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Both thin (<1 lm) and thick (�500 lm) lithium films under high-flux deuterium and neon plasma bom-
bardment were studied in the linear plasma device Magnum-PSI at ion fluxes >1024 m�2 s�1 and surface
temperatures <700 �C. During Ne plasma exposures, Li erosion rates inferred from measurements of Li–I
radiation exceed Langmuir Law evaporation, but no previous results exist to benchmark the binary col-
lision approximation (BCA) and thermal sputtering measurements. Measured Li erosion rates during D
plasma bombardment were compared to the adatom-evaporation model of thermal sputtering with an
additional reduction term to account for the relative D/Li composition of the Li film. This model captures
the qualitative evolution of the Li erosion yield but still overestimates the measured erosion by a factor of
5–10. This suggests that additional refinements to the mixed-material model are needed.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Liquid lithium is an attractive plasma facing component (PFC)
for a DEMO reactor because it improves confinement [1,2] and
protects the underlying substrate from high particle fluxes [3,4].
However Li evaporation and the strong enhancement of the Li
sputter yield at elevated temperatures observed on low-flux exper-
iments [5,6] implies that the maximum Li temperature permitted
on such devices may be unacceptably low. Recently thin (<1 lm)
Li films on TZM molybdenum substrates were studied in the
Magnum-PSI linear plasma device [7] during ion fluxes
Ci 6 2 � 1024 m�2 s�1, electron temperatures Te < 5 eV, electron
densities ne > 1020 m�3, and Li surface temperatures TLi < 800 �C
[8]. For comparison, the NSTX-U and ITER divertors are expected
to experience CD+ > 1023 m�2 s�1 and 1024 m�2 s�1, respectively
[9,10]. Measured temperature-dependent Li erosion yields were
significantly reduced relative to those observed on a low-flux
device [6] and were lower even than the predictions of Langmuir
Law evaporation alone.

It was proposed in [8] that the observed discrepancy in erosion
rates was due to deuterium retention in the Li layer during
Magnum-PSI experiments. In this paper, a model is developed to
predict how fast a Li layer will saturate with D and what level
suppression of Li erosion is expected as a function of the D/Li con-
centration. To test this model, D plasma exposures were conducted
on thick (�500 lm) Li films that were expected take 5–10 s to
approach a 1:1 D/Li concentration ratio under fluxes >1024 m�2 s�1.
In addition, Li erosion behavior was measured via neon plasma
bombardment to verify that Li erosion rates were at least greater
than Langmuir Law evaporation for deuterium-free Li coatings.
2. Theory

At elevated temperatures the erosion rate of a Li PFC is
enhanced over simple collisional sputtering by evaporation and
temperature-dependent (thermal) sputtering [5]. A model for ther-
mal Li sputtering involving the evaporation of surface adatoms has
been proposed [11,12]. This model predicts the following relation
for thermal Li sputtering:

Y thermalðTLiÞ ¼
Yad

1þ A exp Eeff
kBTLi

� � ð1Þ

where kB is Boltzmann’s constant and Yad is a temperature-indepen-
dent adatom yield. A and Eeff are constants associated with the com-
peting processes of adatom evaporation and recombination. Eq. (1)
is applied to measured Li thermal sputtering yields [6] using Yad, A,
and Eeff as fitting parameters. The resulting fit values are Yad = 2.9,
A = 9.6 � 10�6, and Eeff = 0.70 eV.
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Magnum-PSI experiments are needed to measure Li erosion
rates at higher temperatures and fluences than PISCES-B can obtain.
Li films exposed to high D fluences will retain implanted D in up to a
1:1 ratio [13]. TRIM [14] simulations on a 1:1 Li:D mixture predicts
Ycoll,LiD � 0.1 Ycoll,Li for 20 eV D ? Li sputtering. While the BCA
assumption begins to break down around 30 eV [15], reasonable
agreement between theory and experiment at lower energies has
been found in many cases [16]. Assuming the sputter yield is
reduced in proportion to the ratio b of D/Li atoms on the target sur-
face, we estimate Y(b) = Y(1 � b) + 0.1Yb = Y(1–0.9b). It is assumed
that the sputter contribution from reflected ions re-depositing on
the surface is negligible. The Li vapor pressure pLi of Li/D mixtures
as a function of b has also been well-characterized [17]. The pre-
dicted Li erosive flux for a mixed-material Li/D layer is written as:

CLiðTLi; b;CDþÞ ¼ CDþ½Ycoll þ Y thermalðTLiÞ�ð1� 0:9bÞ þ pðTLi; bÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmLikBTLi

p

ð2Þ

where mLi is the Li atomic mass (6.941 amu) and the third term of
Eq. (2) represents the Langmuir law formulation [18] of the evapo-
ration rate.

