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HIGHLIGHTS

o A formula for temperature-dependent lithium sputtering and evaporation is proposed.

® This formula was tested using the Magnum-PSI linear plasma device.

® Lithium-coated TZM molybdenum and graphite samples were exposed to plasmas.

® Measured Li erosion rates are significantly lower than the formula predicts.
e Evidence of lithium diffusion into graphite substrates was also observed.
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The rate at which Li films will erode under plasma bombardment in the NSTX-U divertor is currently
unknown. It is important to characterize this erosion rate so that the coatings can be replenished before
they are completely depleted. An empirical formula for the Li erosion rate as a function of deuterium ion
flux, incident ion energy, and Li temperature was developed based on existing theoretical and experimen-
tal work. These predictions were tested on the Magnum-PSI linear plasma device capable of ion fluxes
>10%*m~2s~1, ion energies of 20 eV and Li temperatures >800 °C. Li-coated graphite and TZM molybde-
num samples were exposed to a series of plasma pulses during which neutral Li radiation was measured
with a fast camera. The total Li erosion rate was inferred from measurements of Li-I emission. The mea-
sured erosion rates are significantly lower than the predictions of the empirical formula. Strong evidence
of fast Li diffusion into graphite substrates was also observed.

Published by Elsevier B.V.

1. Introduction

Many tokamak experiments have utilized thin-film lithium
coatings in order to improve plasma performance, including NSTX
[1],LTX[2],EAST 3], and FTU [4]. The application of thin-film boron
coatings on carbon or molybdenum substrates is in use on Alcator
C-Mod [5], DIII-D [6], ASDEX-U [7], and KSTAR [8], among others.
Other thin films have been applied or proposed for use in tokamaks,
including tin, Li-Sn eutectics, beryllium, and silicon. Coatings com-
posed of the bulk wall material itself can also develop on the vessel
walls over the course of the run campaign due to erosion and re-
deposition from plasma bombardment [9,10], a process known as

* Corresponding author. Tel.: +1 609 243 2659.
E-mail address: tabrams@pppl.gov (T. Abrams).
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0920-3796/Published by Elsevier B.V.

material migration. Finally, low-Z thin films have been proposed
as a sacrificial layer [11] in order to protect the divertor from
the heat fluxes >10 MW/m?2 expected in power plant-scale fusion
devices [12,13]. The crucial role that these coatings can play in both
plasma performance and protection of the plasma-facing compo-
nents (PFCs) motivates accurate characterization of their erosion
rates so that these films can be replenished before they are com-
pletely depleted.

Thin Li and B coatings on graphite and TZM molybdenum sub-
strates are planned as plasma-facing components in NSTX-U [14].
The NSTX-U divertor is expected to experience deuterium ion fluxes
I'p:>1023m~2s~1,Dion energies Ep. <50 eV, and surface temper-
atures Tg,,£ $800°C [15,16]. Previous experimental work [17,18]
has demonstrated that the gross Li erosion rate under D plasma
bombardment is strongly dependent on I 'p., Ep+ and Tg,s due to
evaporation and physical sputtering. These efforts, however, were
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Fig. 1. Schematic depiction of the processes of sputtering, evaporation, re-
deposition, and diffusion occurring during plasma bombardment of a thin film.

Li Target

limited to Ty,f<500°C, Eps+<50eV, and I'p: <1022m~2s-! and
thus are not directly applicable to NSTX-U. The goal of this paper
is to predict the gross erosion rate of thin Li coatings in the NSTX-
U divertor in order to predict how long these Li films will last. To
this end, the specific NSTX-U divertor conditions listed above were
closely replicated in the Magnum-PSI linear plasma device [19]. The
resulting gross erosion rate of lithium-coated TZM molybdenum
and graphite was then measured as a function of I'p+ and Tyy,s.

