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A B S T R A C T

Lithium (Li) coating of plasma-facing components (PFC) has led to improved plasma performance in fusion
experiments due to the effectiveness of Li in retaining hydrogen (H) isotopes and thus reducing recycling. Since
Li readily reacts with background gases present in fusion experiments, it is important to understand and para-
meterize the time dependence of deuterium (D) retention in Li and Li compounds for applications of Li under
future long-pulse plasma conditions. D retention in pure Li and composite LieO and LieCeO films was studied
as a function of time after these films were exposed to 450 eV D2

+ ion irradiation. The amount of deuterium
retained in both Li and LieO films at 300 K decreased at the same rate by 45% after 16 h. The amount of D
retained in LieCeO films was found to be independent of time up to 3 days. Increasing the temperature of a pure
Li film to 420 K increased this rate of decrease by 50%, while increasing the thickness of the lithium film from 3
to 16 monolayers had no effect on the decrease rate.

1. Introduction

Lithium (Li) coating of plasma-facing components (PFCs) has led to
improved plasma performance such as longer discharge time and higher
current density in fusion experiments [1–6]. These effects have been
attributed to the effectiveness of Li in reducing impurities in the plasma
and retaining hydrogen (H) isotopes such as deuterium (D), thus redu-
cing recycling [7–12]. Since Li readily reacts with background gases
present in fusion devices, it is important to understand and parameterize
D retention in both Li and Li compounds (LieO and LieCeO) for ap-
plications of Li under operating conditions. Furthermore, the evolution of
D retention in the PFCs, i.e. the time dependent fuel retention property, is
crucial under future long-pulse plasma conditions because of nuclear
safety regulations related to tritium inventory in tokamaks [13, 14].

Several previous works have examined the effect of impurities on D
retention in Li. Taylor et al. studied the effect of oxygen on D retention in
lithiated graphite [15,16]. Capece et al. examined the effects of both
temperature and contamination on D retention in ultrathin Li films on
TZM [17]. Similarly, a few studies have addressed the time dependent fuel
retention in PFCs. Bisson et al. [13] and Wierenga [18] have separately
examined the retention of D in tungsten as a function of time. Ohno et al.
have studied the time evolution of D in graphite [19]. Presently, no time
dependent retention study on Li exists in the literature. This work extends

the existing literature on H retention by investigating D retention in Li and
Li compounds (LieO and LieCeO) as a function of waiting time after
exposure to 450 eV D2

+ ions. This is a critical step in addressing what
happens to D trapped in Li PFCs between plasma shots, e.g., whether it
diffuses out of the Li, stays trapped or forms other compounds.

2. Experimental methods

All experiments were performed in a three-level, stainless-steel UHV
chamber (2× 10−10 Torr base pressure) equipped with Auger electron
spectroscopy (AES) and temperature programmed desorption (TPD)
capabilities, which enables the sample to be positioned for analysis by
AES and TPD while fully remaining under UHV conditions. AES was
performed with a PHI 15–255 G double-pass cylindrical mirror analyzer
(CMA). TPD experiments were performed with the sample in line-of-
sight of the ionizer of a shielded UTI 100C quadrupole mass spectro-
meter with the shield nozzle located 1mm from the sample. The
heating rate was 4 K/s. TPD was conducted monitoring these 12 masses:
2, 3, 4, 7, 9, 16, 18, 19, 20, 25, 28 and 32 amu. Surface coverages θ are
given in monolayers (ML), where 1 ML corresponds to the surface Ni
atom density of Ni(110) (1.14 × 1015 atoms/cm2).

A Ni(110) crystal (Princeton Scientific Corp, 8mm square, 1mm
thick,±0.5° orientation) was used as the substrate for all experiments to
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avoid effects due to grain boundaries, intrinsic defects, and impurities
diffusing to the surface [20]. The Ni(110) crystal was cleaned initially
using 1.5 keV Ar+ ion sputtering and annealing cycles at 1100 K. Addi-
tional oxygen treatments for several minutes at p(O2) = 4×10−8 Torr
with the sample at 1000 K were used to eliminate residual carbon. Hy-
drogen treatments for several minutes at p(H2) = 4×10−8 Torr with
the sample at 1000 K were used to eliminate residual oxygen. AES was
used to establish that no additional cleaning was needed between ex-
periments. Surface purity of the Ni(110) substrate prior to all experi-
ments was determined with AES to ensure carbon and oxygen con-
centrations of less than 0.1%. A well-ordered surface was confirmed by
low energy electron diffraction (LEED).

