
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Deuterium Uptake in Magnetic-Fusion Devices with Lithium-
Conditioned Carbon Walls

P. S. Krstic, J. P. Allain, C. N. Taylor, J. Dadras, S. Maeda, K. Morokuma, J. Jakowski, A.
Allouche, and C. H. Skinner

Phys. Rev. Lett. 110, 105001 — Published  4 March 2013
DOI: 10.1103/PhysRevLett.110.105001

http://dx.doi.org/10.1103/PhysRevLett.110.105001


LZ12981

REVIE
W

 C
OPY

NOT F
OR D

IS
TRIB

UTIO
N

Deuterium Uptake in Magnetic Fusion Devices with Lithium Conditioned Carbon

Walls

P. S. Krstic∗

Joint Institute of Computational Sciences, University of Tennessee, Knoxville, TN, USA

Department of Physics and Astronomy, University of Tennessee, Knoxville, TN, USA. and

Physics Division, Oak Ridge National Laboratory, Oak Ridge, TN, USA.

J. P. Allain
School of Nuclear Engineering, Purdue University, West Lafayette IN, USA and

Birck Nanotechnology Center, West Lafayette, IN, USA.

C. N. Taylor
School of Nuclear Engineering, Purdue University, West Lafayette IN, USA. and

Fusion Safety Program, Idaho National Laboratory, Idaho Falls, ID, USA.

J. Dadras
Department of Physics and Astronomy, University of Tennessee, Knoxville, TN, USA.

S. Maeda and K. Morokuma
Fukui Institute for Fundamental Chemistry, Kyoto University, Kyoto, Japan.

J. Jakowski
National Institute for Computational Sciences, University of TN, Knoxville, TN, USA

A. Allouche
PIIM, CNRS, & Aix-Marseille University, Marseille, France.

C. H. Skinner
Princeton Plasma Physics Laboratory, Princeton, NJ, USA.

(Dated: January 22, 2013)

Lithium wall conditioning has lowered hydrogenic recycling and dramatically improved plasma
performance in many magnetic fusion devices. In this work we report quantum-classical atomistic
simulations and laboratory experiments that elucidate the roles of lithium and oxygen in the up-
take of hydrogen in amorphous carbon. Surprisingly, we show that lithium creates a high oxygen
concentration on a carbon surface when bombarded by deuterium. Furthermore, surface oxygen,
rather than lithium, plays the key role in trapping hydrogen.

PACS numbers: 28.52.-s, 52.40.Hf, 82.33.Xj, 73.22.-f

Plasma wall interactions profoundly affect the perfor-
mance of magnetic fusion devices. Treating the plasma
facing components with low-Z materials such as boron
and lithium has successfully improved plasma perfor-
mance in many metallic and carbon-walled tokamaks
around the world [1–3]. In this paper we seek to identify
the fundamental physical and chemical mechanisms that
occur at a plasma-facing lithiated-carbon surface that
lead to improved fusion plasma performance in part by
reduced hydrogenic recycling. Prior to this work, these
improvements were attributed to be the result of a simple
lithium-deuteride (LiD) bond in the context of lithium-
based surfaces [4–7]. However, we show that the role
of lithium is primarily to bring and retain oxygen at
the surface and that the oxygen in turn retains hydro-
genic species. Intriguingly, bombardment of the surface
by deuterium significantly enhances the surface oxygen

concentration. We present experimentally validated com-
puter simulations that show that the dominant mech-
anism for deuterium uptake in the resulting Li-C-O-D
system is the strong interaction between deuterium and
oxygen. This surprising result accounts for the beneficial
plasma-lithium surface interactions observed in tokamak
fusion devices with carbon plasma facing components.

Experiments in tokamaks using lithium conditioning
began in 1990 when the Tokamak Fusion Test Reac-
tor (TFTR) achieved record fusion plasma confinement
regimes after extensive deposition of lithium on the car-
bon limiter [8]. Recently Maingi et al. [9, 10] reported
a series of H-mode discharges in the National Spheri-
cal Torus Experiment (NSTX) where recycling was re-
duced, edge-localized modes (ELMs) suppressed, and en-
ergy confinement increased continuously as the accumu-
lated lithium dose increased from 0.11 g to 8 g (nominal
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Li thickness between 30 and 125 nm). NSTX has mostly
ATJ graphite plasma facing tiles.
Early laboratory experiments with pure lithium sur-

faces exposed in linear plasma devices showed that liquid
lithium could retain deuterium in solution and as solid Li-
D precipitates at ratios as high as 1:1 [4, 5, 11]. However,
the intrinsic physics and chemistry in lithiated carbon is
significantly different primarily due to intercalation of
lithium atoms into the (carbon) structure [12–16]. Fur-
thermore the complex chemistry of O and C bonding with
Li and D yields a mixture that renders Li-D bonding less
likely. Recent studies have in fact indicated that lithium
begins to interact with carbon and oxygen immediately
upon deposition [14, 17].

