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Abstract

The review of recent theoretical and experimental research on the complex surface chemistry processes that evolve from low-Z material
conditioning on plasma-facing materials under extreme fusion plasma conditions is presented. A combination of multi-scale computational
physics and chemistry modeling with real-time diagnosis of the plasma-material interface in tokamak fusion plasma edge is complemented by
ex-vessel in-situ single-effect experimental facilities to unravel the evolving characteristics of low-Z components under irradiation. Effects of the
lithium and boron coatings at carbon surfaces to the retention of deuterium and chemical sputtering of the plasma-facing surfaces are discussed
in detail. The critical role of oxygen in the surface chemistry during hydrogen-fuel irradiation is found to drive the kinetics and dynamics of
these surfaces as they interact with fusion edge plasma that ultimately could have profound effects on fusion plasma confinement behavior.
Computational studies also extend in spatio-temporal scales not accessible by empirical means and therefore open the opportunity for a strategic
approach at irradiation surface science studies that combined these powerful computational tools with in-vessel and ex-vessel in-situ diagnostics.
© 2018 Science and Technology Information Center, China Academy of Engineering Physics. Publishing services by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Challenges of plasma-material interactions exposed to
fusion plasmas

The interactions of a thermonuclear tokamak plasma and
the bounding material surface are inherently extreme.
Providing energy from nuclear fusion and in particular,
confining magnetically hydrogen isotopes to sustain the re-
action is one of the grand challenges of today. Energetic
charged, excited, neutral and neutron particles interact with a
material surface that is constantly evolving under extreme
conditions of heat, pressure, radiation and stress. This dynamic

interaction results in the combination of two disciplines:
plasma physics and material-surface science, resulting in one
of the most challenging areas of multidisciplinary science.
Plasma-material interactions (PMI) have an important role in
the operation of a fusion reactor due to the high particle flux
and heat-flux from the fusion plasma resulting in damage of
the plasma facing components (PFCs), limiting their lifetime
while the sputtered material effecting cooling the core plasma.
One consequence of complex plasma-material interactions is
the effect on the plasma edge pedestal where steep gradients of
density and temperature of the electrons in the plasma can be
significantly affected by the impurity flux and the recycling of
hydrogen fuel from the wall surface. The PMI has multiple
spatio-temporal fundamental processes and synergies [1e5]
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driven by both the plasma on one side of the interface and the
material transformation on the other. A major goal in PMI
science is to extend high-performance plasmas for very long
durations and to integrate this performance with PFCs that can
withstand high heat and particle fluxes while maintaining
structural integrity and controlling retention of fusion fuel
[6,7]. The nuclear fusion plasma-material interaction provides
an environment where both the radiation and matter interac-
tion are at extreme conditions. Extreme conditions are here
defined as those that drive matter far from equilibrium and in
some cases “very far” from equilibrium. For example, current
fusion tokamak experimental devices with power extraction
levels between a few MW/m2 are for the former case and those
above 25e50 MW/m2 heat fluxes with radiation damage of
several tens to hundreds of dpa (displacements per atom) for
burning-plasma fusion reactors, are for the latter case. Among
the most elusive technical challenges for the advancement of
thermonuclear magnetic fusion energy is the predictive control
of hydrogen recycling in the PFC materials as well as the
management of erosion and defects induced by plasma particle
and neutron irradiation and these effects on plasma confine-
ment [8,9]. One of the critical knowledge gaps is an under-
standing of the changes in surface composition and chemistry
at the atomic-to-nano spatio-temporal scales in the extreme
conditions in tokamak fusion plasmas. The non-linear
coupling of energetic particles and the material surfaces that
continually evolve under the extreme conditions of a tokamak
plasma makes it difficult to measure and let alone predict
material behavior. By establishing an understanding of the
plasma-material interaction one would ultimately begin to
establish links to overall tokamak machine performance across
both time and spatial scales combining real-time measure-
ments in these extreme environments. The tools of which
would include validating advanced computational PMI codes
with well-diagnosed in-situ facilities and connecting these
results to provide tendencies and qualitative behavior that can
guide materials design and tokamak operation regimes.
Although there has been historically a recognition of the
importance of plasma-material interaction in fusion tokamaks,
the majority of the work has been inherently Edisonian with
very limited capability to capture the dynamic, evolving ma-
terial surface.

Both low and high Z choices for plasma facing surfaces
(PFS) in present tokamak fusion devices have significant
performance issues [4,5,10,11]. PMI research in the National
Spherical Torus Experiment (NSTX) and its Upgrade (NSTX-
U) of the Princeton Plasma Physics Laboratory is focused on
testing a variety of PFC candidate materials including low-Z
coated graphite, high-Z materials (W, Mo) and liquid metals.
Although carbon has been down selected as a viable future
plasma-burning fusion reactor wall material [12], it remains
the primary material component in most existing experimental
tokamak devices. Therefore, devices that study unique plasma
confinement regimes and boundary plasma effects such as the
work in NSTX-U leverage the use of wall conditioning tech-
niques as enabling technologies. The conditioning of plasma
facing carbon components by lithium and boron is an

important part of this research effort and it has led to the
improved performance in fusion reactor experiments [13,14].
This has included numerous pioneering research efforts on
complex PMI surface chemistry and physics validated in
NSTX plasma regimes [6,7,15e20].

The combination of high-energy, high heat-flux and the
complex evolution of material surfaces exposed to tokamak
plasmas result in deciphering mechanisms under extreme con-
ditions with sophisticated experimental and computational tools.
The work of Allain and Krstic is to couple experimentally-
validated multiscale theory and simulation, starting from
mutually verifying quantum mechanical and classical atomistic
computations to study the dynamics of the creation and evolu-
tion of the plasma material interface under irradiation by atoms
and molecules at boronized carbon, lithiated carbon, boronized-
lithiated carbon, with both solid and self-healing liquid metals
(e.g. lithium). The time scale ofmost of the surface chemical and
topology changes is in the picosecond to nanosecond range of
the atomistic approaches. The goal of this review is to provide a
bottom-up understanding of phenomenology and predictive
tools necessary for successful design of the relevant laboratory
experiments of plasma-particles retention, sputtering, reflection
and morphological changes in extreme conditions, as well as the
input parameters for the source and sink terms in appropriate
nano-to-mesoscale modeling.