Li dosing was performed with a commercial Li metal dispenser (Li/
NF/7.3/17/FT, SAES Group) by thermal evaporation onto the Ni sub-
strate. The amount of Li dosed was calculated by integrating the total
area under the subsequent Li TPD curve, corrected for the mass spec-
trometer sensitivity to the translational energy of the desorbed species
[21]. The TPD area corresponding to θ = 1 ML has been defined pre-
viously [22]. As TPD is a destructive analysis technique, the Li film had
to be redeposited for each retention time experiment, and this resulted in
an experimental uncertainty of 8% (root mean square error) associated
with the Li film thickness.

D2
+ ions were produced in a PHI 04–303A differentially pumped

ion gun with adjustable ion energy from 0–5 keV, and a liquid nitrogen
trap was used in the D2 gas line to reduce H2O contamination. O2 and
CO (Praxair, 99.9%) was dosed through backfilling the chamber.
Hydrogen impurities from background coadsorption in all deuterium
experiments were less than 0.01 monolayers. All experiments were
performed at 300 K unless otherwise noted.

Time-dependent D retention studies after Li dosing and D2
+ ion

exposure, utilized different amounts of waiting time in the UHV en-
vironment prior to TPD and AES analysis. During the waiting time and
sample movement for analysis, the sample was maintained at the UHV
chamber base pressure of 2×10−10 Torr. Heating to 1350 K during
TPD after D2

+ ion exposure restored the Ni substrate surface order and
cleanliness, as confirmed by LEED and AES.

3. Results and discussion

3.1. Time dependent D retention in Li

Three monolayers of Li were deposited onto the Ni substrate and
subsequently irradiated with 4×1015 D2

+ cm−2 at 450 eV. We

confirmed that the entire Li film was converted to LiD by the dis-
appearance of a metallic multilayer Li peak in TPD (550–600 K) [22].
The LiD film was left undisturbed at 300 K for various amounts of time
before being analyzed by AES and then by TPD.

D2 TPD curves and AES spectra of the LiD film after different
amounts of waiting time before analysis are shown in Fig. 1. D2 TPD
curves show that D2 desorbed from a LiD decomposition-limited peak at
630 K [22]. With increasing amounts of waiting time, the 630 K peak
decreased and a shoulder at 520 K grew. The 520 K shoulder occurred at
a similar temperature to D2 desorption temperature from an oxidized Li
film, discussed in Section 3.2, indicating that the LiD film could have
been converted into Li oxide with increasing amounts of waiting time.
The suggested conversion of Li to Li oxide was confirmed by the AES
spectra, which showed a decrease in the metallic Li signal (51 eV) and
an increase in the Li2O signal (33 and 40 eV) and LiOD signal (45 eV)
[23–26] over time.

The observed conversion of Li to Li oxide is a result of the Li film
being oxidized by the residual water vapor (4×10−11 Torr) in the
UHV chamber during the long wait times for the experiments.

3.2. Time dependent D retention in LieO and LieCeO

A Li oxide film was formed by first depositing three monolayers of Li
onto the Ni substrate followed by backfilling the chamber with
1×10−7 torr of O2 for 5min. Li oxide, which chemically could be Li2O
or Li2O2, shall be presented as LieO in this work. We confirmed that the
entire Li film was oxidized, converted to LieO, by the disappearance of
the metallic Li peak in AES (51 eV) and by the disappearance of a
metallic multilayer Li peak in TPD (550–600 K) [22]. The LieO film
was subsequently irradiated with 4× 1015 D2

+ cm−2 at 450 eV. The
D2

+ ion treated LieO film was left undisturbed at 300 K for increasing
amounts of waiting time before being analyzed by AES and then by
TPD.

D2 TPD curves and AES spectra of the D2
+ ion irradiated LieO film

after different amounts of waiting time before analysis are shown in
Fig. 2. D2 TPD curves show that D2 desorbed from a single peak at
500 K. No LiD decomposition limited peak at 630 K was observed. With
increasing waiting time, this 500 K peak decreased. No other TPD peaks
were observed over time, indicating that the D2

+ ion treated LieO film
was chemically stable over time. This was confirmed by the AES
spectra, which showed two peaks at 33 and 40 eV (Li2O [24]) with no
significant changes over time.

Twenty minutes of CO exposure at 1×10−7 Torr to a 3-layer Li film

Fig. 1. TPD (left) and AES (right) of a 3-layer Li film irradiated with 4×1015 D2
+ cm−2 at 450 eV for increasing amounts of waiting time at 300 K.
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led to the formation of a mixed LieCeO composite surface. We con-
firmed that the entire Li film was converted to LieCeO by the dis-
appearance of the metallic Li peak in AES (51 eV). The LieCeO com-
posite film was subsequently irradiated with 4× 1015 D2

+ cm−2 at
450 eV. The D2

+ ion treated LieCeO film was left undisturbed at 300 K
for increasing amounts of time before being analyzed by AES and then
by TPD.