This work also has ramifications in areas outside fusion
such as: hydrogen storage (in lithium-carbon based ma-
trices), graphene band-gap engineering and lithium-air
batteries [18, 19]. For example, one of the mechanisms for
tuning the graphene band gap has focused on the ability
for alkali metals (e.g. K and Li) and hydrogen to induce
changes in the electronic band states. Deciphering the
mechanism for hydrogenation in graphene systems can
introduce designed pathways towards graphene-based in-
sulators [20]. Furthermore the role oxygen can play in the
retention of hydrogen in both graphene-based systems
and hydrogen and lithium-battery systems needs further
elucidation, in part provided in the work presented here.
Laboratory experiments with in-situ XPS measure-

ments of carbon, before and after lithium deposition and
D bombardment show remarkable changes in the atomic
surface concentration of oxygen, see Fig. 1. This figure
illustrates that lithium conditioning of carbon increases
the surface oxygen content and that ion bombardment
greatly amplifies the increase. Before treatment, oxygen
accounts for 5 at. % of the near-surface composition (top
5-10 nm) [21]. Following lithium deposition, the oxygen
concentration increases modestly. For the sample shown
in Fig. 1 the oxygen near-surface concentration reaches
8%. After deuterium irradiation (500 eV/amu), however,
the oxygen concentration rises much more dramatically
and the elemental near-surface compositions reach 35%
oxygen, 10% carbon, and 55% lithium. In stark contrast,
irradiating a sample without lithium conditioning actu-
ally decreases the amount of oxygen on the surface to
1%.

This dramatic increase in surface oxygen content dur-
ing deuterium bombardment is surprising, and leads to
unexpected consequences for the deuterium chemistry. In
particular we found that when lithiated carbon is bom-
barded with low-energy deuterium ions ( 50-500 eV), sig-
nificant chemical shifts in the oxygen XPS photoelectron
O1s spectrum are observed experimentally [14, 17, 21–
23]. The chemical changes were observed as stronger
shifts in the O1s spectra when compared to those found in
Li1s and C1s XPS spectra for lithiated carbon (and also
compared to laboratory XPS experiments with lithium-
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FIG. 1: Oxygen evolution during irradiation, measured by X-
ray photoelectron spectroscopy. Black, filled bar: A sample
of polished ATJ graphite without lithium conditioning; Red
hatched bar: Lithium conditioned sample.

only foils [21]), challenging the notion that the uptake
of deuterium occurred by hydride bonding with lithium
atoms. The correlation between the presence of lithium
and irradiation with deuterium on the uptake of D atoms
is clearly shown in Fig. 1. Our computer simulations
below show that the D uptake chemistry is dominantly
governed by oxygen if its surface concentration is suffi-
ciently high or comparable to lithium, as was the case in
the experimental results shown in Fig. 1 that motivated
the present work.

We have applied quantum-classical molecular dynam-
ics (QCMD) modeling [24] based on Self-Consistent
Charges Density Functional Tight-Binding (SCC-DFTB)
[25, 26] to gain a detailed understanding of the D uptake
chemistry. Our approach is similar to the one described
in [27]. Sample matrices of about 250 atoms with five
different atomic compositions were bombarded with 5 eV
deuterium atoms, defining the size of the computational
cell which is limited by the computational capabilities of
QCMD. The quantum-mechanical part of the QCMD is
required by polarization effects induced by the presence
of Li and O. For each matrix composition the calcula-
tion was repeated with five thousand trajectories to ac-
quire statistically significant results. We determined the
final rest location of the incident deuterium in relation to
other elements in the matrix, and tabulated the nearest
neighbors of, and partial charge transfer from the deu-
terium atom. Figure 2 shows the results, averaged over
all trajectories that resulted in the uptake of deuterium,
with three bars for each of the five matrices labeled P,
Q, R, S, T. For each three, the leftmost bar represents
the atomic composition prior to impact; the central bar
shows the nearest neighbor (NN%) to the final rest lo-
cation of the incident deuterium; and the rightmost bar
the percentage of the retained deuterium atoms that, on
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FIG. 2: QCMD results, averaged over a large sample of ran-
dom impact D trajectories of five surface matrices with differ-
ent compositions. In each set of three, the leftmost bar shows
the atomic composition, the central bar the nearest neighbor
(NN%) to the final rest location of the incident D, and the
rightmost bar the fraction of the deuterium atoms sharing
charges (CT%) with one of the constituents of the matrix.

