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Abstract. Lithium-coated high-Z substrates are planned for use in the NSTX-U divertor
and are a candidate plasma facing component (PFC) for reactors, but it remains necessary
to characterize the gross Li erosion rate under high plasma fluxes (>10” m™ s™), typical
for the divertor region. In this work, a realistic model for the compositional evolution of a
Li/D layer is developed that incorporates first principles molecular dynamics (MD)
simulations of D diffusion in liquid Li. Predictions of Li erosion from a mixed Li/D
material are also developed that include formation of lithium deuteride (LiD). The
erosion rate of Li from LiD is predicted to be significantly lower than from pure Li. This
prediction is tested in the Magnum-PSI linear plasma device at ion fluxes of 10”-10** m™
s and Li surface temperatures <800 °C. Li/LiD coatings ranging in thickness from 0.2 to
500 pm are studied. The dynamic D/Li concentrations are inferred via diffusion
simulations. The pure Li erosion rate remains greater than Langmuir Law evaporation, as
expected. For mixed-material Li/LiD surfaces, the erosion rates are reduced, in good
agreement with modeling in almost all cases. These results imply that the temperature
limit for a Li-coated PFC may be significantly higher than previously imagined.

PACS keywords: 52.70.Kz, 52.40.Hf, 68.15.+¢

1. Introduction

Liquid metal plasma facing components (PFCs) have been proposed as an alternative to high-Z metals
such as tungsten in a DEMO-level reactor [1]. In addition, many current tokamaks utilize lithium (Li) as a
PFC to improve plasma performance and protect the underlying solid walls from high heat and particle

fluxes [2, 3, 4]. Accurately characterizing the gross and net erosion rate of Li coatings thus becomes
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important in order to determine how long they will last and where they will start to disappear first. Strong
temperature dependence of the Li erosion rate under plasma bombardment has been observed on low-flux
experiments due to temperature-dependent (thermal) sputtering and evaporation [5, 6]. Extrapolating
these results to divertor-level fluxes implies that the maximum permissible Li temperature in a reactor
divertor may be unacceptably low [7]. Recently both thin (< 1 um) and thick (~500 um) Li films under
high-flux deuterium (D) and neon plasma bombardment were studied in the linear plasma device

57 and surface temperatures up to 800 °C [8, 9]. Measured Li

Magnum-PSI at ion fluxes > 10** m"
erosion yields during D plasma bombardment were significantly lower than results from low-flux
experiments. It was proposed that this discrepancy was due to interactions between the Li and D atoms
that are implanted or adsorbed within the Li layer [9]. It is expected that D atoms can be absorbed in
liquid Li in up to a 1:1 D/Li ratio, as was observed on PISCES-B [10].

In this paper, values of the D diffusivity in Li are obtained as a function of temperature and D/Li
concentration from first-principles molecular dynamics (FPMD) simulations that have very recently been
performed [11]. These values allow, for the first time, realistic predictions of the time-dependent D/Li
concentrations on a plasma-facing surface given only the Li temperature, Li thickness, and D ion flux.
Previous work on this topic [9] used only rough estimates for the D diffusivity in Li. Predictions were
then developed for the Li erosion yield from a mixed-material D/Li surface under D plasma
bombardment. The Li sputtering yield from a mixed-material surface differs from that of pure Li due to
preferential sputtering, where Li atoms are sputtered less efficiently than the implanted D atoms, and the
chemical formation of lithium deuteride (LiD), which enhances the surface binding energy (SBE) of the
material. Previously published work included only a very simple model for preferential sputtering and no
chemical effects [9]. LiD formation also results in significantly lower Li evaporation rates relative to a
pure Li coating [12, 13] and the corresponding reduction in evaporation as a function of D/Li
concentration is also incorporated here.

This mixed-material erosion model was tested in the Magnum-PSI linear plasma device [14].

Baseline exposures were performed via Ne plasma bombardment to verify that the Li erosion flux from a



deuterium-free Li coating remained greater than Langmuir Law evaporation. Lithium samples varying in
thickness from 200 nm to 500 um were bombarded with D ion fluxes exceeding 10** m™ s with near-
surface plasma parameters n, > 10* m™ and T, < 3 eV. Measured D ion fluxes and Li temperatures were
then used as inputs into simulations of D diffusion in Li to infer the time-dependent D/Li concentration on
the surface during each plasma exposure. It was determined that even Li coatings tens of microns thick
completely saturate with D within 5-10 seconds. These calculated D/Li concentrations were then used as
inputs into the mixed-material erosion model. The erosion model is found to predict the correct functional
dependence of the mixed-material Li-D erosion rate vs. temperature in Magnum-PSI discharges in almost
all cases, although some discrepancy is observed in the 300-700 °C range for very thin Li films (<200
nm). These results imply that saturating a Li PFC in a tokamak divertor with D is strongly desirable from
a perspective of minimizing Li erosion, as the Li erosion yield will remain below 10% even at
temperatures of 600-700 °C. For a 5 s high-power NSTX-U plasma discharge, a stoichiometric LiD
surface is predicted to erode 20 times more slowly than a pure Li layer. The potentially profound

implications of this result are discussed.

