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Abstract:  

Lithium conditioned plasma facing surfaces have lowered recycling and enhanced plasma 

performance on many fusion devices. However, the nature of the plasma-lithium surface 

interaction has been obscured by the difficulty of in-tokamak surface analysis. We report 

laboratory studies of the chemical composition of lithium surfaces exposed to typical residual 

gases found in tokamaks. Solid lithium and a molybdenum alloy (TZM) coated with lithium has 

been examined using x-ray photoelectron spectroscopy, temperature programmed desorption, 

and Auger electron spectroscopy both in ultrahigh vacuum conditions and after exposure to trace 

gases. Lithium surfaces near room temperature were oxidized after exposure to 1-2 Langmuirs of 

oxygen or water vapor. The oxidation rate by carbon monoxide was four times less. Lithiated 

PFC surfaces in tokamaks will be oxidized in about 100 s depending on the tokamak vacuum 

conditions.  
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1. Introduction  

Liquid plasma facing materials avoid serious issues with radiation damage, helium blisters, 

thermal fatigue and erosion lifetime in solids. Though less developed than solid plasma facing 

components, they enable the separation of the demands from neutron loading and the demands 

from heat and particle loading placed on plasma facing components in a fusion reactor. Liquid 

lithium has the further advantage of binding with hydrogen isotopes, and lithium conditioning 

has reduced recycling and enhanced plasma performance on many fusion devices.  

Lithiumization of carbon plasma-facing components led to substantial advances in plasma 

performance in TFTR[1]. These were followed by experiments with a liquid Li capillary pore 

system at T11-M[2] and FTU[3], with a liquid Li tray in CDX-U[4] and with lithiumization of 

the TJ-II stellerator[5]. A new liquid Li tokamak (LTX) began operation in 2010[6]. 

Lithiumization of ATJ graphite plasma facing tiles in the National Spherical Torus Experiment 

(NSTX) has shown strong beneficial effects such as improved confinement and reduction and 

elimination of ELMs[7,8]. 2-D plasma-neutrals modeling has shown a drop in divertor recycling 

from R ~ 0.98 to R ~ 0.9 with lithium[9]. A recent overview of lithium applications for fusion 

devices is given in ref. [10].  

To understand the plasma - lithium surface interaction and provide a design basis for next-step 

plasma facing components that take advantage of the benefits of lithium, it is important to 

characterize chemical composition of the plasma facing lithium surface. Lithium is known to 

have a high chemical affinity for hydrogen and full uptake of deuterium ions on a liquid Li 

surface up to an atomic ratio of 1:1 was reported in the PISCES-B linear plasma simulator[11]. 

We note that the NSTX recycling reduction from R ~ 0 .98 to R ~ 0.9 [9] falls short of complete 

uptake suggesting surface chemistry is playing a role in NSTX. In the PISCES work, 0.1 g of Li 

was press fit into a molybdenum holder and surface contamination was removed by high-flux 

plasma exposure with the Li in its liquid state. However, X-ray photoelectron spectroscopy 

(XPS) measurements indicated that at least monolayer coverage of Li2O was still present after 

this cleaning. Early work on lithium battery development exposed lithium films to gaseous O2, 

H2O, CO, CO2, and SO2 [12,13]. XPS measurements on Li films at 300 K showed monolayer 

Li2O coverage occurred for oxygen exposures between 6 and 7 Langmuirs (1 Langmuir (L) is 
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defined as an exposure of 1e-6 Torr (1.33e-4 Pa) for 1 s) and water vapor exposures of 11 - 12 L. 

An additional complication for liquid Li surfaces was revealed by low energy ion scattering 

experiments [14] that showed the Gibbsian segregation of oxygen impurities to the surface of 

liquid lithium. XPS spectra of Li deposited on ATJ graphite have been interpreted to indicate 

peroxide formation due to oxygen impurities in the chamber[15]. The special role of oxygen in 

deuterium uptake on lithiated graphite is further explored in ref. [16]. Deuterium ion–surface 

interactions[17] and high sputtering rates [18] of liquid-Li films on microporous molybdenum 

substrates have been reported. 

Since tokamaks typically do not have ultrahigh vacuum (UHV) conditions, surface reactions 

with residual gases may occur in the time interval between lithium evaporation and the next 

discharge. Recently surface analysis stations have been developed for ex-vessel but in-vacuo 

surface analysis of samples withdrawn after tokamak exposure[19,20]. However, much of the 

relevant surface chemistry is accessible in laboratory investigations using sophisticated surface 

analysis instruments that are difficult to implement inside a tokamak vacuum vessel.  