Conditioning of PFCs is an important enabling procedure
for tokamak operation [14]. A major challenge for magnetic
fusion devices generally is to extend high-performance
plasmas for very long duration, and to integrate this high
performance with PFCs that can withstand very high heat and
particle fluxes while maintaining structural integrity with
controllable retention of fusion fuel in a severe fusion reactor
environment. Conditioning with boron and lithium has led to
improved performance of a variety of experimental fusion
machines [15,21]. In NSTX-U wall conditioning with boron
was used to provide fuel density control and impurity reduc-
tion [15,16]. NSTX-U is comprised of mostly carbon-based
PFCs (i.e., ATJ graphite tiles) as stated earlier. Traditionally
boron has been applied to the first wall of magnetic confine-
ment machines via plasma-enhanced chemical vapor deposi-
tion (PE-CVD), using mixture of a buffer gas (e.g. He) and a
gas that contains B atoms (e.g. diborane (B2H6) or trime-
thylborane (B[CH3]3)) [22].

Recent work with lithium coatings evaporated on a variety
of metallic and graphitic surfaces in over ten tokamak fusion
machines around the world, has provided an evidence of the
sensitive dependence of plasma behavior on lithiated plasma
facing surfaces [23e25]. Thus, in NSTX, Li evaporation
decreased the H-mode access power threshold, increased the
stored energy and allowed longer plasma discharges when
compared with plasma discharges without Li conditioning
[21]. These improvements have been correlated to the reduc-
tion of impurities and with the reduction of fuel recycling with
the formation of Li-O-D complexes [17]. In addition, He-glow
discharge (He-GDC) approaches have also been used together
with wall conditioning using B or Li depending on the desired
performance conditions of NSTX plasmas [26]. In this work
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dedicated He-GDC treatment of graphite surfaces prior to Li
deposition resulted in a reduction of fuel particle transport
from the far scrape-off-layer (SOL) reducing the particle
source into the SOL and resulting in enhanced plasma per-
formance. In this example, the complexity of He-induced
collisional kinetics and surface chemistry evolution has
introduced new questions about existing capabilities for pre-
diction of PMI under irradiation-driven effects at the surface
of complex Li or B-treated graphite surfaces in NSTX and
more generally in mixed re-deposited materials in fusion de-
vices. Although future plasma-burning reactors likely may not
use graphite (i.e. graphite at high temperatures will retain high
amounts of tritium and it will degrade under neutron irradia-
tion), an understanding of the dynamic surface chemistry of
low-Z materials is critical for high-duty cycle fusion reactor
operation. In addition, with over 70% of existing experimental
tokamak devices consisting of carbon PFCs, this review pro-
vides additional insights on fusion plasma-induced material
mixing and irradiation-driven chemistry with important ram-
ifications on fuel recycling and impurity emission. Further-
more, this review also serves as an important case study on
development of advanced computational approaches combined
with in-vessel PMI diagnosis (e.g. PMI measurements inside
tokamak environments) and in-situ ex-vessel PMI experiments
that mimic conditions in tokamaks. This review article is not
intended to be exhaustive but rather delve deeply in the
methodologies and approaches of the complex PMI in fusion
tokamak devices reflected mostly in the author's recent work
on the subject. This is the first review that addresses a critical
issue for nuclear fusion and nuclear materials in general on the
importance of surface chemistry under extreme conditions
found in nuclear fusion devices. The point is that this material
is targeted to a broader audience and one that may not be as
familiar with nuclear fusion. This review is also the first to
bring together both in-situ experiments in extreme environ-
ments and advanced computational modeling in the area of
plasma-material interactions. This is significant given that due
to the extreme conditions both the empirical and computa-
tional models are used collectively to provide a better under-
standing. This review outlines and delineates a research
approach at closing significant technology gaps that has
challenged the PMI fusion community.

Although graphite will not be the focus of plasma-burning
reactors, the use of carbon-based materials is still being
considered. Thus, there is an emergent work in nuclear fusion
materials research, which is examining materials such as SiC
and complex steels where carbon plays a significant role. In
addition, advanced refractory alloy materials with ductile-
strengthened precipitates will use carbon-based phases.
Furthermore, the aspects of lithium and boron in the context of
the first wall and extreme conditions are significant for re-
actors and therefore serve as an excellent platform to discuss
PMI. The intention of this review, however, is beyond just
nuclear fusion and to provide an example of how computa-
tional tools together with in-situ diagnostics can both elucidate
complex physics under extreme matter and radiation
interactions.

2. Challenges to surface chemistry and physics under
extreme fusion conditions

As discussed earlier, one of the critical knowledge chasms
in fusion PMI science is deciphering the complex coupling of
edge plasma with materials surface evolution. The plasma-
material interface is a dynamic, evolving, reconstituted re-
gion of material that is constantly eroded and re-deposited a
million times over, rendering conventional approaches to
surface science inadequate to provide a complete picture of the
key mechanisms governing fusion PMI. The extreme condi-
tions found in fusion tokamaks also result in limiting access to
material characterization. Moreover, conventional post-
mortem characterization of material samples exposed to
fusion plasma campaigns in experimental devices consisting
of thousands of plasma shots cannot completely capture the
dynamic nature of the PMI. The methodology requires
combining several complementary conventional and non-
conventional approaches to provide a more rich, comprehen-
sive and accurate understanding of surfaces under extreme
fusion conditions.

For example, the characteristic fluence of D particles in
low-Z covered surfaces can range from a few seconds to cu-
mulative time of a few hours. Fluxes usually between few
1013 cm�2 s�1 up to 1021 cm�2 s�1 can drive matter very far
from equilibrium whereby phase transformations along a
surface yields irradiation-driven compositions that can change
hydrogen retention by orders of magnitude. Moreover, the
impurity retention and emission, and in particular the role of
oxygen, could never be captured unless one is actively
observing these variations during the timescale of modification
(e.g. during plasma-induced modification time scales).