2. Theory

2.1 D interactions with a Li surface

Some fraction of energetic D ions incident on a Li surface will be captured by the Li material through the
processes of adsorption and implantation. The remainder will be reflected or backscattered into the near-
surface plasma. As mentioned above, experiments on the PISCES-B device demonstrated that liquid Li
will capture D atoms up to a 1:1 D:Li ratio, but no higher than this [10]. Here we assume that the fraction
of D reflected/backscattered is equal to the ratio of D/Li atoms on the surface. Henceforth we refer to the
ratio of the atomic D to Li concentration as . Thus for a pure Li film all incident D ions are assumed
captured and for a 1:1 D:Li (B=1) surface all D ions are backscattered. D adsorption on solid Li surface
occurs through chemisorption, in which a surface Li atom binds to a D atom, forming LiD [15]. Solid Li

tends to form the body-centered cubic (BCC) lattice structure under ambient conditions, in which



adsorbed atoms can reside on top of an atom in the surface unit cell ("top site"), halfway between two
corner points ("bridge site"), or above the atom at the center of the unit cell ("hollow site"), as shown in

Figure 1. Simulations of hydrogen adsorption on the surface of Li crystals have been performed using
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Figure 1. Schematic of the BCC (100) Li crystal surface with the three possible D
adsorption sites shown. The central Li atoms are smaller to indicate depth

halfway into the unit cell.

various first principles calculations; a summary is provided in [16]. Different studies show the top, bridge,
or hollow site to be the most favorable, and all show the energy barriers to diffusion between sites to be
very small. Thus it is probable that D tends to migrate through all three of these adsorption sites. This
introduces uncertainty into the D—Li preferential sputtering yields, which will be discussed below.
Simulations using TRIM.SP, a Monte Carlo mixed-material sputtering code [17], of 20 eV and 40 eV D
implantation in solid Li give roughly a skewed Gaussian distribution with a peak several nm into the bulk.
A Li monolayer (ML) is ~0.3 nm thick so these results imply that almost all low-energy D atoms are
implanted within 10-20 ML of the surface.

Adsorbed or implanted D atoms near the Li surface are capable of penetrating deep into the bulk
Li layer via diffusion. The temperature dependence of tritium (T) diffusivity in Li has been measured
experimentally for very small concentrations (~10” %) [18]. Because it is desirable to have knowledge of

the diffusivity as a function of both the Li temperature and the D/Li atomic ratio, the concentration-
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Figure 2. D diffusivity in Li as a function of temperature and D/Li concentration

[. Plot obtained courtesy of [11]. Experimental result obtained from [18].
dependent hydrogen diffusion coefficient was studied here using density functional theory (DFT). DFT is
a formally rigorous theory that replaces an intractable system of many interacting particles with a
perfectly analogous system of non-interacting particles that is significantly more straightforward to solve.
This particular work utilized Kohn-Sham DFT (KSDFT) [19] FPMD simulations in the canonical (Nosé-
Hoover) ensemble [20, 21]. Formal justification and significantly more detail concerning these
simulations are presented in a separate paper [11]. Temperature-dependent D diffusion coefficients in
liquid Li for D/Li concentrations ranging from 25% to 100% are shown in Figure 2, along with the
experimental result for T in Li from [18]. This DFT method is too expensive to obtain results at very low
values of B. Since H/D/T diffusivities were calculated to be almost identical, the experimental value in
[18] is used as the value of the D diffusivity in Li at negligibly low D/Li concentrations. The D diffusion

coefficient o decreases strongly as a function of the D/Li concentration. Interpolation between the o

values in Figure 2 allows for the time evolution of B to be performed for any time-varying D



implantation/adsorption rate, Li thickness, and Li temperature evolution in order to interpret experimental

data. This will be described in more detail below.