We report high-resolution X-ray photoelectron spectroscopy (HR-XPS), Auger electron 

spectroscopy (AES) and temperature programmed desorption (TPD) investigations of the 

oxidation of lithium surfaces by gases typically found in a tokamak residual vacuum such as 

water and carbon monoxide as well as oxygen and air and compare the oxidation rate to the 

kinetics of gases impinging on the surface. A more extensive account of this work is in ref. [21].  

2. High resolution X-ray photoelectron spectroscopy.   

High-resolution XPS (HR-XPS) measurements were performed with a Scienta ESCA-300 

system[22] with a 7.5 kW rotating anode monochromatic Al Kα X-ray source. A small (< 5g) 

piece of lithium was cut from 99.9% purity lithium rod [23] and compressed between two 

aluminum plates to create a sample approximately 10-mm diameter and 1-mm thick. This was 

transferred into a nitrogen-filled glove bag attached to the ESCA-300 sample preparation 

chamber and a metal scraper was used to clean the surface. After sufficient scraping, the 

appearance of the lithium changed from white to shiny, indicating most of the oxide had been 

removed. The sample was then promptly loaded into the ESCA-300.  
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The lithium sample holder was allowed to degas for a day until UHV conditions were recovered 

(3 e-9 Torr; 4.0 e-7 Pa) and then a tungsten carbide-tipped scraper was used to further clean the 

lithium surface while monitoring the XPS spectrum. An XPS survey scan (0 - 800 eV) of a 

typical freshly-scraped lithium surface revealed O 1s (532 eV binding energy (BE)) and Li 1s 

(54.8 eV BE) photoelectron peaks with a small peak due to C 1s (285 eV BE). The scraping was 

repeated after each oxidation experiment and the surface was considered clean when analysis 

using CasaXPS software [24] showed an atomic concentration of > 95% lithium (the remainder 

on average was 4% O and 1% C). For each oxidation experiment the chamber was backfilled 

with oxygen (O2), air, water vapor (H2O) or carbon monoxide (CO) to ~7.0 e-8 Torr (9.3 e-6 Pa) 

and the sample was exposed to the gas for a variable time interval (15 - 9500 s) after which the 

chamber was pumped out and XPS spectra recorded in the Li 1s, O 1s and C 1s energy regions. 

The sample temperature was ∽300 K for all experiments. The gas exposure process was 

continued until the 54.8 eV metallic lithium peak was less than 10% of its original area. The XPS 

spectra for increasing H2O exposures are shown in Fig. 1. The increase in oxide concentration 

was calculated from the area under the Li-O 56.6 eV XPS peak for all gases and is shown in Fig. 

2. XPS is considered to sample the surface composition down to a depth of three times the 

inelastic mean free path (imfp, λ) for electron scattering at the kinetic energy (KE) of the 

photoelectron line used. The value of λ for Li 1s photoelectrons (1431 eV KE) in Li2O is 3.47 

nm [25]. We observed that the lithium surface was oxidized to this depth after 20 L exposure to 

water vapor or oxygen. Carbon monoxide and air were about six times less reactive. 

The fraction of the bulk lithium oxide Li 1s photoelectron signal that can be attributed to the top 

monolayer (ML) at the surface of lithium oxide can be calculated to be 6.6% by using the ratio of 

the thickness of a Li2O monolayer, 0.231 nm, to the value of λ, 3.47 nm, for Li 1s photoelectrons 

at (1431 eV KE) in Li2O using the formula of Argile [26]. Including a small contribution from 

residual gas exposure during the pressure ramp-up and XPS scans, the water vapor exposure for 

oxidation of the top monolayer was estimated to be 1.3 L. This is similar to the value of 1.35 L 

calculated from kinetic theory [27] for a smooth lithium surface oxidized to Li2O by impinging 

water molecules with unity sticking coefficient.  
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3. Auger electron spectroscopy.   

Auger electron spectroscopy (AES) measurements were performed with a versatile UHV system 

containing several complementary surface analysis probes[28]. In AES, core electrons are 

ejected by an incident electron beam and the core hole is filled by a two-electron non-radiative 

relaxation process (Auger process) in which an (Auger) electron is ejected with the kinetic 

energy required to conserve energy. For Auger processes involving core holes, Auger kinetic 

energies uniquely identify the atom and the analysis of Auger electrons at energies below 1 keV 

provides surface sensitivity. The Auger electron spectrum typically has small peaks on a large 

background and so the signal is differentiated to make it easier to analyze.  