2. Theory

Consider a thin Li film with areal density p under D plasma bom-
bardment. The time-dependence of p is governed by the equation

d
?f = Tedep — (Fsputt + Tevap + Taier) = (R — 1)(Y - I'p+) 1)

where Iregep, Isputt, Ievap and I'gir are the fluxes due to re-
deposition, sputtering, evaporation, and diffusion, respectively. A
schematic depiction of each of these processes is shown in Fig. 1.
The total “effective” erosion yield Y (atoms/ion) is defined as
(I'redep * I'sputt + I"evap + I 'qifr)/ I 'p+ and the re-deposition fraction
R= Fredep/( Fsputt + Fevap + I gifr)-

Physical Li sputtering yields at room temperature can be calcu-
lated with the TRIM Monte Carlo code [20], which predicts yields
Ysputt ~ 0.003-0.03 for 10-50 eV D* jons at normal incidence [21]. It
has been demonstrated experimentally [ 17] that approximately 2/3
of the Li is sputtered as an ion. These ions are re-deposited within
several Debye lengths of their original location because they cannot
escape the sheath potential well. This process is known as prompt,
local re-deposition [22]. This reduces the yield to only the atomic
contribution Yspytt,atom ~0.001-0.01. To good approximation sput-
tered atoms can be assumed to follow a cos @ distribution, where
0 is the angle from the surface normal [23]. Theory predicts that
sputtered Li atoms follow a Thomson energy distribution [24] with
a peak at half the surface binding energy Eg/2=0.84eV [21]. The
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Fig. 2. Plot of the evaporative and total atomic Li yields vs. Li temperature for the
plasma conditions presented in [18] (50eV, 8 x 102 m~2 s~1) as well as a high-flux,
low-energy case (20eV, 5 x 1022 m~2s~1) using Eq. (4).

measured average energy of Li atoms sputtered from solid coatings
is approximately 1eV [18].

In order to model thermal dependence we decompose Ysputter
into Yeou * Yinermal Where Yo is the room-temperature component
of the sputter yield modeled by binary collision approximation
(BCA) codes like TRIM. Yihermar Trepresents the sputter compo-
nent from thermally-activated processes and is dependent on Tg;f.
Allain proposes the following empirical formula for thermal sput-
tering:

Yinermal(Tsurf) = A exp |:_] v } (2)
v/ k(Tsucf + B) k(Tsurf + B)
where U is the Li sublimation energy at melting point (1.59 eV) and
k is Boltzmann'’s constant. A and B are empirical fitting parameters.
The evaporative flux from the surface of liquid Li is commonly
assumed to follow the Langmuir evaporation law [25]:

DLi (3)

1/ 27rmLiI<Tsurf

Here my; is the Li atomic mass (6.941 amu) and an empirical for-
mula for the Li vapor pressure py; is givenin [26]. Li atoms evaporate
with a Maxwell-Boltzmann (thermal) energy distribution. As in the
case of sputtering the angular profile is also well approximated by
cos 6 [27]. The diffusive flux is given by Fick’s law Iy = D(dn/dx),
where D is the diffusion coefficient and n is the volumetric Li density
(atoms/m?3). An empirical relation for the Li diffusion coefficient D
in graphite as a function of temperature is derived in [28]. Diffusion
of lithium into refractory metals such as molybdenum is negligible
relative to evaporation and sputtering.

Values for Yiherma are obtained by fitting the data in [18] to Eq.
(2), yielding fitting parameters A~ 0.016 and B~ 350. This results
in the following expression for effective neutral atomic Li yield a
Li-coated metal (D=0):

FEV&D(Tsurf) =

Y — Yeon Tevap(Tsyrf)
3 Ip:

In Fig. 2 we plot the total effective yield for a Li-coated metal
vs. Li temperature at the plasma conditions of Doerner et al. as
well as a higher-flux, lower-energy case (I'p+=5x 1023 m=2s-1,
Ep+ =20eV) more characteristic of Magnum-PSI. Yields in the high-
flux case are systematically lower both due to the lower value of
Ycon (resulting from lower Ep. ) as well as the higher value of I'p..

+ Ythermal(Tsurf) + (4)
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Fig. 3. Depiction of the diagnostic setup in this experiment on Magnum-PSI.

This formula predicts that in the latter case Li evaporation will
not be the dominant erosion mechanism for surface temperatures
<800°C.