2.2 Erosion of a mixed Li/D layer under plasma bombardment

For non-zero values of 3, a reduction in the D—Li sputtering yield is expected via chemical
sputtering because the SBE® of LiD (2.26 ¢V) is higher than that of pure Li (1.67 eV) [12]. Reductions in
sputtering due to compound formation on surface layers have been observed for many materials [22].
First-principles work to simulate the corresponding D—Li sputtering reduction directly does not exist, so
we approximate the effect of chemical sputtering by linearly interpolating between the SBEs of Li and

LiD:

SBEsr = (1-B)SBE; + B - SBELp (1)
where B is the D/Li concentration ratio defined above. Preferential sputtering is directly incorporated into
TRIM.SP by specifying B as a function of depth into the surface. Immediately below the first Li/LiD
monolayer the material can be assumed uniform due to the rapid diffusion of deuterium into the Li. The
placement of D in the top Li monolayer is dependent on the preferential D adsorption site on the Li
surface, as described in the previous section. Upper and lower bounds on preferential sputtering effects
can be established by simulating the two limiting cases: D adsorbing into the bridge or hollow sites within
the Li material (the "homogeneous case") and D adsorbing into the top site and forming a D monolayer on
top of the Li surface (the "non-homogeneous case"). It follows that the true physical effect of D—Li
preferential sputtering must lie somewhere between these two extremes.

TRIM.SP simulations of 20 eV D—Li sputtering were performed for values of surface B ranging
from 0 to 1. The surface binding energy of the Li atoms was determined from the relation in Equation (1).
The Li sputtering yield Y as a function of 3 is shown in Figure 3. High values of 3 result in significant
reduction of the sputtering yield. For = 1 this reduction is about a factor of 10 in the homogeneous case

and nearly a factor of 40 in the non-homogeneous case. A continuous function we refer to as the mixed-

% Surface binding energies are assumed equal to the heat of sublimation of the material.
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Figure 3. TRIM.SP simulations of the 20 eV D—Li sputtering yield as a function
of the D/Li concentration [ in the material. The predictions of both the
homogeneous (blue diamonds) and non-homogeneous (red squares) models are
shown. A fourth-order polynomial fit for both cases is overlaid.

material reduction factor f(3) was obtained by fitting fourth-order polynomials to the data in Figure 3 and

normalizing to Y(£=0) = 0.0224. It was determined via further TRIM.SP simulations that f(B) is
effectively independent of ion energy from 20 to 100 eV.

The thermal (i.e., temperature-dependent) component of the Li sputtering yield is predicted using
the adatom-evaporation model [23, 24]. An adatom here is an atom that has been excited from its bound
state on the surface of the material but does not possess sufficient energy to actually be sputtered. Once an
adatom is created, it is highly mobile and quickly either diffuses across the surface to an appropriate
recombination site or it sublimates/evaporates. Adatoms have been directly observed on solid crystal
surfaces using scanning tunneling microscopy after ion beam irradiation [25] and the generation of
adatoms on a liquid surface formed by ion bombardment has been predicted in MD simulations [26]. The

expected thermal sputtering yield for any material due to surface adatoms is related to temperature by

Yad

1~I—A-exp(%ff)

Yadatom(T) = (2)

where Y4 is a constant adatom yield (adatoms/ion) and A is a dimensionless parameter related to the time

constants for adatom surface diffusion and recombination. E. is referred to as the "effective energy" and



is equal to E,q — Ep, where E,q4 is the adatom surface binding energy (lower than the bulk material SBE)
and Ep, is the activation energy associated with diffusion to a surface recombination site. Y,q, A, and Eg
were considered as fitting parameters in this study and are applied to the PISCES-B measurements of
temperature-dependent Li sputtering at low fluxes [6]. The best-fit values are Yoq = 2.9, A = 9.6*10°, and
E.r = 0.70 eV. As discussed above, the TRIM.SP collisional sputtering yield Y., for 20 eV D—Li is
0.0224, which gives the ratio Y.¢/Ycon = 70. MD simulations of Li adatom formation have not been
performed, but calculations for ion bombardment of platinum predict Y,o/Ycon up to 30 [27]. The surface
diffusion activation energy of multilayer lithium films has been measured to be 0.75 eV [28], implying an
adatom binding energy of 1.45 eV, reduced from the Li surface binding energy (1.67 eV) as expected.
The similarity of these fit parameters to previous measurements and calculations suggests the adatom
evaporation/sublimation model provides a realistic physical picture of the thermal sputtering of lithium.

Synthesizing these results, a realistic model of lithium erosion under high-flux D plasma
bombardment is necessarily a function of the Li temperature, incident D ion energy (and flux), and the
D/Li concentration 3 at the surface. The complete formulation for the Li erosion flux can be written as
follows:

Iy (TB) = T £(B) |20 + Yag , 2T -p, (D

3 1+ A-exp (%]ff) 2amg kT

3)

where I'p: is the D ion flux to the surface, f(3) is the mixed-material reduction factor discussed above (see
Figure 3), Y is the collisional (physical) Li sputtering yield calculated with TRIM.SP, and Y4, A, and
E.sr are the adatom-evaporation model parameters that are fit to the measurements in [6] as described
above. It is assumed that both Y, and Y4 are reduced by f(). Y.on is reduced by an additional factor of
3 because it has been demonstrated experimentally [5] that about 2/3 of Li atoms are sputtered as ions,
which are assumed immediately re-deposited because they cannot escape the sheath potential well. The

last term represents the contribution from Langmuir Law evaporation [13] for a mixed-material Li/LiD