average, share the charge transfer (CT%) with a given
matrix constituent (the whole system stays neutral). The
NN% and CT% values were obtained independently and
are strongly correlated, implying the distribution of the
probable binding of the retained deuterium atom in the
matrix of the mixed atoms. In Fig. 2 matrix Q has 20%
lithium, but deuterium binds to lithium in only 9% of
cases (NNLi=9%, CTLi=8.8%). Even when there is an
equal 20% quantity of oxygen and lithium in the car-
bon, as in matrix R, the oxygen by far dominates bond-
ing with deuterium (NNO=CTO=27%) while bonding of
deuterium with lithium (NNLi=5%, CTLi=5.7%) is sup-
pressed below the lithium atomic concentration of 20%.
For matrix T, without lithium, but with 20% of oxy-
gen, 30% of implanted deuterium atoms bind to oxygen,
i.e. more than one deuterium atom binds to each oxygen
atom. The effect of deuterium accumulation is examined
in matrix S which has 16% each of lithium, oxygen and
deuterium. Here the qualitative conclusions are the same,
incident deuterium tends to avoid lithium with percent-
ages for nearest neighbor and charge transfer (NNLi=3%,
CTLi=9%) lower than the lithium atomic composition
percentage of 16%. While the initial deuterium in the
matrix S can be a nearest neighbor to the incident deu-
terium when it has come to rest, they do not mutually
bind as indicated by CTD=0%.

These simulation results clearly reveal the importance
of oxygen surface concentration levels for deuterium up-
take chemistry, when the oxygen concentration reaches
or exceeds that of lithium. In reference [27] much lower
concentrations of oxygen did not have any pronounced
effects on the deuterium uptake even in the presence of
lithium. Although the ions incident on surfaces in fusion
devices are often more energetic than 5 eV, we exper-
imentally demonstrate and illustrate in Fig. 3 that the
near-surface chemistry does not change over a wide range

of incident energies.

The species charge distribution within the matrix con-
firms that lithium is not playing a major role in retaining
deuterium when there is a higher or comparable concen-
tration of oxygen with respect to lithium. Even when
lithium is present in the carbon matrix, deuterium pref-
erentially chooses to be in the vicinity of oxygen for its
final bonding. These results corroborate the observed
XPS spectral shifts that are correlated to the presence of
lithium and deuterium where the effect can be seen pre-
dominantly in the electronic band states of oxygen atoms
[17]. These conclusions are also consistent with the re-
cent first principles computational chemistry calculations
[28, 29] using Plane-Wave DFT on binding chemistry of
H, O and Li in the graphite matrix.

At the plasma-material interface in nuclear fusion re-
actors, the plasma sheath dictates the incident charged-
particle bombardment energy, which can influence wall
erosion and material mixing. Our focus in this work,
however, is the D uptake chemistry of hydrogen, which
mainly evolves at the end of the collision cascade of the
impact particle, when it is almost thermalized. Although
the ions incident on surfaces in fusion devices are often
more energetic than 5 eV, we experimentally demonstrate
and illustrate in Figure 3 that the near-surface chemistry
does not change over a wide range of incident energies.
Figure 3 shows XPS analysis of two carbon samples in its
virgin and lithiated states, as well as after bombardment
with 50 eV and 200 eV deuterium ions. Irradiation of
lithiated graphite by 1 keV deuterium ions (500 eV/amu)
results in the formation of Li-O (530.0 eV) and Li-O-D
(532.6 eV) chemical complexes [17]. Figure 3 shows the
O1s shift to 533.0 eV (corresponding to Li-O-D interac-
tions) develops when bombarded by either 200 or 50 eV
deuterium ions. These results imply qualitative indepen-
dence of the relevant chemistry by the impact energy,
at least as long as the impact particle penetration stays
within the XPS range (<10 nm, which is the case at the
considered impact energies). Accordingly, 5 eV ion en-
ergies in simulations, low energy monoenergetic ions in
beam experiments, and the distribution of ion energies in
fusion plasmas yield qualitatively identical surface chem-
istry. Although these results demonstrate favorable bind-
ing of impacting deuterium by oxygen, the key issue for
their applicability to the fusion plasma-facing surface is
the presence of unexpectedly high quantities of oxygen
in the surface.