In this respect, specialized real-time PMI tools are designed
and integrated into existing tokamak experimental devices
such as NSTX [18,27] complemented by ex-vessel in-situ
characterization facilities that mimic pre-determined condi-
tions such as incident ion energy, species, angle and fluence
coupled to surface characterization tools (e.g. X-ray photo-
electron spectroscopy (XPS), low-energy ion spectroscopy
(LEISS), thermal desorption spectroscopy (TDS), etc.).
Although pure surface science platforms can in fact inform on
fundamental aspects of material surfaces exposed to energetic
particles found in non-equilibrium plasmas, they can only
capture a limited aspect of the complex PMI under extreme
conditions in tokamak plasmas. Furthermore, providing in-situ
ex-vessel characterization facilities and approaches [28e31] is
not sufficient and one must incorporate robust multi-scale
computational tools that help elucidate and extend experi-
mental measurements. This approach to fusion PMI is defined
by “irradiation surface science” whereby one must bring the
coupled PMI mechanisms under both computational and
empirical approaches with sophisticated multi-scale tools that
access states of matter (e.g. solid, plasma, gas) evolving over
the course of irradiation-driven kinetics.

In the extreme environment encountered in fusion devices
impurity control and hydrogen fuel management can become
elusive. Since oxygen is always present in carbon, the
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conditioning material, as well as from water ambient back-
ground, its concentration is greatly enhanced in the interface
surface layers by deuterium irradiation, reaching over 20%
atomic concentration in both lithiated (Fig. 1) [6], and
boronized carbon (Fig. 2) [18]. Note that in Fig. 1(b) the ox-
ygen concentration is decreased with deuterium irradiation (by
chemical etch) and increased with deposition of Li. Therefore,
complex computational tools require the inclusion of oxygen
as an important component of the studied surfaces [2,14,32].
In the case lithium is present in the mixture of the plasma-
material interface, the surface dynamics and chemistry is
substantially changed, in comparison to hydrocarbons.
Lithium, like other alkali metals, has a weakly bound valence
electron. Lithium is the lightest of all metals, i.e. its low Z
(Z ¼ 3) implies two electrons strongly bound in a closed 1s2

shell, while the third electron is loosely bound in the open 2s
shell, implying a large effective radius of the atom.

This may have consequences to the morphology of the
materials containing lithium. However, the weak bonding also
causes that the 2s electron is easily deformed in the vicinity of
other atoms, extending the orbit toward these atoms, trans-
ferring partially or completely the quantal electron distribution
to the neighbors, thus inducing electric charge interactions.
Long range interactions in molecular dynamics have been
readily “avoided” in the past because of the possible prohib-
itive computational cost. Namely, it is difficult to study the Li
dynamics theoretically because of its polarizing features when
interacting with other elements. These features are most
transparently represented by the quantity called electronega-
tivity, i.e. the chemical property of an element which defines
its tendency to attract electrons. The electronegativity of Li is

exceptionally low, and it is lower in comparison to that of the
elements readily met in NSTX. On the other hand, oxygen has
an exceptionally high electronegativity and it acts as a getter
of negative charges in the material mix.

The commonly accepted electronegativity scale is proposed
by Pauling [34], and in that scale Li has an electronegativity of
0.98, carbon of 2.55, hydrogen 2.2, tungsten 2.36, molybde-
num 2.16, boron 2.04, iron 1.83, tantalum 1.5, beryllium 1.57,
and oxygen 3.44. Obviously, the very low electronegativity of
lithium in comparison to the other fusion materials causes its
positive polarization in mixtures with these materials, while
the material becomes negatively charged (the whole system

Fig. 1. (a) X-ray photoelectron spectra of lithiated graphite [5]. Un-treated virgin graphite (black) has two primary photoelectron peaks whose binding energies are

characteristic of carbon C(1s) (~284 eV), and oxygen O(1s) (~532 eV) chemical bonds. Depositing lithium (red) on the virgin graphite results in the formation of a

second peak in the O(1s) region (detail shown in O(1s) inset), which is indicative of new chemistry. Deuterium ion bombardment (blue) of lithiated graphite results in

further induced chemistry in the O(1s) energy range as well as the formation of a new peak (i.e., new chemistry) observable in the C(1s) region (291.2 eV). The latter

peaks represent deuterium-oxygen and deuterium-carbon bonds that are catalyzed by the presence of lithium on graphite. Furthermore, oxygen surface concentration

of the lithiated graphite is greatly enhanced by deuterium bombardment.Figure reproduced fromRefs. [17,20]with permission from the authors. (b) O 1s concentration

on the virgin graphite, treated with 500 eV/amu Dþ for various fluences followed by exposure to Li deposition of about 1000 nm Li film post irradiation.

Fig. 2. Concentrations of O, B and C measured by XPS in the boronized ATJ

graphite sample in-situ for increasing plasma exposure in the NSTX-U device.

The shaded colored areas are ± one standard deviation about the mean values.

Figure reproduced from Ref. [33] with permission from the authors.
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stays neutral). Particularly interesting is oxygen, which has
exceptionally high electronegativity, giving its own contribu-
tion to the polarization of fusion materials. Since negative
polarization of oxygen causes other fusion materials to
become positively charged, thus opposing the effects of
lithium, in case when both lithium and oxygen are present,
typically Li and O strongly polarize each other while sign and
strength of the polarization of other atoms in the mixture de-
pends on the prevailing concentration as well as on volume or
surface distributions of Li and O. Finally, when neither Li or
oxygen are present in the mixture, similar electronegativities
of the materials implies insignificant influence of the polari-
zation properties. This opens the possibility for application of
classical molecular dynamics with typical short-range inter-
atomic potentials when studying the dynamics of such mate-
rials or material mixtures under irradiation of plasma. A
possible exception are materials containing beryllium and/or
tantalum, whose relatively low electronegativities might be a
source of increased polarization features, especially if oxygen
is present, a feature not yet studied in detail but that could
have significant consequences for fusion-relevant materials
such as beryllium used in ITER first wall and the ITER-like
wall (ILW) experiments in JET [35,36]. In particular, these
papers demonstrate the importance of materials mixing and
how hydrogen retention is significantly affected in specific
regions of the tokamak (e.g. in the inner-divertor region of
JET-ILW).