Lithium coatings on a polycrystalline TZM-molybdenum substrate (TZM is an alloy composed 

of 99% Mo, 0.5% Ti and 0.08% Zr) were used for these AES studies since this material is being 

considered for NSTX-U. The sample was prepared initially by polishing with silicon carbide 

paper (800 grit) followed by an acetone wipe. Gross surface contamination was removed in the 

analysis chamber by Ar+ ion sputtering and resistively heating the sample to 1650 K. This 

removed all the oxygen and reduced the amount of carbon signal to 30 % at. conc., the balance 

being 65% Mo and 5% Ti. Oxygen treatments could remove all of the carbon, but upon heating 

to remove oxygen, carbon always reappeared, and so we utilized the carbon-contaminated 

surface for these experiments. Some carbon contamination is considered tokamak relevant, as 

carbon is a common impurity in tokamaks. A SAES Getters alkali metal dispenser (AMD) [29] 

located 1-cm distant from the TZM sample was used to deposit a controlled amount of pure 

lithium onto the TZM surface. 

The amount of deposited lithium was calibrated by temperature programmed desorption (TPD) 

using a 10 K/s linear temperature ramp up to 1200 K. Lithium (7 amu) desorption was tracked 

during heating  with a quadrupole mass spectrometer with the ionizer in direct line-of-sight with 

the sample and is shown in Fig. 3. After each TPD scan, an increasing dose of lithium was 

reapplied. The smallest lithium dose produced a TPD peak at 1040 K characteristic of strong Li-

TZM interactions, and a second peak appeared at 750 K with increasing Li dose. When the Li 

dispenser was operated at 5.04 A for 180 s, a third peak appeared near 560 K (curve 6 in Fig. 3). 

This peak corresponds to a desorption activation energy of 1.5 eV, close to the cohesive energy 
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(1.69 eV) of metallic lithium[30] and is attributed to desorption from a lithium multilayer. The 

threshold lithium dose resulting in the appearance of this peak is defined as that required for 

producing a single monolayer of lithium. A similar TPD pattern was found for lithium desorbing 

from a Ni(110) surface[31]. 

AES was performed with a PHI 15-225G cylindrical mirror electron analyzer (CMA) with a 

3 kV, 5.2 µA incident electron beam in a UHV chamber[28] with a base pressure of 5e-10 Torr 

(6.7e-8 Pa). We utilized control software to do time-resolved AES measurements in which a new 

AES spectrum was acquired every 3.6 s during the oxidation process. A lithium film was 

deposited on a TZM substrate at 350 K by operating the AMD at 5.18 A for 300 s. This produced 

a TPD curve with 6.8 times the area of the TPD curve with the 560 K peak (curve (6) in Fig. 3) 

and hence corresponds to a lithium deposition of 6.8 monolayers. An initial AES scan verified 

that the surface oxygen concentration was less than 2% and then the chamber was backfilled to 

1e-8 Torr (1.33e-6 Pa) with O2, CO, or H2O. The oxygen uptake was measured dynamically by 

repeated AES scans every 3.6 s over the O(KVV) region (480 – 530 eV) up to an exposure of 

12 L. A control experiment was performed to verify that there was no influence by the incident 

electron beam. Fig. 4 illustrates the results for oxygen exposure.  

The experiment was repeated for water vapor and carbon monoxide and the combined results are 

shown in Fig. 5. It can be seen that saturation in the O(KVV) signal occurred near 5 L for O2 and 

H2O. The AES probing depth is given by three times the imfp (λ), where λ is 1.62 nm for the 

513 eV KE O(KVV) electron [25], times the cosine of the electron take-off angle of 42.5° (in 

these experiments).  This depth is 3.6 nm, so AES probes the complete 1.6 nm thickness of the 

Li2O film assuming a uniform coating. The metallic Li(KVV) AES peak disappeared during the 

gas exposures used showing that the whole film is oxidized. From the data in Fig. 5 we calculate 

that oxidation to produce one monolayer of Li2O occurs after an exposure of ~1 L of H2O or O2, 

which is a result similar to that from the XPS data for a solid Li sample. This value is 

significantly lower than the 11-12 L reported for H2O in ref. 13 but our reanalysis of that data 

gives a result consistent with our measurement. As shown in Fig. 5 the O (KVV) AES signal rise 

for CO was four times slower than for H2O, which is also consistent with the XPS results that 

indicated ~ six times slower oxidation from CO compared to H2O.  
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4. Conclusions.   