Quantum-classical molecular dynamics modeling was
also applied to estimate D uptake and reflection proba-
bilities (a) and ejection yields (b) of various surfaces upon
impact of 5 eV D and the results are shown in Fig. 4.
As one would expect from the results in Fig. 4, Li does
not contribute much to suppress ejection or enhance deu-
terium uptake, in fact, Matrix Q with 20% Li and 80%
C shows higher ejection than the other compositions in
consideration. The presence of lithium alone (case Q)
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FIG. 3: Chemistry occurs at ion end-of-range. Energetic deu-
terium ions slow down to thermal energies after entering the
lithiated carbon substrate. Chemistry occurs at the end-of-
range for the ions. The XPS data here show lithiated carbon
(blue traces) bombarded by 50 eV and 200 eV deuterium ions
with nominally identical results. The peak at 530.0 eV rep-
resents Li-O bonds and the peak at 532.6 eV represents D-O
interactions catalyzed by lithium.

does not improve deuterium uptake and carbon ejection
in comparison to pure carbon (case P); in contrast, it has
a negative effect of increasing carbon erosion. It is the
presence of oxygen, with or without lithium that sup-
presses ejection and enhances deuterium uptake. When
oxygen is present in amounts greater than or compara-
ble to that of lithium (cases R, S, and T), deuterium
recycling and carbon erosion decrease. This conclusion
is consistent for single D bombardments as well as the
case where deuterium accumulates in the sample (matrix
S). Even though the uptake of D is only increased by
10% this is significant because the absolute size of the
effect depends on concentration of oxygen and lithium,
surface structure, energy deposition by D and size of the
sample, whose actual quantities are difficult to reach in
quantum-classical atomistic calculations. Furthermore,
simulations are consistent with experimental results of
reduction of both chemical and physical sputtering mea-
sured by the work of Yagi et al. [30] and Allain et al [23].
Deuteration of the lithiated and oxydated carbon (case
S) weakly influences this conclusion.

From both experiments and computational modeling
we can now summarize the primary mechanisms respon-
sible for trapping of deuterium in lithiated carbon. First,
experiments [14] showed that deuterium uptake occurs
via mechanisms that include O and C. Next, computa-
tional modeling results conclude that deuterium is pri-
marily bound by oxygen in the Li-C-O matrix. Exper-
iments (Figs. 1) showed that once the lithiated carbon
(with only 10% oxygen in the top 4-8 nm) is irradiated
with deuterium, the concentration of oxygen in the top
10 nm can increase dramatically to as much as 35%. Con-

FIG. 4: Simulation results of D-uptake and ejection of the
target matrix material. (a) Uptake and reflection probabilities
of impact D, and (b) total and C ejection yields for the various
matrix compositions, P-T, defined in Fig. 2.

trol experiments (blue symbols in Fig. 1) of carbon sur-
faces (with about 5% oxygen) irradiated with deuterium
lead to a decrease in oxygen concentration to levels of
about 1-2%, which discard C+O (without Li) as a viable
alternative for a plasma-facing wall in a fusion reactor.
Lithium therefore is understood as a physical precursor
that brings and retains oxygen to the surface (e.g. first 4-
8 nm) thereby increasing the probability of D uptake by
oxygen atoms. There are three major potential sources
of oxygen: 1) impurity oxygen atoms from the Li evap-
oration source, 2) breakdown of water from the ambient
residual gases at the surface during irradiation, and 3)
oxygen from within the carbon substrate. Each case in-
cludes conditions identical to the case of fusion devices
given the average water background is about 10−6 mbar
or higher. Studies by Nieto et al. [31] showed water can
readily breakdown on lithiated graphite surfaces increas-
ing the surface oxygen concentration.

The amount of oxygen found with lithium deposition is
well known [7]. The deposited lithium on carbon-based
allotropes readily intercalates and when these surfaces
are irradiated, additional oxygen can be driven to the
surface by radiation-induced segregation and diffusion
mechanisms [32, 33].

Our findings, consistent with XPS data presented in
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Fig. 1, as well as the simulation results in Figs. 2 and 4,
have far reaching consequences for a number of fusion ex-
periments that use lithium conditioning techniques [2, 6]
on carbon PFCs. We find oxygen plays the key role in the
binding of hydrogen, while lithium is the physical precur-
sor for oxygen accumulation in the surface, i.e. lithium
is the oxygen getter. When there is a significant amount
of oxygen in the surface, compared to that of lithium,
oxygen becomes the main player. Lithium has a minor
influence on the deuterium chemistry in carbon; however,
in practice, lithium is essential in attracting the oxygen,
which in turn retains deuterium.
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