atomic Li Yield Iy;/Tp,
monolayer surface models vs. LI Temperature
10 T T T T T T T T
E Th [-spik
. . e crmal-spiKe
« Adatom mixed-material model £ 1} pureLimodel g
. ] ] e Adatom-evaporation 3
captures quantitative evolution = ; mixed-material odel
. . B g4 L (25 pm Li) i
of Li erosion rate g g =
— A_priori assumption that Li ° 001 Eperimental Data E
thickness reduced to ~25 ym E E
— Data is most consistent with D SO -
monolayer on surface model 100 200 300 400 500 600 700

(bottom of error band) Temperature (°C)
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Numerous physics possibilities have been considered

Recomb./CX small, but would imply an even lower yield
I';, measured fairly constant 4.0-20 mm from target
Drifts are almost entirely in azimuthal direction

Results insensitive to v; (strong ionization)

Transmission of optics measured before/after experiments

Self-sputtering is small, would also imply even lower yield

NSTX-U DIII-D PMI Meeting — Suppressed Li erosion, T. Abrams (07/22/2014)
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Preliminary measurements of boron erosion under high-flux
D plasma bombardment have also been performed

300 nm B layers sputter-coated on TZM Mo

No strong B lines in visible: use 249.7 nm line
Imaged with PIXIS 2040-B camera, ~4 Hz, 1 mm? res.
Similar analysis applied to data using ADAS tables

5mm aperture Short-pass fifter
UVLenses (amenuate signal) (pjock visible light)

B-I (249.7 nm) filter
( : ) Camera

@ NSTX-U DIII-D PMI Meeting — Suppressed Li erosion, T. Abrams (07/22/2014) 21



Preliminary measurements of boron are significantly higher
than on ion- beam experiments

* iz >> Az « T A
! X . 3 01 F T 000
— "Smearing" of erosion data € ! 500
— Can capture total B outflux w/o & o8 Senletion of 400
spatial resolution 5006 } poron layer 300
E 0.04 200
 No T dependence observed, 002 100
but not expected O =
0 1 2 3 4 5

until > 0.5*T &P Time (s)

aR.P. Doerner et al., J. App. Phys 2004
bH. Maier et al., PSI 2014

e Yg >> previous measurement on ion beam device (0.004)
and SDTrimSP predictions (0.005)
— SBE of sputtered coating may be lower than bulk B
— ADAS Ionization rate coeffs. for boron are not n_-dependent
— Measured erosion rate consistent w/ depletion after 1-2 s
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22



Conclusions

e Adatom-evaporation mixed-material model developed to
predict temperature-dependent Li+D erosion rates

e Techniques for inferring time and spatially dependent
erosion yields developed using ADAS atomic phys. data

e Erosion yields of Li and B coatings on TZM Mo measured
during high-flux bombardment on Magnum-PSI

 Model captures guantitative dependence of Li erosion
yield for thick mixed-material Li/D layers

* B erosion measurements using B-lI emission performed
for the first time using custom-built optics system

NSTX-U DIII-D PMI Meeting — Suppressed Li erosion, T. Abrams (07/22/2014) 23



Thank you!

For more information:

— "Erosion of lithium coatings on TZM molybdenum and graphite
during high-flux plasma bombardment." T. Abrams et al., Fusion
Eng. Des. (2014), dx.doi.org/10.1016/j.fusengdes.2014.06.005

— "Suppressed gross erosion of high-temperature lithium films
under high-flux deuterium bombardment." T. Abrams et al.,
J. Nucl. Mater., under review,

— Upcoming APS Presentation, Ph.D. Thesis
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