3. Experimental measurements of lithium erosion

3.1. Experimental apparatus and procedure

As discussed above the Magnum-PSI linear plasma device pro-
vides an ideal testing ground for measurements of Li erosion in the
NSTX-U divertor regime. Details on the technical specifications of
the device can be found in [19]. A cascaded-arc plasma source pro-
vides a method of exposing disk-shaped bare and Li-coated TZM
molybdenum and AT]J graphite samples 2.5 cm in diameter to ion
fluxes I'p: <1024 m~2s-1 at electron densities n, <8 x 1020 m—3
and temperatures T, < 3 eV in these discharges. Water-cooled cop-
per coils provide an axial magnetic field <0.33T normal to the
sample surface for pulse durations <7s. NSTX typically operated
with a toroidal magnetic field on-axis of ~0.45T and with NSTX-U
this value will increase to ~1.0T [29]. A target holder capable of
rotary motion provides the capability to independently expose up
to five different samples without breaking vacuum, although only
three were used in these experiments. All experiments described
herein were conducted at a bias of —20V with respect to ground to
provide incident ion energies of approximately 20 eV. A differential
pumping system ensures that the neutral density near the target
np < 0.1n,, which is consistent with simulations [30].

Thin coatings of Li<1pm in thickness were applied in situ
using a prototype of the LITER evaporators [31] in use on NSTX.
Coating thicknesses were derived by absolute calibration of the Li
deposition rate recorded on a quartz crystal microbalance (QCM)
as a function of the evaporator oven temperature. Typical depo-
sition rates were in the range of 0.1-1nm/s. The typical delay
between the end of a Li evaporation cycle and the resumption of
plasma operations was approximately 30 min, during which the
Li coating was exposed to a residual background gas pressure of
approximately 10~7 Torr consisting primarily of water vapor as
measured using a residual gas analyzer (RGA). While the results of
[32] predict that the top several monolayers of the Li surface will be
completely transform to lithium hydroxide (LiOH) under these con-
ditions, measurements from optical emission spectroscopy (OES)
showed little to no evidence of O-I emission (777 nm) or OH emis-
sion (308-310 nm) in the plasma. This implies minimal hydroxide
or atomic oxygen was present in the Li film.

The Magnum-PSI diagnostic suite was utilized to obtain detailed
measurements of both the plasma and target surface. A depiction
of the experiment and diagnostic setup is shown in Fig. 3. Radial
electron density and temperature profiles ne(r) and T¢(r), where r
is the radial distance from the center of the plasma column, were
obtained using a Thomson scattering (TS) system. Post-processed
TS data for a typical Magnum-PSI pulse are shown in Fig. 4. Spatially
resolved neutral Li emission profiles were derived from a Phantom
camera with a Li-I (670.8 nm) filter. A FLIR systems infrared (IR)
camera was calibrated against a spectrally resolved pyrometer to
obtain emissivity-independent measurements of the target surface
temperature, which ranged from room temperature up to approx-
imately 800 °C. Examples of fast camera and IR images are shown
in Fig. 5.

3.2. Data analysis

The yield of neutral Li atoms Y; was indirectly inferred from
measurements of the line-integrated neutral lithium emission. The
Li emission intensity (photons/m?3 s) is equal to n;;neP;; where Py;
is the Li photon emissivity rate coefficient (PEC) obtained from
the ADAS code package [33]. The neutral Li density nj; in an
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Fig. 4. Example electron density and temperature profiles in the Magnum-PSI
plasma column, obtained from a single chord 2 cm from the target.
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Fig.5. Example still camera images captured from the IR camera (top) and Phantom
camera (bottom) at approximately a 45° angle from the target surface.

inhomogeneous plasma can be calculated by solving the continuity
equation in the near-surface plasma region:

8”]_1
dt

where S, R, and C represent the effective rate coefficients for elec-
tron impact ionization, recombination, and D-Li!* charge exchange
(CX), respectively. Recombination and ionization rate coefficients
are obtained from ADAS and D-Li'* charge exchange rates are
extrapolated from [34,35]. Plots of each rate coefficient versus n,
and T, are shown in Fig. 6. The relevant time and length scales for
various plasma processes in Magnum-PSI are given in Table 1. It
is evident that the ionization term dominates in this regime and
the recombination and charge exchange terms can be neglected.
In addition, the fast ionization of Li atoms indicates an equi-
librium state dny;/dt~0 can be assumed. Finally, the high ratio
Acoll/Aoinize = 100 implies that |vy;| is essentially constant in time.
As anapproximation, monoenergetic Li ejection at 1 eV (the average
energy measured in [18]) is assumed. Results were highly insensi-
tive to the value of vy;.