The time-dependent value of b on a Li surface is estimated with
1-D diffusion simulations that incorporate the measured diffusion
coefficient a(TLi) for hydrogen in liquid Li [19]. It was assumed that
a and the deuterium recycling coefficient R are reduced by 1 � b
and a = 0 for solid Li. The predicted time evolution of b (averaged
over the first 50 nm of the surface) for a typical Magnum-PSI dis-
charge is shown in Fig. 1 for several Li thicknesses. The surface
remains fully saturated with D (not shown) until the Li melting
point (180 �C) is reached, when b drops to near zero before gradu-
ally increasing at a rate governed by the thickness of the Li layer,
the D flux, and the Li temperature.
(a) (b)

2.5 cm 

Fig. 2. Images of the Li surface (a) before and (b) after Ar plasma discharge cleaning.
3. Experimental apparatus and procedure

The adatom-evaporation mixed-material Li erosion model was
tested in the linear plasma device Magnum-PSI [7]. Details of the
experimental apparatus and procedure for exposing thin-film
(<1 lm) Li samples 25 mm in diameter to D ion fluxes CD+ 6 2 �
1024 m�2 s�1 at electron densities ne 6 8 � 1020 m�3 and tempera-
tures Te 6 3 eV are described in [8]. The experimental procedure is
similar for the neon plasma exposures described herein. Neon was
used instead of helium in order to prevent fuzz formation on the
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Fig. 1. The predicted time evolution of b in a typical Magnum-PSI discharge for
several different Li thicknesses based on a 1D diffusion model. The inferred ion flux
CD+ and the Li temperature TLi are also provided.
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underlying Mo substrate. Copper magnetic coils of peak current
IB of 14 kA provide an axial magnetic field of 0.25 T at the target.
A new sample geometry was developed for exposing macroscopi-
cally thick (6500 lm) Li layers to the plasma. 64 mm diameter
TZM molybdenum samples were machined with a 25 mm
diameter, 500 lm deep well in the center. A small Li ingot was
placed in the well and the TZM Mo sample was heated on a hot
plate inside an Ar glove box to a temperature of �400 �C. After
the Li metal liquefied and completely filled the well, any excess
was removed with a straight-edge. A thin stainless steel (SS) cover
was placed over the well and samples were placed in aluminized
polyester heat-seal bags to minimize air contamination.

When mounting the Li-wetted samples on the Magnum-PSI tar-
get holder, the SS shim stock cover was removed immediately
before sealing up and pumping down the vacuum vessel. The lith-
ium was exposed to atmosphere for about 20–30 s during this pro-
cess. After installation on the target holder the Li samples appeared
black in color (Fig. 2a), indicating formation of oxide layers on the
surface. The Li layers were exposed to several Ar plasma discharges
to sputter away impurities from the surface, during which the Li
reached a temperature of �350 �C. After these pulses the surface
had transformed to the highly reflective state (Fig. 2b) characteris-
tic of pure lithium. In addition, measurements from optical emis-
sion spectroscopy (OES) showed little to no evidence of neutral
oxygen (O–I) emission (777 nm) or hydroxide (OH) emission
(308–310 nm) in the plasma by the end of the Ar discharges. This
implies that minimal oxygen or hydrogen impurities were present
in the Li film immediately prior to D plasma bombardment.
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4. Results

The procedure for obtaining measurements of the D ion flux and
Li temperature, as well as the analysis methods used to infer Li ero-
sion rates from a Phantom camera with a Li–I (670.8 nm) filter,
have been previously described [8]. The temperature-dependent
Li yields under 20 eV and 40 eV Ne ion bombardment are shown
in Fig. 3, along with the predicted Li evaporation rate from the
Langmuir Law. Li erosion rates are equal to or higher than
Langmuir Law evaporation. Since no previous measurements exist
for Ne ? Li sputtering, Eq. (2) is applied to this data as an empirical
fit function. The values of the fitting parameters are Ycoll = 8.3 �
10�4, Yad = 0.010, A = 8.2 � 10�6, and Eeff = 0.81 eV for the 20 eV
case and Ycoll = 0.019, Yad = 4.2 � 106, A = 57, and Eeff = 0.88 eV for
the 40 eV case. It should be noted that measurements on low-flux
devices give similar thermal sputtering behavior independent of
ion energy [6,11], which was not observed here.