. Target Initial Li ne T. I'ps TLipeak
Discharge #  Gas Bias (V)  thickness (um) (10" cm®) (eV)  (10*m2s") (°C)
1 Ne 220 0.020 44 16 086 560
2 Ne 40 0.020 22 25 053 560
3 D, 220 500 24 13 13 620
4 D, 40 500 11 12 060 590
5 D, 220 0.019 2.7 17 17 740
6 D, 220 0.019 23 17 15 660
7 D, 220 0.019 3.0 16 19 1100

Table 1. Table of experimental settings for each Magnum-PSI discharge discussed in this work. Each
row represents plasma exposure of a separate Li-coated TZM sample. Discharge numbers are for
reference only and do not imply that these shots were performed consecutively or in this order. The
values of n, T., and ['p. are their peak values at the center of the plasma column.

layer [12]. The Li vapor pressure and ambient pressure are p, and p,, respectively. The ambient pressure

in these experiments (~107 torr) is negligible relative to the Li vapor pressure.

3. Experimental apparatus and procedure

The adatom-evaporation mixed-material erosion model was tested in the linear plasma device Magnum-
PSI [14]. Details of the sample preparation, experimental apparatus, and diagnostic setup used for
exposing thin-film (< 1 pm) Li coatings and macroscopically thick (> 100 pm) Li samples 2.5 cm in
diameter have been previously described [8, 9] and are only summarized here. The temperature-
dependent erosion rate of Li coatings on TZM molybdenum under plasma bombardment was measured
for a number of different samples with a range of near-surface plasma parameters. A summary of the
conditions for each discharge discussed in this paper is given in Table 1. Before each exposure, a plasma
shot with identical machine settings was performed on a bare TZM substrate, which provides a reference
for the thermal evolution of the sample with the assumption that the thin Li layer has little impact on the
sample temperature. Reference discharges were used because the temperature-dependent emissivity of a
mixed-material Li/D layer is unknown. The thermal evolution of the sample is monitored with a FLIR
Research Systems infrared radiation (IR) camera throughout each discharge. Emissivity-independent

measurements of the surface temperature at the center of the sample, obtained via a FAR Systems

10



spectro-pyrometer, were very similar during plasma exposures on bare and Li-coated TZM samples with
similar near-surface plasma parameters. Li-I emission was monitored via a Phantom camera covered with
a 670.8 nm bandpass filter (1 nm bandwidth). Estimates of the plasma density n. and temperature T, were
obtained via a Thomson Scattering (TS) system. A typical radial profile of n. and T. 1 cm from the
surface of the sample is shown in Figure 4 in [8]. TS data were acquired at 1 Hz to characterize the time
evolution of n. and T..

Macroscopically thick (500 um) Li coatings were exposed to 8 s long D plasmas in Magnum-PSI.
Prior to the D plasma exposures, the samples were exposed to Ar plasma discharges to sputter off the
surface oxide layer. During these shots, macroscopic melt motion of the Li coating and Li droplet ejection
were observed on the filtered camera. It is assumed that this melt motion resulted in significant thinning

of the Li layer via methods other than sputtering and evaporation. To quantify the effect of this thinning, a

15 700
2 _ ] 600 5
E 40 [ 1500 ¢
= [ 400 2
5 o 300 &
(TR ° 4
.50'5--: ._2005
= i %, 4 100 5

0.0 F— )

1.0
- I
208
< I
S 06
o L
c
S 0.4
2 I
502 |

0.0

0 1 2 3 4 5 6 7 8 9

Time (s)
Figure 4. (a) The time-dependent D ion flux (from TS measurements) and Li
temperature (from IR camera and pyrometer data) during an 8 s Magnum-PSI
discharge on a thick Li coating. (b) The predicted evolution of the time-dependent

D/Li concentration B(t) for three different possible values of the Li thickness
during this discharge.
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500 um Li layer was exposed to 4 s of 20 eV neon plasma bombardment in Magnum-PSI and then
removed for post-mortem analysis. The resulting thickness of the lithium carbonate (Li,CO;) layer that
forms when Li exposed to atmosphere was measured via confocal microscopy at two different points on
the sample. The measured Li thicknesses were 28+13 pum and 127443 um. Such a drastic decrease in
thickness cannot be explained by erosion alone using Equation (3). Even generously assuming an average
erosion yield of 0.1 and no re-deposition, < 10 um of Li would be eroded from the sample during this
exposure. This reinforces the conclusion that the Li thinning was due primarily to macroscopic melt
effects.