The strong locally polarizing features of mixed materials
containing lithium has important implications on the theoret-
ical/computational and in particular, on atomistic approaches
for treating the dynamics of these materials. Firstly, presence
of electrically polarized atoms requires treatment of the long-
range Coulomb and multipole forces, in addition to the short-
range potentials usually used in molecular dynamics. This
implies a large radius of interactions, and therefore a large
number of atoms, n, which simultaneously interact. This can
significantly increase the computational power requirements.
Secondly, the polarizations, and therefore instantaneous
charges of the interacting atoms and forces among them
depend on coordinates of all atoms involved, i.e., they are
functions of time in classical representation of atomic motion.
However, classical dynamics is not capable of incurring these
charge changes, since these are the quantum-mechanical ef-
fects of changes in the electron clouds of the atoms. This
means that classical molecular dynamics per se is not a
satisfactory approach to the dynamics of plasma-facing fusion
materials containing lithium. The charges of the atoms that
take part in the polar interactions depend on atomic co-
ordinates, i.e., they change with time. The charges typically
change in each simulation step. This narrows down the number
of methods that can be used in studies of system dynamics to
those that are capable of recalculating accurately the charges
at each time step. If the classical molecular dynamics (CMD)
is used, with pre-parameterized short-range potentials, a semi-
empirical method like the Electronegativity Equalization
Method (EEM) [37,38] has to be applied at each step (or after
a small number of steps) for calculation of the atomic charges.

On the other hand, motion of the atoms as a whole is well
described by classical mechanics at the temepratures of in-
terest for fusion materials, since their quantum-mechanical, de
Broglie, wavelength l stays much smaller than the charac-
teristic dimensions of both atoms and scale of their internu-
clear motion. For example, lithium atoms of kinetic energy
1 eV have a de Broglie wavelength of about 0.2 Bohr, which is
much smaller than van der Vaals radius of the lithium atom
(4.16 Bohr). In the case of a hydrogen atom, the de Broglie
radius is about 0.5 Bohr, i.e. comparable to the atom radius,
and one can expect some quantum mechanical oscillations in
the 1 eV motion of the hydrogen atoms. However, due to the
interactions with large number of atoms in the material, these
oscillations may be averaged to a negligible effect. Only in
very dilute materials, and at extremely low temperatures, the
quantum effects of the atoms as a whole (i.e. their nuclei) may
be of significant influence, which is not the case in plasma-
facing fusion materials.

Thus, the interaction dynamics and chemistry in the fusion
mixed materials containing lithium is well described by the so-
called Quantum-Classical Molecular Dynamics (QCMD)
[39,6], using quantum-mechanics to describe instantaneous
motion of electrons in an instant of time of molecular dy-
namics, and then the resulting potentials to calculate forces
that act to all atoms in the next time step. As a consequence of
the partial charge transfer from Li to other atoms, the domi-
nant long-distance binding force is the Coulomb attraction
between opposite charges. Bondings between Li and other
atoms are mixed covalent and polar. The differences in elec-
tronegativity between constituent atoms in LieC, LieO and
LieH systems are very large and therefore these systems could
be considered as ionic solids.

The dynamic surface response and evolution in mixed
material environments (with possible constituents D, Li, C, B,
O) with impingement of plasma particles in the low energy
range, including microstructure changes, erosion, surface
chemistry, deuterium implantation and permeation have been
extensively studied. The results based on the QCMD simula-
tions and as well as by X-ray photoelectron spectroscopy
(XPS) laboratory measurements [18,32,40,41] have demon-
strated that increased oxygen content in the top carbon surface
layers is the main driver for deuterium uptake in lithiated
carbon surfaces. Thus, while the oxygen concentration in
lithiated carbon surfaces is below 10%, it can reach over 30%
upon sufficient irradiation by deuterium [32,40,41]. In this
case lithium plays a role of catalyst, keeping the oxygen from
degassing from the surface [32].

The plasma performance can be strongly influenced by the
PFCs, which are modified with each exposure to the plasma.
Critical to both an understanding and the practical operational
strategy of tokamak PFCs with wall conditioning techniques is
the role of surface chemistry over the entire plasma exposure.
To establish this understanding both experiments and
modeling have to be carefully planned and correlated and
carried out as close as possible to the actual conditions in the
tokamak to provide understanding of this synergistic rela-
tionship of the PFCs and plasma phenomena.
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The computed deuterium retention probabilities of lithiated
or boronized surfaces in various configurations were
compared. Though both boronized and lithiated surfaces show
similar trends in retention of deuterium when composition of
the material is varied, the former surfaces show somewhat
higher degree of retention, less dependent on the oxygen
content than the latter surfaces. The experimental data
[6,20,41] and new theoretical data [6,41] show a reasonable
qualitative agreement for both lithiated and boronized surfaces
[41]. Boron coatings on PFCs provide improved resistance to
chemical sputtering and impurity retention thanks to a get-
tering effect associated with the formation of heavy oxides.
However, erosion and passivation conjectured to be respon-
sible for boron-associated improvements become only tem-
porary and vanish after tens to hundreds of plasma shots [21].
The chemical sputtering of boron-doped graphite by hydrogen
ions was studied experimentally by Chen et al. [42], though in
the impact energy range of 700 eV to 3 keV. The chemical
sputtering of boronized and oxidized ATJ carbon surfaces
caused by deuterium impact was studied in range of 5e30 eV
impact energy range.