D2 TPD curves and AES spectra of the D2
+ irradiated LieCeO film

after different amounts of waiting time before analysis are shown in
Fig. 3. D2 TPD curves show that D2 initially desorbed from two peaks at
500 and 550 K. No LiD decomposition limited peak at 630 K was ob-
served. With increasing waiting time, the 550 K peak decreased and
diminished while the 500 K peak grew. No other TPD peaks were ob-
served. The AES spectra showed a small decrease in the LiOD signal
(45 eV), but showed no significant changes in Li2O signals (33 and
40 eV) over time.

3.3. Summary and comparison to literature

The D2 retention fraction as a function of time is plotted in Fig. 4.
The retention fraction of D2 is defined here as the integrated D2 TPD

area at various waiting times divided by the integrated D2 TPD area at
1min waiting time.

In addition to the results of the three experiments discussed in
Section 3.1 and 3.2, the results of two more experiments are included in
Fig. 4. First, labeled as Li (16 ML, 300 K), 16 layers of Li were deposited
onto the Ni substrate and subsequently irradiated with 8× 1015 D2

+

cm−2 at 450 eV. This thicker Li film was left undisturbed at 300 K for
increasing amounts of time before being analyzed by AES and then by
TPD. Second, labeled as Li (3 ML, 420 K), 3 layers of Li were deposited
onto the Ni substrate and subsequently irradiated with 4× 1015 D2

+

cm−2 at 450 eV. This Li film was left undisturbed at 420 K for in-
creasing amounts of time before being analyzed by AES and then by
TPD.

Furthermore, the time dependent D2 retention results at room
temperature on tungsten by Bisson et al. [13] and Wierenga [18] and on
graphite by Ohno et al. [19] are included for comparison.

The D2 retention fraction in the 3-layer Li film (black circle), 16-
layer Li film (square) and 3-layer LieO film (triangle) at 300 K de-
creased at similar rates to a final value of 0.5–0.6 after 1000min. Li and
LieO films exhibit similar D2 retention as a function of time, likely due
to the fact that Li was converted to Li oxide during the waiting time, as

Fig. 2. TPD (left) and AES (right) of a 3-layer LieO film irradiated with 4×1015 D2
+ cm−2 at 450 eV for increasing amounts of waiting time at 300 K.

Fig. 3. TPD (left) and AES (right) of a 3-layer LieCeO film irradiated with 4×1015 D2
+ cm−2 at 450 eV for increasing amounts of waiting time at 300 K.
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discussed in Section 3.1. The D2 retention fraction in the 3-layer Li film
at 420 K (red circle) decreased at a faster rate to a final value of 0.32
after 730min. This faster rate of decrease at higher temperature can be
explained if the loss mechanism of D2 from Li and LieO films is physical
diffusion.

D2 retention in the 3-layer LieCeO film was found to be in-
dependent of time up to 4320min (3 days). The D2 retention fraction in
the 3-layer LieCeO film eventually decreased to 0.75 after 9360min
(6.5 days). Clearly, the LieCeO has an altered the loss mechanism for
D2 retained in these Li compounds.

Comparing these results to D2 retention in tungsten and graphite, it
can be seen that at 300 K, the D2 retention fraction decreased fastest in
graphite over time, followed by Li and LieO, and then tungsten. The D2

retention fraction decreased slowest in LieCeO.
The amount of Li was observed to be independent of the time after

exposure of D2
+, as determined by Li TPD (not shown here). This is

expected since Li does not evaporate significantly below 420 K on the
timescale of these experiments and Li is reversibly adsorbed and thus
fully desorbs without loss of Li into the Ni substrate [20].

4. Conclusions

D2 retention in pure Li and Li compound (LieO and LieCeO) films
has been studied as a function of time after these films were exposed to
450 eV D2

+ ion irradiation. The amount of D2 retained in both Li and
LieO films at 300 K decreased at similar rates by 45% after 16 h, likely
due to Li being oxidized to Li oxide during the waiting time. The re-
tention in LieCeO films was found to be independent of time up to
three days. Increasing the temperature of the Li film to 420 K increased
this rate of decrease, which can be explained if the D2 loss mechanism
from Li film is physical diffusion. Comparing to literature results of D2

retention in other materials at 300 K, the D2 retention capability of Li
and LieO over time falls between graphite (which loses D2 faster) and
tungsten (which loses D2 slower).
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