The time evolution of B for these discharges was predicted using the 1D diffusion equation:

dp(x,t) d
dt  dx

dB(x,t)

dx @

[a(x,t)

where x is the depth into the Li coating. A constant Li thickness of 500 pum was simulated as well as
several reduced (constant) thickness values to account for the Li melt motion. The 1D approximation is
valid because gradient scale lengths parallel to the surface are significantly larger than in the
perpendicular direction. The D diffusivities in Li, a(x,t), are calculated by interpolating between the MD
simulation results shown in Figure 2. Equation (4) is solved using a finite differencing approach. The
boundary conditions dp/dx=0 are imposed at both the plasma-surface interface and the lithium-TZM

interface, i.e., the Li cannot diffuse into the underlying TZM substrate or back out into the plasma. The D
ion implantation rate is calculated from the incident ion flux: [ = %necs, where c; is the ion sound speed
[29]. Ip,(t) is plotted in Figure 4a for a 20 eV D—Li plasma exposure. Incident D ions are assumed to
be implanted uniformly in the top 5 nm of the Li layer. The time evolution of the Li surface temperature
is also shown in Figure 4a. The predicted values of B(t) for various static Li thicknesses are shown in
Figure 4b. These macroscopically thick Li coatings are predicted to take > 5 seconds to approach f=1, so
[ is scanned throughout the course a plasma discharge. A sharp decrease in 3 takes place at the Li melting

point because the MD simulations (Figure 1) predict a sharp increase in the D diffusivity in Li after the
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Figure 5. Li-I count rates vs. time for three consecutive discharges at the center
of a Li-coated TZM sample, as imaged via a Phantom camera with a Li-I filter.
Depletion of the Li layer (initially 190 nm thick) is evident approximately 1.5-2 s
into the first discharge, with count rates continuing to decrease during subsequent
shots.

transition from a solid to liquid surface coating. Plasma parameters for the bombardment of two separate
Li samples by 20 eV and 40 eV D ions, respectively, are provided in Table 1.

D and Ne plasma bombardment were also performed in Magnum-PSI on very thin (~200 nm) Li
films. D plasma exposures on these films represent the limiting case where the Li layer is fully saturated
with D (B=1) within 1 ms. Ne plasma exposures represent the opposite limit where =0 throughout the
experiment, and thus the Li erosion rate is expected to always be at least greater than Langmuir Law
evaporation. During these exposures, Li depletion was always observed in the center of these samples
after 1.5-2 s. This depletion is characterized by a "roll-over" and subsequent sharp decrease in the
magnitude of the Li-I emission measured on the Phantom camera. This depletion was confirmed by
several more plasma pulses on the sample, which exhibit progressively lower Li-I photon count rates
characteristic of additional depletion of the Li layer; see Figure 5. Because the majority of the

temperature increase on the surface occurs during the first two seconds of the plasma discharge, it is still
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possible to measure high-temperature erosion rates on very thin Li films in Magnum-PSI. Plasma

parameters for each of these discharges are also provided in Table 1.

4. Experimental results

4.1 Data analysis

The analysis procedure for inferring temperature-dependent erosion yields I'[/['p+ of Li samples in
Magnum-PSI via filtered camera emission measurements has been previously described in detail [8, 9].
To summarize, the analysis method used is similar to the S/XB technique that has been previously used to
diagnose Li erosion [30], but with several refinements. First, a cosine distribution for the eroding impurity
species was incorporated, which is generally observed for planar evaporation [31] and sputtering at
normal ion incidence [32]. Second, a compensation factor was added for eroding neutrals that do not
ionize before escaping from the plasma column. This factor was obtained by solving the Li continuity
equation assuming a constant Li ejection energy of 1 eV, as measured on PISCES-B for low-temperature
Li [6]; results were not sensitive to the Li ejection velocity assumed. Li ionization/recombination rate

coefficients were obtained from the ADAS database [33].

4.2 Neon bombardment of Li (=0)

The temperature-dependent Li erosion yields measured during 20 and 40 eV Ne ion
bombardment are shown in Figure 6. These yields are relatively flat at low temperatures, but begin to
quickly increase around 350 °C due to evaporation and thermal sputtering. The predicted contributions to
the erosion yield from Langmuir Law evaporation alone are overlaid, along with a fit curve that also
includes both physical sputtering (calculated with TRIM.SP) and thermal sputtering from the adatom-
evaporation model. As predicted by the model, there was no suppression of Li evaporation under Ne
plasma bombardment because the Li films remained hydrogen-free. No previous measurements exist for
temperature-dependent Ne—Li sputtering so the constants Y,q4, A, and E.& were treated as empirical fit
parameters. But the fact that the measured Li erosion rates are equal to or higher than Langmuir Law

evaporation, a well-established lower bound for the erosion rate of pure Li, suggests that there is not some