Theoretical and experimental studies of sputtering of an
amorphous carbon surface (a-C:D) have elucidated the
chemical erosion mechanisms of carbon by hydrogen irradi-
ation. This process does not require an energetic projectile and
the ejected product is usually CDx molecules [43e46].
Nevertheless, sputtering process is highly dependent of the
surface parameters like temperature that can be elevated up to
1000 K [47,48]. Experimental studies of the temperature
dependence of chemical sputtering of a-C:D by D were done
by Mech et al. [46] and Balden et al. [49]. The discrepancy in
both experimental data could be attributed to the experimental
techniques and erosion measurements used by the authors.
Theoretical methods based on Classical Molecular Dynamics
(CMD) have been applied to study chemical erosion of a-C:D
surface at different target temperature [50e52]. Numerical
simulations were performed by Salonen et al. [50] to study
chemical sputtering of a hydrogenated amorphous carbon
surface in a surface temperature range of 300e1000 K. The
authors conclude that the hydrogen concentration in the top of
the surface reduces the carbon erosion and this effect could be
observed in the experiment. CMD simulations have suggested
that the decrease of the carbon erosion is not necessarily
dependent of the hydrogen flux as reported experimentally,
and external factors have to be considered such as re-
deposition or vapor shielding [51]. However, thermally
induced stimulated processes of diffusion and desorption are
important at target temperatures higher than 1000 K. These
processes need longer time of simulation and CMD is not
capable to model them [52].

Chemical sputtering measurements of plain and lithiated
ATJ graphite have been performed at impact energies of
1e2 keV, showing that lithium deposition on ATJ graphite
causes suppression of methane from the initial set of experi-
ments reported in Ref. [53]. The authors report 69% of sup-
pression of sputtered methane due to lithium coating on ATJ
graphite at 453 K target temperature. It is interesting to note

that deposited lithium on carbon does not form a layer, but it
rather intercalates inside the carbon material. Sputtering yields
on plane ATJ-graphite, pure lithium, and lithiated ATJ-
graphite were measured at 500 eV/ion, 45� incidence, and
sample temperatures of 25 �C and 200 �C. These experiments
show that ejection of hydrocarbons is notably lower than that
observed from a plane graphite [54]. In the NSTX, lithium
sputtering yields from lithium-coated graphite plasma facing
components increases as function of the temperature of the
target [55]. A molecular dynamics study analyzed the effect of
chemical sputtering of the lithiated, deuterated and oxidized
carbon surfaces at 300 K by deuterium atoms in the impact
energy range of 5e30 eV, which had not been studied before.
The dependence of the sputtering process of the surface
temperature in the range of 300e1000 K of a boronized and
oxidized carbon surface by deuterium irradiation was also
studied.

3. Methods for fusion extreme modeling and
measurements

As discussed in Section 2, the distinctive feature of this
research arises from the unique properties of lithium and ox-
ygen, i.e., they easily charge in contact with other fusion
materials, giving and getting partially or fully their external
electron cloud to other atoms in its vicinity and polarizing the
mixed material. Thus, quantum-classical molecular dynamics
[6,39,56] is required in modeling of a lithiated, and possibly
oxidized carbon surfaces because of the big differences in
electronegativities of Li and C, O, B and D atoms. This causes
long range Coulomb type interactions between the surface
constituents, which depend on instantaneous coordinates of
the atoms. QCMD can consistently treat the change of the
electron cloud during the dynamics, but this requires an
excessive computational time and resources. The quantum
component of the QCMD solves the multi-electron eigenvalue
problem at each time step of the system evolution, which
could be computationally formidable problem even if Density-
Functional Theory (DFT) is used. The use of approximations
to DFT, like the Self-Consistent-Charge Tight Binding DFT
(SCC-DFTB) method [57,58], makes the QCMD problem
computationally feasible for study of deuterium retention or
chemical sputtering at low energies (5 eV) [6,41]. Thus, in
case of Ref. [6] a prepared cell was cut into rectangular box,
with an approximate length of 1.5 nm, with a few hundreds of
atoms, x-y periodic conditions were applied. The slab was
bombarded by 5 eV D, perpendicular to the free cell interface,
with 5004 random trajectories (needed for statistics) which
were applied to each matrix-composition case, using embar-
rassing parallelization. Each trajectory was evolving at a
separate node of Cray XT5, with the time step of 1 fs. About
6 h of CPU time was needed for most of the trajectories to
finish their evolution, resulting either in reflection (the fastest),
retention or sputtering (the slowest), thus requiring about
30,000 CPU hours per case. For 6 configurations in Ref. [6]
this required about 200,000 CPU hours. If DFT was used
rather than SCC-DFTB, this would require 100e1000 times
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longer, which would be a formidable task, possibly feasible
with future exa-scale computers.

Using in more recent times the Cray XK7 machine (Titan),
and using improved version of the SCC-DFTB code, with use
of GPU, the computation required 30 min for each trajectory
(per node) with several hundreds of atom used. A minimum of
3000 trajectories used 3000 nodes of Cray XK7, i.e. about
1500 CPU hours per configuration. However, if we use this
quantum-classical method in study of chemical sputtering in a
range of energies 5e30 eV, this would become computation-
ally too intensive, not only because the calculation has to be
repeated for various energies, but also because higher energies
require larger computational cells, as shown in Fig. 3, with
inclusion of a larger number of active atoms. For 30 eV this
means about n ¼ 2000 atoms, and taking the scaling of SCC-
DFTB with n as n2.5, which would require about 200 times
longer time. Repeating this computation for a number of
impact energies and various configurations, this is becoming
an exa-scale computational task.

These are the reasons the combination of CMD and elec-
tronegativity equalization method (EEM, [37,38]) could be the
method of choice, for the sputtering studies. The latter is a
semi-empirical method that applies a set of pre-calibrated,
material and coordinate dependent parameters [13,14] to es-
timate change of charges of each atom as their coordinates
change during the collision cascade of an impact atom in the
surface. EEM is implemented [37] in the Large Scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) [59] with
Reactive Force Field method and potentials (ReaxFF), devel-
oped by van Duin and co-workers [60e62]. The EEM slows
down computation by an order of magnitude, but this is still
orders of magnitudes faster than QCMD, even when

approximation to DFT is used for the quantum-mechanical
component. On the other hand, ReaxFF is a bond-order po-
tential, with proven capability to treat correctly chemical
processes in the material of interest [60]. This approach was
applied successfully in the previous work [41,63,64] to study
deuterium retention and sputtering in boronized and lithiated
carbon surfaces. When considering the impact energy range
below the physical sputtering threshold, chemical sputtering is
the main process of erosion. Consequently, one needs a good
description of the deuterated, boronized or lithiated, and
oxidized carbon surface (B(Li)-C-O:D) chemistry. The Bond
Order Potential (BOP) of ReaxFF is well suited for this
requirement. Verification of this approach to the BCOD
chemistry by comparison with some of the relevant QCMD
results shows good qualitative and even quantitative agreement
[41].