Following the treatment of [36] the ion flux to the target is given
by I'p+ = 1/2necs where ¢ = (2Te/mp)!/? is the ion sound speed. The

+ V- () = —npineS + iy neR + nyi npC (5)

10-6 ¢ ‘ .
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Fig. 6. Li ionization, recombination, and charge exchange rates vs. n, and T,. lon-
ization and recombination rates are obtained from ADAS [33] and D-Li'* CX rates
are extrapolated from [34,35]. The range of electron temperatures covered in these
experiments (0.5eV < T, <3 eV) is shown with vertical lines.

factor of 2 is present because the Magnum-PSI plasma is suffi-
ciently collisional such that T, = Tp+. Under these assumptions Eq.
(5) can be solved numerically for n;; given the boundary condition
I'1j=nyv=YIps+ at the target. If all Li atoms were ejected per-
pendicular to the surface into a homogenous plasma, this equation
could be solved analytically in 1-D for neutral Li density:

YFD+ ( V4 )
exp - (6)
ULi Aionize

where zis the distance from the target surface. In practice, however,
Eq. (5) must be solved numerically in 2D for n;; due to the cosine
distribution of ejected Li atoms and inhomogeneous D plasma back-
ground. The procedure for this is as follows. A2D grid is created with
spacing Ar=1mm and Az=0.5mm in the radial and axial direc-
tions respectively. Finer grid spacing in either r or z did not result
in any appreciable differences in the solution. No ¢ dependence is
present due to the azimuthal symmetry of the plasma column.

The coefficients n}_li/] , the contribution to the Li density at radial
grid point i and axial grid point j due to Li erosion from the target at
radial grid point i’, are calculated by numerically solving Eq. (5) over
the entire i, j grid with boundary condition I7; = Y I} . A model

for the line-integrated emission I’ from radial grid point i due to

ni(z) =

Table 1
Typical values of various plasma parameters in Magnum-PSI during these
experiments.

Symbol Quantity Typical value

S Li ionization rate coefficient 10°-107cm 3!
R Li recombination rate coefficient 1013-10""cm 35!
C D-Li'* CX rate coefficient 10712-10"""cm3s!
n Neutral Li density 102-10"3 cm3

Nijs Li 1+ density 10'"-10"2 cm3

o Neutral deuterium density 1013-10* cm—3

Ne Electron density 10'-10"5 cm—3

Te Electron temperature 0.5-3eV

VL Ejected Li velocity 52cm/s

Acoll Li-D collisional mean free path 10-300cm

Mionize Li ionization mean free path 0.03-0.1cm

Tionize Li ionization time 1-5pus

Aabsorb Li-I photon mean free path 0.1-1.0cm
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Li erosion from radial grid point i’ is then obtained by summing in
the axial direction over all j subscripts:

it = Zn’fi’jngP"f (7)
j

where n? and p¥ are the electron density and PEC at each grid point.
The number of axial grid points N; =100 such that the near-surface
cutoff distance zo=N;Az=5 cm. In practice the coefficients [ are
not sensitive to zy so long as zp > Ajpinize-

It is evident from Egs. (6) and (7) that the quantities " are
linearly dependent on Y. We will refer to this constant of pro-
portionality as « such that I =o' Y, This separates I;; into known
quantities o' and unknown quantities Y’ that we wish to deter-
mine in experiments. The total line-integrated emission I' from
each radial grid point i is modeled by the following system of equa-
tions:

n ol o2 oN; y1
2 a2l 22 y2

= (8)
i aNil aNil; YNi

where N; is the number of radial grid points.

A model for I' is useful because it can be compared with
experimental observations of line-integrated Li-I emission. Mea-
surements of Li-I photons/m? s recorded on the Phantom camera
were radially averaged in 1 mm wide rings concentric with the cen-
ter of the plasma column to create the I' inputs for Eq. (8). In other
words I is the average line-integrated Li-I intensity in radial bin
i, where i — 1 mm<r<imm. In practice the center of the column
and target differ by up to 5 mm, thus emission measurements for
r> 7.5 mm originate partially on the clamping ring rather than the
sample itself. To mitigate this source of error measurements of I
outside of r=7 mm are discarded so the number of radial grid points
N;=7. Eq. (8) is then solved for Y! by inverting the o' matrix and
multiplying it by the measured values of I'. It should also be noted
that the line of sight of the Phantom camera is tilted ~45° from the
surface normal. However the ratio of the decay length of the Li-I
radiation intensity to the plasma column radius Ajgpize/To < 0.1. This
implies that Li radiation is strongly localized near the target and
the tilted line of sight of the camera does not introduce significant
uncertainty into the measurements.