14
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Figure 6. Atomic Li erosion yields vs. temperature during neon plasma
bombardment at Ne ion energies of (a) 20 eV and (b) 40 eV in Magnum-PSI. The
solid curves represent the predictions of Equation (3), the adatom-evaporation
model, using Y., A, and E. as fitting parameters, as described in the text. The
dotted curves increase the value of Y., by a factor of 3 and the dashed curves are
the evaporative contribution only. Note change in vertical scale by an order of
magnitude between (a) and (b).

inherent inaccuracy in the measurement technique. The thermal sputtering term was significantly larger in
the 40 eV case relative to the 20 eV case. This was in contrast with previous measurements of D and He
bombardment of Li on lower-flux experiments that give nearly identical thermal sputtering behavior
independent of ion energy [5, 23]. The temperature dependence of the 40 eV yields were fairly similar to

previous measurements [6] of He—Li sputtering and evaporation at 50 e¢V. TRIM.SP calculations
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underestimate the measured collisional Li sputtering yield by a factor of about 3 for both Ne ion energies

studied. The fit curves obtained using 3-Y . instead are also overlaid in Figure 6.

4.3 D bombardment of thick Li coatings (0<[<I)

The measured temperature-dependent erosion yields for 20 and 40 eV D bombardment of thick Li layers
is shown in Figure 7. Again these yields are flat at low temperatures. An exponential-type increase in Li
erosion begins around 200 °C, which plateaus between 400-500 °C and then perhaps shows a slight
decrease above this temperature. The predictions of the adatom-evaporation mixed-material model are
overlaid assuming both a static 500 um Li coating as well as the reduced thickness (due to Li melt motion
effects discussed above) that best fits the temperature-dependent erosion yield measurements. The
temperature-dependent functionality of the erosion model (Equation 3) can be explained as follows.
Physical sputtering produces a roughly constant erosion yield at low temperatures, followed by a sharp
increase in erosion at the Li melting point when B quickly decreases due to the increased mobility of D
atoms in liquid Li relative to solid Li (Figure 2). A strong increase in Li erosion is predicted 200 and 500
°C via thermal sputtering, and finally a plateau and even slight decrease in the erosion rate as D
implantation in the Li coating (increasing 3) suppresses sputtering (Figure 3). For the 20 eV case, the data
matches best with a reduced Li thickness of 25 pm, while in the 40 eV case a thickness of 5 um provides
the best agreement. It should be emphasized that while the reduction of the Li thickness was considered as
a fit parameter, it is a static scalar value. Adjusting only this single parameter provides good agreement
between measurements and predictions from Equation (2) over a range of > 600 °C in Li temperature and
two orders of magnitude in the Li erosion rate.

Collisional sputtering and evaporation (strongly reduced via LiD formation) provided negligible
contributions to the erosion rate between 300 °C and 650 °C, so at high temperatures the curves in Figure
7 are effectively plots of the thermal sputtering term only, which as discussed above was obtained by
fitting data from previous experiments on a low-flux linear plasma device [6]. The error band on the

predicted Li yields represents the difference between the homogeneous and non-homogeneous models of
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Figure 7. Atomic Li erosion yields vs. temperature during D plasma
bombardment of thick Li coatings in Magnum-PSI at D ion energies of (a) 20 eV
and (b) 40 eV. The predictions of Equation (3), the adatom-evaporation mixed-
material model, with a dynamically evolving value of B(t) are overlaid assuming
both a static 500 um Li coating and a reduced (static) value of this coating that
best fits the experimental data.

D adsorption on the Li surface discussed in Section 2.1. Interestingly, the data seem to agree best with the
non-homogenous model that incorporates up to a monolayer of D adsorption on top of the mixed-material

Li/LiD surface. The factor of ~3 discrepancy in the collisional sputtering yield between measurements
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and TRIM.SP calculations is consistent with the results for Ne bombardment of Li discussed in Section

4.2.