The range of the impact keV energies of the particles in
ELMs is beyond the capabilities of the atomistic computa-
tional treatment based on QCMD, since this would require a
much bigger computational cell due to the deeper penetration
of the particles. However, classical MD, even with inclusion of
EEM could be feasible for this task. Still, as discussed in
Ref. [6], the retention happens at the end of the thermalization
impact cascade, therefore its chemistry does not depend on the
impact energy. What does depend on impact energy is the
depth in the surface where the particles are retained, as well as
configuration of the surface, i.e. the defects produced by en-
ergetic particles from ELMs. Still, one of the advantages of a
liquid divertor (of Li, for example) idea is in removing the
cumulative defects.

To decouple the complex extreme conditions found in
fusion PMI simulations with state-of-the art in-situ experi-
mental PMI the measurements are combined by Allain et al.
including the so-called in-vessel diagnostics such as the Ma-
terials Analysis Particle Probe (MAPP) [18,65] shown in
Fig. 4. This diagnostic is capable of in situ ex tempore (e.g. in
between plasma shots) analysis of samples in the NSTX-U
divertor region. The experimental X-ray Photoelectron Spec-
troscopy (XPS) measurements of the Boron-Carbon system,
presented here, were obtained using MAPP during the NSTX-
U FY16 experimental campaign [18]. MAPP is capable of
performing surface diagnosis between plasma discharges of up
to four samples that are inserted flush with the tiles of
outboard divertor. This experimental approach allows us to
obtain insights of the evolution of surface chemistry at the
time scale of surface modification exposed to tokamak
plasmas, since the samples can be retracted to an analysis
chamber shortly after their plasma exposure. Other approaches
include techniques to passively measure PMI events as well as
ex-vessel characterization of samples conducted post-mortem
[29]. The subtle interplay of boron, lithium, carbon, oxygen
and deuterium chemistry is explained by QCMD and reactive
molecular dynamics simulations, verified by quantum-
classical molecular dynamics and successfully compared to
the measured XPS data provided by MAPP in the case of the
B-C-D complex. In this context, the off-line in-situ experi-
mental facilities which can carefully mimic some of the

Fig. 3. Computational cell is a mixture of Li or B (pink) with C (gray) and

oxygen (red), with accumulated D (yellow) atoms in the top surface layers

upon bombardment with D. The z-axis is shown by the arrow. The periodicity

is applied in x and y directions.
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important conditions found in tokamak edge plasmas and their
interaction with candidate material surfaces can validate these
codes [28].

The ATJ graphite PFCs in NSTX-U are boronized by a
glow discharge with 95% He and 5% deuterated trime-
thylborane (d-TMB, B(CD3)3) followed by 2 h of He Glow
Discharge Cleaning (He-GDC) that depletes deuterium from
the surface [10]. The NSTX-U PFCs were exposed to deute-
rium plasmas with a cumulative daily duration up to 36 s and
8 min of intershot He-GDC [11]. Deuterium also outgasses
from the PFCs in the intervals between plasmas. XPS mea-
surements are reported at the end of each day after exposure of
the MAPP sample to deuterium plasmas. They thus represent
the cumulative effect of plasma exposure and between-shot
He-GDC. They discriminate, however, against the outgassing
between the run days.

4. Understanding PMI in extreme conditions

Detailed recent studies are presented in this section of
deuterium retention and sputtering of 1) boronized, oxidized
and deuterated carbon surfaces, and 2) lithiated, oxidized and
deuterated carbon surfaces.

4.1. Retention

4.1.1. The effect of D irradiation on oxygen surface
concentration in lithiated graphite

XPS in-situ experiments by Taylor and Allain have
confirmed that the positive features of the lithium coating are
connected somehow to larger concentrations of oxygen on the
surface (Fig. 1). For example, in various samples an average of
6% of oxygen was measured at the virgin graphite surface,
which then increased to an average of ~10% after lithium

conditioning of the ATJ graphite surfaces. Bombardment with
the low-energy deuterium, however, elevated the content of
oxygen in the near-surface interface to more than 25%, and
even exceeding 45% in the zone of interface for various
samples (Fig. 5). This unexpected experimental finding,
combined by the understanding of morphology of the lithiated
carbon surface, was motivated by the computational simula-
tions of Krstic et al. and transformed the fusion community
understanding on the deuterium retention mechanism in the
lithium-based surfaces. Rapid intercalation and micrometer
surface morphology prevent the lithium from acting as a sur-
face layer, but rather looks like lithium seeping into moun-
tainous carbon (Fig. 6).

Deuterium bombardment results in additional irradiation-
enhanced chemical processes which are visible in both the
O(1s) and C(1s) photoelectron ranges from XPS data (see
Fig. 1). These resultant Li-O-D and Li-C-D interactions only
appear when exposing lithiated graphite to deuterium
bombardment. These analyses exploit an indirect method of
observing deuterium interactions on lithiated graphite since
deuterium atoms do not emit photoelectrons sufficient to be
detected via XPS. The dramatic increase in surface oxygen
content in Fig. 5 during deuterium bombardment is astounding
when considering that previously, oxygen was not even
considered to contribute in retaining deuterium.