The chemical composition of a plasma facing lithium surface is a key factor in lithium’s 

capability to absorb hydrogen isotopes and plasma impurities. The NSTX base vacuum is 

typically in the low 1e-8 Torr (1.3e-6 Pa) range. However immediately after a discharge it rises 

to 3e-6 Torr (4e-4 Pa) and is pumped out by a combination of turbomolecular pumps and 

cryopumps in the neutral beam box to a pressure below 1e-7 Torr (1.3 e-5 Pa) before the next 

discharge. Residual gas analysis shows the main constituents of the gas are hydrogenic species 

(77% mass 2, 3, 4) and water vapor (18% mass 17, 18, 19, 20). The intershot interval is 600 s or 

longer and lithium evaporation occurs during this time. Depending on the timing of the opening 

of the neutral beam valve, the vessel walls are exposed to 100 – 600 L of water vapor.  

Our HR-XPS and AES results above show that the top monolayer of a lithium film is oxidized 

by 1-2 L of water vapor or oxygen. The oxidation rate for carbon monoxide is about four times 

slower. TRIM calculations[32] show the stopping range of ~ 100 eV deuterium ions in lithium or 

lithium oxide is ~ 5 nm or ~20 monolayers of Li2O and is similar to the range probed by XPS 

and AES. The results indicate that the NSTX PFC surface layer that is accessible by plasma 

deuterium ions will be oxidized after 20 – 40 L exposure to water vapor in the NSTX residual 

vacuum and the PFC surface at the initiation of the discharge should be considered as a mixed 

material rather than a pure ‘lithium coating’. Oxygen can also combine with and trap deuterium 

and a complex carbon-lithium-oxygen-deuterium chemistry is reported in ref. [16]. Follow-up 

studies using scanning Auger microscopy on other lithium coated substrates, including single 

crystal molybdenum are planned.  
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Figure Captions: 

Fig. 1 (color online) HR-XPS spectra in the Li 1s region showing the transformation of lithium 

to lithium-oxide after exposure to water vapor at 6.2e-8 Torr.   

Fig. 2 Oxidation uptake plots using the area of the Li-oxide 56.6 eV BE HR-XPS peak to follow 

the growth of Li-oxide with increasing exposure to several gases. Exposures were 

corrected for ion gauge sensitivity. The lines are a visual aid. 

Fig. 3 TPD spectra of lithium (7 amu) desorption from films of increasing amount on a TZM 

substrate. The TPD trace (labeled 6) first showed a peak at 560 K that is attributed to 

multilayer lithium desorption. 

Fig. 4 Oxidation uptake plot showing repeated scans over the O(KVV) AES energy region (480 

– 530 eV KE) for TZM coated with a 6.8 ML Li film during exposure to oxygen starting 

at the time denoted by the arrow. The oxygen near surface concentration is proportional 

to the peak-to-peak height of the differentiated AES signal. 

Fig. 5  Oxidation uptake plots for a 6.8 ML lithium film on TZM obtained using the procedure 

depicted in Fig. 4. Plots are for exposure to O2 (top curve), water vapor (middle grey 

curve) and carbon monoxide. 

 



  

  

 

Fig. 1 (color online) HR-XPS spectra in the Li 1s region showing the transformation of lithium 

to lithium-oxide after exposure to water vapor at 6.2 e-8 Torr.  
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Fig. 2 Oxidation uptake plots using the area of the Li-oxide 56.6 eV BE HR-XPS peak to follow 

the growth of Li-oxide with increasing exposure to several gases. Exposures were 

corrected for ion gauge sensitivity. The lines are a visual aid. 
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Fig. 3 TPD spectra of lithium (7 amu) desorption from films of increasing amount on a TZM 

substrate. The TPD trace (labeled 6) first showed a peak at 560 K that is attributed to 

multilayer lithium desorption.  
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Fig. 4 Oxidation uptake plot showing repeated scans over the O(KVV) AES energy region (480 

– 530 eV KE) for TZM coated with a 6.8 ML Li film during exposure to oxygen starting 

at the time denoted by the arrow. The oxygen near surface concentration is proportional 

to the peak-to-peak height of the differentiated AES signal.  
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Fig. 5 Oxidation uptake plots for a 6.8 ML lithium film on TZM obtained using the procedure 

depicted in Fig. 4. Plots are for exposure to O2 (top curve), water vapor (middle grey 

curve) and carbon monoxide.  
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