4.4 D bombardment of thin Li films (f=1)

Inferred erosion yields for initially ~190 nm thick Li films under 20 eV D bombardment of three separate
Li-coated TZM samples are shown in Figure 8. Measurements from each of these three discharges
showed fairly consistent trends, suggesting that the data analysis described above provides a robust
method of inferring temperature-dependent Li erosion yields independent of the specific ion fluxes, heat
fluxes, and surface temperatures present during each exposure. Because these Li films were so thin, the
mixed-material implantation/diffusion simulations described above predicted that the D/Li concentration
ratio becomes effectively unity (B= 1) by several ms into the plasma discharge. Thus overlaid in Figure 8
are the predictions for the mixed-material Li erosion rate from Equation (3) with f=1. Also overlaid are
Li erosion predictions with no deuterium adsorption or implantation in the Li coating, i.e., B=0. The error
band represents the difference between the homogeneous and non-homogeneous models of D adsorption
on the Li surface. Inferred yields at Li temperatures 300-700 °C are lower than the predictions of
Equation (3), but measurements agree with predictions at higher temperatures. The exact reason for the
discrepancy in the intermediate temperature range remains unclear. The TZM samples were fabricated via
machine rolling so it is possible that the TZM surface roughness was on the scale of tens or hundreds of
nm, which is equal to or greater than the thickness (<200 nm) of the thin Li films used in these
experiments. Sufficient surface roughness could cause the deposited liquid Li to condense into "valleys"
in the TZM substrate and decrease the effective surface area available for erosion. The roughness of the
TZM surfaces was not characterized but could be performed via profilometry, for example. In any case, it
is clear at high temperatures that the Li evaporation term has been completely suppressed by the presence
of deuterium in the film, as observed in the thick Li case (Section 4.2) and in previous chemistry studies
[12]. The collisional sputtering term obtained from TRIM.SP again underestimates the experimental

measurement by about a factor of 3.
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Figure 8. Atomic Li erosion yields vs. temperature during D plasma
bombardment of thin Li films (initially 190 nm) on Magnum-PSI at 20 eV D ion
energy. Three sets of experimental measurements are shown from three separate
Li samples. The predictions of Equation (3), the adatom-evaporation model of Li
erosion, for D/Li concentrations of B=1 (expected) and =0 are also overlaid.

5. Discussion

As mentioned in Section 1, low-Z coatings are often desirable as sacrificial layers to protect wall regions
of a tokamak exposed to extremely high heat and particle fluxes, i.e., the divertor strike points. From the
perspective of minimizing plasma-induced erosion, the results above imply that it is strongly desirable to
compose this sacrificial layer out of lithium deuteride (LiD) rather than pure Li. Equation (3) predicts that
the erosion rate of LiD effectively plateaus at a value of about 0.1 above ~450 °C whereas the evaporation
rate of pure Li will increase indefinitely. The low erosion rate of LiD, coupled with the extremely high re-
deposition efficiency of eroded Li atoms (>99%) that has been observed in experiments [32] and
simulations [34] imply very long lifetimes for a LiD coatings even at high PFC temperatures. It was
estimated in [7] that the temperature limit for a liquid Li walls in a tokamak is <400 °C from a perspective
of core impurity accumulation, but this study neglected the effects of the Li/D mixed-material, which
were shown in this present work to become significant at D fluences approaching the areal density of the

Li coating. This work further implies that for a purely LiD coating (=1) the Li impurity influx remains
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extremely low at least until the deuteride material disassociates/melts. At atmospheric pressure the LiD
melting temperature is approximately 700 °C.

To illustrate this dramatic difference between the erosion rates of Li and LiD, a 1D treatment of
thermal diffusion can be used to model the temperature evolution of a Li/LiD-coated Mo divertor tile
under a constant heat flux (see, for example, [35]). Thin Li/LiD coatings are assumed to have negligible

impact on the temperature evolution of the surface. The incident D ion flux is calculated by
I'py = %necssine and the heat flux q is given by q=yI'p: T, [29]. The magnetic incidence angle 6 in the

divertor is assumed equal to 3° and the sheath heat flux transmission coefficient vy is set to 8. Divertor
plasma parameters n.=5*10" m~ and T,=10 eV were chosen to replicate predicted NSTX-U [36] divertor
heat and particle fluxes. These parameters result in a peak Li/LiD temperature of about 700 °C on the
surface for a 5 s NSTX-U plasma shot; see Figure 9. The cumulative eroded Li thickness is equal to

my;

pui(0 = (1 -R) 28 fo LITL(, B, Tp.] dt )

where ny; is the Li density (0.53 g/cm’) and my; is the Li atomic mass (6.941 amu). The Li erosion flux
I'Li(t) is provided by Equation (3), with the factor f(p) calculated by averaging the homogeneous and non-
homogeneous models of D adsorption. It is assumed that all incident D ions have energy 3T, (assuming T;
« T.) and impact the surface at a 45° angle; the corresponding collisional sputter yield calculated with
TRIM.SP is Y ,=0.033. The Li re-deposition efficiency R is assumed equal to 0.99. The resulting
cumulative eroded Li thickness over a course of a 5 s simulated plasma shot is shown in Figure 9 for
values of 3 varying from 0O (pure Li) to 1 (complete LiD transformation). The =0 case results in ~1.2 um
of eroded Li, while B=1 results in only ~0.06 um. This represents a factor of 20 suppression of the
integrated erosion rate, and equivalently that a LiD coating will last 20 times longer than pure Li in

typical high-power divertor plasma conditions.
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Figure 9. The cumulative eroded Li thickness predicted by Equation (3), the
mixed-material erosion model, for the Li/LiD temperature evolution (shown in
black) at several different values of the D/Li concentration 3.