During the Ar cleaning process on thick Li layers, significant
macroscopic melt motion of the liquid Li was observed, which
altered the Li thickness from its initial value of 500 lm. Thus b(t)
was calculated for Li thicknesses ranging from 50 to 500 lm (see
Fig. 1) to quantify the level of uncertainty introduced in b(t). Any
mass transport that occurs via melt motion during the D plasma
discharge itself was not accounted for. The time-dependent D ion
flux CD+ for this discharge is shown in Fig. 1. These values were
obtained by measuring ne and Te profiles with 1 Hz frequency via
Thomson scattering [20] and linearly interpolating between each
time point. Prior to the first measurement point at t = 1 s, ne and
Te were assumed proportional to the magnet current IB. After the
last measurement point at t = 6 s, ne and Te were assumed constant.

The measured temperature-dependent erosion yield CLi/CD+ for
20 eV D bombardment of the Li layer is shown in Fig. 4. Measured
yields are higher than in [8], which is consistent with calculations
that a thick Li coating will saturate with D more slowly, and thus
less reduction of the sputter yield via preferential sputtering is
expected. The predicted Li yields based on the mixed-material
adatom-evaporation model (Eq. (2)) are overlaid. Also overlaid
are the predictions of the pure Li thermal-spike model described
in [8]. Since collisional sputtering and evaporation provide negligi-
ble contributions to the erosion rate between 300 �C and 650 �C,
this is effectively a plot of the thermal sputtering term only. The
error band on the predicted Li yields stems from uncertainty in
the D/Li concentration b at the surface. The error range on b by
the end of the discharge is 0.45–0.99. The modeling efforts in Sec-
Please cite this article in press as: T. Abrams et al., J. Nucl. Mater. (2014), http
tion 2 qualitatively capture the measured temperature dependence
of YLi, but an absolute factor of 5–10 discrepancy is observed. These
results suggest that additional refinements to the modeling of the
Li–D mixed-material surface are needed; possible refinements are
discussed below.

5. Discussion and Summary

Previous results showed that a discrepancy existed between the
measured Li erosion rates in low-flux experiments on PISCES-B and
high-flux exposures on Magnum-PSI, which were even lower than
predictions from Langmuir Law evaporation alone. Measured val-
ues of Li erosion during 20 and 40 eV Ne ion bombardment remain
higher than Langmuir Law evaporation, as expected. No data sets
exist for Ne ? Li bombardment on low-flux experiments from
which to benchmark the measured collisional and thermal sputter-
ing yields on Magnum-PSI. But the fact that the measured Li ero-
sion rates are equal to or higher than Langmuir Law evaporation,
a well-established lower bound for the erosion rate of pure Li, sug-
gests that there is not some inherent inaccuracy in the measure-
ment technique.

It was hypothesized that the discrepancy between high-flux
and low-flux devices was caused by significant D retention in Li
layers exposed Magnum-PSI plasmas. Predictions of the rate of D
accumulation in Li coatings were performed using a 1D diffusion
model. The expected reduction of the D ? Li sputtering yield (via
preferential sputtering) was estimated as a function of the D/Li
concentration. Measurements of the D ? Li erosion rate on macro-
scopically thick Li coatings were performed on Magnum-PSI in the
temperature range 200 �C < TLi < 650 �C. A factor of 5–10 discrep-
ancy was still observed between predictions and measurements
of Li erosion after mixed-material effects and macroscopic melt
motion were taken into account. This observed discrepancy sug-
gests that the mixed-material model of Li erosion developed in this
work may not be completely realistic. A more realistic model of
preferential sputtering could be obtained utilizing a simulation
code that incorporates dynamic material composition changes,
such as TRIDYN [21]. In addition, the previous calculations assume
that the D/Li ratio b cannot exceed unity. If a non-equilibrium sit-
uation exists such that the surface is temporarily ‘‘over-saturated’’
with D atoms, the effective Li yield would be further reduced,
although such an over-saturation has never been observed in sur-
face science experiments. Finally, this model does not include the
effects of chemical formation of lithium deuteride (LiD), which
could further reduce sputtering since the surface binding energy
of LiD (2.26 eV) is higher than that of pure Li (1.67 eV). The discrep-
ancy between predictions and measurements of Li erosion under
high-flux D bombardment suggest that one or more of these effects
must be incorporated to create a realistic model for mixed-mate-
rial Li/D erosion.
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