Plasma exposures on Li-coated graphite targets were con-
ducted at lower I'p. in order to prevent Ty, from getting overly
high (I'p+ <1022 m~=2s~1, Ty, ;<400°C). As a result, however,
Mionize/To > 1 and the radiation profile is significantly altered by the
tilted viewing angle of the Phantom camera. Thus measured val-
ues of I' as a function of radial bin i cannot easily be deduced. As
an alternative we sum the total Li-I emission I from the target and
replace Y with some “average” Li yield (Y) that is independent of r:

I= ZZI”’ = Yzza”’ 9)
i i i i

This is a single equation that is solved for (Y) rather than the sys-
tem of equations in (8) that was solved for Y! for all i. This method
allows one to calculate the accumulated Li fluence from the sub-
strate as a function of time @y;(t) = fot (Y(t))(Ip+(t')dt’y where here
the quantities (Y(t')) and (I 'p+(t')) are now averaged over the target
surface.

4. Results and discussion

A plot of the inferred neutral-atom Li yield Yj; as a function of
the Li temperature is shown in Fig. 7. Li temperatures are obtained
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Fig. 7. Measured atomic Li yields vs. Li temperature. Predicted atomic yields using
Eq. (4) are also shown, as well as the TRIM yields for solid Li [21] and solid LiD
sputtering, which have been divided by 3 to account for measurement of neutral
atom sputtering only. Error bars indicate standard deviations.

by averaging IR camera data in the same concentric ring geome-
try described above. The inferred Li yields are significantly lower
than those predicted using Eq. (4) and will be discussed below. Also
shown are the inferred Li yields using the more straightforward ion-
izations/photon (SXB) technique that has been used in other studies
[37]. SXB coefficients are also obtained from the ADAS database.
The SXB technique makes the assumptions that atomic excitation
during ionization is the only source of photon emission and the
Li impurity species is completely ionized along the line of sight of
the diagnostic. These approximations are strongly satisfied in this
particular experiment, and thus agreement with the SXB method is
not surprising. If these same Li-I emission measurements originated
from a vapor-shielded plasma target (ne = 102! m—3, T, =0.5eV), the
yields inferred by these methods would differ by roughly a factor
of 2.

Inferred Li yields on Li-coated TZM are far lower than extrapo-
lations from the empirical formula shown in Fig. 7, which proven
a fairly reliable predictor of Li erosion on numerous experiments.
Therefore other mechanisms that could lead to a strong reduction
in Li-I emission were investigated. The ratio Li-I photon mean free
path A psorp Femains larger than the Li density decay length A;gpize,
indicating that radiation trapping is not a significant effect in this
experiment [38,39]. Li-I emission intensity is also strongest in the
center of the target where the highest Li densities are present,
further indicating that the Li vapor cloud is not optically thick. Res-
onances do exist in the Li-Li* charge exchange cross sections, but
only at higher Li velocities than present here [40]. If Li recombi-
nation or charge exchange were significant additional sources of
neutral Li atoms, a given Li-I emission rate would correspond an
evenlower Liyield. Thus neglecting the recombination and CX gives
an upper bound on the Li erosion rate. Finally, the processes of
dielectronic recombination and collision-induced quenching of Li
excitation are both accounted for in the ADAS collisional-radiative
model [33].

This suggests that a novel Li suppression effect may be present
in this particular experiment. One hypothesis proposed here for
the strong observed reduction in Li erosion is Li interactions
with D atoms. Liquid lithium on a high-Z substrate will retain
atomic deuterium in the form of lithium deuteride (LiD) until a
1:1 stoichiometric ratio is achieved [41] and D-saturated Li lay-
ers demonstrate systematically lower sputtering yields than pure
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Fig. 8. Cumulative Li erosion fluence @y; relative to initial areal density p; for Li-
coated TZM and Li-coated graphite samples. The values in the graphite case have
been magnified by a factor of 100. The small discontinuities in both curves cor-
respond to the ramp-up phase of the magnetic field at the start of each plasma
exposure.