This result also implies that maintaining a thin LiD coating (~1 um) is more efficient than a
thicker coating (100+ pum) because thinner Li films will saturate with D significantly faster (Figure 4b).
Thus their lifetime (on a per micron basis) is significantly higher. In fact, these results suggest that
maximizing the lifetime of an LiD coating should involve the steady, slow replenishment of the layer so
that the plasma-facing surface always consists of close to a 1:1 Li:D material but never actually fully
depletes. This could in principle be accomplished through a wicking method such as a Li capillary porous
system [37]. An added benefit of a porous system would be the elimination of the macroscopic melt
motion and droplet ejection observed in certain cases in these experiments because the liquid metal
surface would become stable against electromagnetic body forces. This was verified with the NSTX
Liquid Lithium Divertor (LLD), although Li temperatures did not exceed 400 °C [38]. Experiments have
also been performed with liquid tin in porous meshes on Pilot-PSI [39] at Sn temperatures >1000 °C with
no melt motion or droplet ejection observed. Similar experiments are also planned with Li but are outside
the scope of this work.

Finally, it should be noted that while a LiD coating provides for low erosion of PFC materials, it

will likely not be operable in a so-called "low-recycling" regime where the Li PFC acts as a sink for
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impinging D atoms. Since a LiD coating is, by definition, already saturated with hydrogen, such a PFC
will likely recycle H or D at a ratio at a rate very close to unity. Empirical evidence of this "saturation
effect” is consistently observed in NSTX; see for example Ref. [40]. The line-average density (n.) was
initially reduced after 25 g of evaporative lithium conditioning on the NSTX lower divertor. This density
reduction is less prominent in the second shot, and by the third shot (n.) has returned to pre-lithium
levels, implying that the Li coating can absorb no additional deuterium. Tritium retention and recovery is
also frequently mentioned as a concern with regards to a lithium-coated divertor PFC solution [1]. While
a more detailed discussion of this topic is outside the scope of this paper, operating a Li coating in a high
recycling regime with close to a 1:1 Li:H/D/T ratio will by definition have significantly lower tritium

uptake than a low recycling Li-coated PFC solution.

6. Summary and Conclusions

Because Li-coated high-Z materials are a candidate PFC for tokamaks such as NSTX-U and DEMO it is
important to characterize the erosion rate of Li at the high particle fluxes and temperatures that will be
present in the divertor of such devices. In Section 2 of this paper it was discussed how D adsorption and
implantation in Li can lead to high quantities of D in a Li coating, which motivated first principles MD
calculations of the temperature- and concentration-dependent D diffusivity in Li [11]. A predictive model
for the erosion rate of a Li/LiD layer was also developed by synthesizing the results of existing surface
science and chemistry studies and supporting them with additional TRIM.SP simulations of mixed-
material Li/LiD sputtering. This model predicted strong suppression of a Li erosion of a mixed-material
Li/LiD layer relative to a pure Li coating.

In Sections 3 and 4 the procedure for testing this model in the Magnum-PSI linear plasma device
was described. The limiting cases of no D in a Li film (=0) as well as fast 1:1 D:Li saturation (f=1) were
studied and the results agreed fairly well with the predictions from modeling, although some discrepancy
was observed in the 300-700 °C range for the p=1 case. Macroscopically thick Li coatings were also

exposed to D plasmas to scan the value of B over the course of a single discharge. Due to the lack of in-
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situ diagnosis capability of the D content in the Li film, the time evolution of B was instead inferred from
calculated D diffusivities in Li and a 1D diffusion model. Interpretation of experimental results was
further complicated by melt motion of the Li film observed during Ar plasma cleaning, but good
agreement between experiment and modeling was achieved if Li thinning into the range of 5-25 um was
assumed. Post-mortem measurements of the Li thickness confirmed that such Li thinning occurs within
one Magnum-PSI plasma discharge.

Finally in Section 5 the implications of these results for a high-temperature, high-flux, Li-coated
divertor were discussed. If significant quantities of D accumulate on a Li PFC before the Li coating
completely erodes, the erosion rate of this mixed-material Li-D coating will decrease dramatically. To
minimize the erosion of a Li divertor PFC the D:Li ratio should be maintained at close to 1:1 at all times.
The suppression of Li erosion via LiD formation, in conjunction with the high re-deposition efficiency of
eroded Li atoms, strongly indicates that the temperature limit for a liquid Li divertor may be >700 °C

rather than the rather pessimistic <400 °C value that was previously predicted.
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