4.1.2. The importance of oxygen surface concentration
levels for D retention chemistry with lithiated graphite

Initially, researchers supposed that deuterium is retained in
lithiated graphite via a direct lithium-deuterium interaction,
resulting in the formation of lithium deuteride (LiD) [67,68].
This conjecture was supported by experiments with pure
lithium surfaces. For example, deuterium ion beam and plasma
discharge experiments with liquid lithium showed that liquid

Fig. 4. MAPP samples holder in the inserted position in NSTX-U. The samples are exposed to the same conditions as the PFC in the outer divertor of the tokamak,

this position is shown in (a). The sample holder can be retracted in between plasma discharges to a custom designed analysis chamber for XPS measurements, the

analysis chamber is shown in (b). Figure reproduced from Refs. [15,66] with permission from the authors.
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lithium could retain deuterium at ratios as high as 1:1 [69,70].
Lithiated graphite, however, incorporates completely different
physics. One challenge is that the deposited lithium coating
intercalates (diffuses) into the graphitic tile, down to about
2e3 mm [68] and thus questions arise regarding how the

mixture of lithium and carbon atoms is able to retain deute-
rium so effectively. This is particularly true due to the complex
covalent bonding character of the Li-C-O-D system compared
to the well-known ionic bonding in the LiD salt. Direct LiD
bonding in graphite is unlikely since it would require that the
lithium freely sit on the surface waiting until a deuterium ion
arrives to bind. For impermeable substrates where layers of
“pure” lithium accumulate, direct LiD bonding may be
feasible, but lithium-graphite intercalation further precludes
this from occurring [7,69,70]. Lithium's ability for absorbing
oxygen from the ambient environment (e.g. oxygen from
walls, water and lithium evaporant) casts doubt on the validity
of the formation of pre-dominant LiD bonds in lithiated
graphite. In fact, the surface analysis conducted by Taylor
et al. showed that lithium began to interact with carbon and
oxygen immediately upon deposition [7,71].

The first attempt to describe deuterium retention in lithiated
graphite used an atomistic modeling in a Li-O-C-D matrix,
and generated a reasonable conjecture on possible mechanisms
for the retention of D in lithiated graphite [56]. The electro-
positive nature of Li and its interaction with the majority of
atomic elements suggested that lithium readily binds less
electropositive hydrogen and carbon [34]. Thus, the initial
simulation included only a modest 5% O atoms (typical for
industrial graphite), 23% Li atoms, and the balance filled by C
atoms. This composition led to a preference of H for inter-
acting with Li rather than with C, with a minor role being
played by O corresponding to its small percentage. However,
XPS data clearly showed significant variations in surface
chemistry that were directly attributed to the O(1s) peak and
only in the presence of lithium [7]. Furthermore, these changes
were directly correlated to fluence-dependent D irradiations
[71]. The resultant Li-O-D and Li-C-D interactions only

Fig. 5. Oxygen evolution during irradiation. This figure illustrates that lithium

conditioning of graphite increases the surface oxygen content and that ion

bombardment accelerates the increase. Polished ATJ graphite has an average

oxygen surface concentration of 6.3% as measured by XPS. In samples rep-

resented by the hollow red squares, lithium deposition increases the surface

oxygen content to ~8%. However, deuterium ion irradiation of the sample

greatly enhances the oxygen content to more than 35%. In stark contrast,

irradiating a sample without lithium conditioning (blue filled circled) actually

decreases the amount of oxygen on the surface to 1.1%. Figure reproduced

from Refs. [17,20] with permission from the authors.

Fig. 6. Illustration of the dynamics in lithiated graphite. Polished graphite samples have surface height variations of >1 mm (for a 100 mm � 100 mm domain) in

addition to local height variations on smaller domains, as shown in the inset atomic force micrographs (AFM) in (b) and (c). When depositing lithium films on such

rough surfaces, the effective film “thickness” is significantly less than the nominal dose due to the increased effective surface area. Furthermore, lithium rapidly

intercalates into graphite following deposition. Highly electropositive lithium attracts electronegative oxygen from the polished graphite (~6% O2 concentration) as

well as from the ambient vacuum (O2 partial pressure of ~10
�11 torr during lithium deposition). Lithium deposition per se causes a modest average rise in surface

oxygen content to approximately 10%. However, for some samples, experiments show that deuterium ion bombardment dramatically increases the surface oxygen

content to as much as 45%. Figure reproduced from Refs. [17,20] with permission from the authors.
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appear when exposing lithiated graphite to deuterium
bombardment. Finally, the computer simulations [6] reached
qualitative agreement with experiments, showed that an
elevated oxygen concentration was a missing ingredient in the
previous [56] simulation studies. This was the first time that
complex quantum atomistic simulations were used to com-
plement in-situ experiments deciphering the dynamic chem-
istry and physics of surfaces exposed to the extreme
environment of a tokamak edge plasma.

A simulation cell of a few hundred atoms of lithiated,
oxidized and hydrogenated amorphous carbon (a-C), at 300 K,
was used in [6] and bombarded with five thousand random
trajectories using QCMD, to determine the final rest location
of the projectile deuterium in relationship to other elements in
the matrix, it is a qualitative method used to determine likely
binding pairs in Fig. 7. An identical deuterium bombardment
sequence was conducted in five different matrices as indicated
in Fig. 7: Matrix A: 100% amorphous carbon (panes a-b);
Matrix B: 80% amorphous carbon, 20% lithium (c-d); Matrix
C: 60% amorphous carbon, 20% lithium, 20% oxygen (e-f);
Matrix D: 52% amorphous carbon, 16% lithium, 16% oxygen,
16% hydrogen (g-h); and Matrix E: 80% amorphous carbon,
20% oxygen (i-j).

In Fig. 7(ced) where the sample contains 20% lithium, less
than 10% of deuterium finds lithium as its nearest neighbor.
However, when the sample is loaded with 20% oxygen
(Fig. 7(iej)), over 30% of deuterium finds oxygen as its
nearest neighbor. The case where the carbon matrix contains
20% lithium and oxygen (Fig. 7(eef)) also shows that

deuterium has ~30% oxygen as its nearest neighbor with
minimal lithium nearest neighbors. Thus, even when lithium is
present in the carbon matrix, deuterium preferentially chooses
the vicinity of oxygen for its final bonding. Another qualitative
method for determining binding pairs comes by analyzing the
charge distribution of the matrix constituents. Likely binding
pairs are identified as a negatively charged atom is neutralized
by a positively charged counterpart. The charge distributions
of all elements for the same compositions A-E are shown in
Fig. 8, in full agreement with the findings in Fig. 7, indicating
that lithium is not playing the major role in retaining deute-
rium if there is a comparable or higher concentration of ox-
ygen. This is also consistent with the recent first principles
computational chemistry calculations [72,73] using Plane-
Wave DFT on binding chemistry of H, O and Li in the gra-
phene matrix. Oxygen neutralizes ~25%, carbon neutralizes
~68% of the deuterium, and lithium is responsible for ~7%
deuterium neutralization, as seen from Fig. 7(e).