Li [17]. At the incident flux I'p. =102*m~2s~! typical of Magnum-
PSI,a 100 nm Li coating is exposed to a D fluence equal to the coating
areal density pj; in <20 ms, suggesting that the Li layer is entirely
D-saturated for essentially the entire duration of plasma bombard-
ment. This is in contrast to previous studies [17,18] with orders of
magnitude lower D fluxes and thicker Li layers, leading to much
longer time scales for any D saturation effect to occur.

Another mechanism that may lead to suppression of Li erosion
is interaction between the Li and the underlying TZM substrate. An
effect is herein hypothesized in which Li-Mo bonding leads to an
“effective binding energy” on the Li surface that exceeds the surface
binding energy of pure Li. In addition to chemical cohesion, Li is also
capable of penetration into molybdenum along grain boundaries
[42] and formation of Li-Mo-O compounds [43]. Recent surface
science laboratory experiments [44] have demonstrated that mate-
rial mixing occurs between Li and TZM Mo at a depth exceeding
10 monolayers (3 nm) as inferred from thermal desorption spec-
troscopy (TDS) measurements. The nature of this material mixing
is still poorly understood but it suggests that modifications to the
Li binding energy may be occurring.

A plot of the time-dependent Li fluence &; from Li-coated TZM
and Li-coated graphite is shown in Fig. 8 relative to the initial
coating areal density p;; as determined from QCM measurements.
The condition @;/p;=1 corresponds to a Li layer that has com-
pletely eroded into the plasma the “worst-case scenario” of zero Li
re-deposition. Both Li-coated samples demonstrate a decrease in
erosion yield after the first 5-10s. Because ion flux and Li surface
temperature are fairly constant throughout the majority of each
plasma discharge, no decrease in erosion yield is expected as long
a Li coating exists on the surface of the sample. Thus a decreas-
ing erosion rate suggests that a pure Li coating no longer exists
to be eroded into the plasma. This Li depletion was verified by
post-mortem visual inspection for both samples.

It is evident that the Li coating disappears from a graphite sub-
strate much faster than expected from the measured Li erosion
rate into the plasma. This suggests that fast diffusion of Li into
graphite occurred. Previous analysis of Li-coated graphite tiles from
NSTX showed evidence of Li up to 15 wm into the substrate, but
not deeper than this [45]. Solving the 1-D equation for Li diffusion

perpendicular to the basal planes of graphite, it is predicted that a
200nm Li layer at room temperature will completely diffuse into
the graphite substrate in <5s. Nearly 30 min elapsed between the
conclusion of Li evaporation onto graphite and the resumption of
plasma exposures. Thus it is likely that a Li-C mixed material was
present in the graphite target substrate as opposed to a pure Li
surface coating available for erosion into the plasma. In contrast,
the Li fluence from the Li-coated TZM sample strongly exceeds
unity, indicating that significant re-deposition of eroded Li atoms
is occurring.

5. Conclusions

An empirical formula for temperature-dependent Li erosion in
the presence of D plasma bombardment was developed based on
theory [17] and the results of a previous study [18]. This formula
was extrapolated to the plasma and surface conditions present on
Magnum-PSI and tested against a series of experiments involving
bare and Li-coated TZM Mo and graphite. The inferred yields on Li-
coated TZM Mo are significantly lower than the formula predicts. A
200 nm Li coating in Magnum-PSI is observed to persist for several
seconds even at D ion fluxes exceeding 1024 m~2 s~ and tempera-
tures approaching 800 °C. A mechanism involving the suppression
of Li erosion via interactions with D or Mo was herein hypothesized.
This strong discrepancy implies that predicted temperature limits
[46] for Li-coated high-Z PFCs in a tokamak are pessimistic.

In contrast, disappearance of the Li coating from the surface
of Li-coated graphite was observed after 1-2s even at D fluxes
I'p+~ 1023 m~2s-1 and Li temperatures not exceeding 400 °C. This
is a strong indicator that fast Li diffusion into the bulk graphite
substrate occurred. These results are consistent with the emprirical
formula for Li diffusion [28] as well as the results of experiments on
Li-coated graphite from NSTX [45]. If these results are parametrized
in terms of the gross Li fluence @;; divided by the initial areal den-
sity py;, a Li coating on TZM Mo is over 200 times more persistent
than it is on Li-coated graphite. This implies that pure Li coatings on
high-Z substrates will last significantly longer than Li on graphite
in the NSTX-U divertor.
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