4.1.3. Deuterium retention chemistry and impact energy
An apparent “gap” between the model calculations and the

experimental data in the impact energy of D was the limitation
introduced by the simulation cell. Previous studies of plasma-
carbon surface interactions that led to very successful quan-
titative agreement between atomistic simulations and experi-
ments were based, in fact, on the ability to “mimic” the
experiments as close as possible [44]. In the studies presented
in this subsection, experiments were conducted at incident
deuterium energies between 25 and 500 eV/amu. However, the

Fig. 7. Distribution of nearest neighbors. Calculation of the final rest location of the projectile deuterium in relationship to other elements in the matrix was

performed with five thousands random trajectories per matrix. The distance (horizontal axis) of nearest neighbor species to retained deuterium, within the

simulation matrix following D-atom bombardment, is used to indicate the frequency of elemental binding pairs. The deuterium bombardment was conducted in the

five different matrix compositions A, B, C, D, and E. The distances from deuterium to carbon are shown in black, to lithium in red, to oxygen in green, and to

sample-preloaded deuterium in purple. The top panes represent the integrated distributions of the nearest neighbors, shown in the bottom panes. Even when there is

an equal quantity of O and Li in the carbon, as seen in case C, Fig. 7(eef), the oxygen by far dominates as the nearest bonding neighbor where >20% of the

implanted deuterium ions have oxygen as their closest neighbor and <5% have lithium. In case E, Fig. 7(iej), where the carbon matrix is void of lithium and has

20% of oxygen, implanted deuterium atoms are still 30% of oxygen as closest neighbors, indicating more than one D atom bonding to one O atom. Importantly, if

added a “cumulated” deuterium so that Li, O and D have the same, 16%, atomic fraction in carbon, case D, the qualitative conclusions drawn from other cases in

Fig. 7 are still valid, as can be seen in (geh).
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quantum-classical simulations were limited to simulation cells
not larger than a few hundred atoms, resulting in maximum
penetration depths of about 1 nm, and therefore impacting
deuterium energies of about 5 eV. Since most of the chemistry
between deuterium and the surface happens at the end of the
D-induced impact cascade, when the D atom is almost ther-
malized with the other atoms in the surface, it was expected
that the impact energy would have no effect on the qualitative
conclusions of the deuterium chemistry. Two independent
experiments with XPS diagnostics were performed in bom-
barding lithiated ATJ graphite by deuterium at 200 eV and
50 eV [6]. As can be seen in Fig. 9, the binding energies of
detected photoelectrons are constant regardless of the deute-
rium ion energy, which confirms that the in-surface chemistry
qualitatively does not depend on the impact energy.

4.1.4. Discussion on the D retention in lithium
From the collection of both experiments and computational

modeling the primary mechanisms responsible for retention of
deuterium in lithiated graphite can be now summarized. First,
experiments [7] showed that deuterium retention occurs via
mechanisms that include O and C, not simply Li-D. Next,
computational modeling results contended that deuterium is
primarily bound by oxygen in the Li-C-O matrix. Subsequent
experiments showed that once the lithiated graphite (with only
~10% oxygen on the top 4e8 nm) is irradiated with deute-
rium, the concentration of oxygen in the top < 10 nm can
increase dramatically to as much as 45%. There is an associ-
ated effect of irradiation-enhanced oxygen gettering (i.e., from
residual oxygen-containing gas in the vacuum) and irradiation-
induced oxygen segregation to the surface playing important

roles. However, what is the role that lithium plays in this
process? The key point is that lithium is a physical catalyst
that brings oxygen into the surface (e.g. either from residual
gases, breakup of water, or Li-O in the sub-surface promoted
to the surface from the bulk by irradiation) thus increasing the
probability of D retention by oxygen atoms. ATJ graphite is

Fig. 8. Distribution of charges following D bombardment by 5000 independent random trajectories. The top panes represent the normalized integrated distribution

of charges shown in the bottom panes. The species charge distribution within the simulation matrix following deuterium ion bombardment is used to easily identify

the strength of the elemental binding pairs. Contributions from carbon are shown in black, lithium in red, oxygen in green, sample-preloaded with hydrogen in

purple, and impacting deuterium in blue. Above, deuterium bombardment was conducted on five different matrix compositions (Fig. 3 in the text). Matrix A: 100%

carbon (panes aeb); Matrix B: 80% carbon, 20% lithium (ced); Matrix C: 60% carbon, 20% lithium, 20% oxygen (eef); Matrix D: 52% carbon, 16% lithium,

16% oxygen, 16% hydrogen (geh); and Matrix E: 80% carbon, 20% oxygen (iej). In the bottom panes, binding pairs are approximately polarized about 0.0 e. For

convenience in showing what species neutralizes deuterium, the deuterium-integrated distribution is also shown flipped (dashed lines) with its flipped sign. Thus in

(f) oxygen at �0.33 e (e is an elementary charge) is neutralizing the deuterium at þ0.34 e, lithium at þ0.26 e neutralizes the small deuterium peak at �0.26 e, and

the remaining deuterium at þ0.1 e is counterpoised by the highly neutral carbon. (eef) quantitatively shows the neutralizing effect of each species.

Fig. 9. Chemistry occurs at ion end-of-range. Energetic deuterium ions slow

down to thermal energies after entering the lithiated graphite substrate.

Chemistry occurs at the end-of-range for the ions. The XPS data here (blue

traces) show lithiated graphite bombarded by 50 eVand 200 eV deuterium ions

with nominally identical results. The peak at ~530 eV represents Li-O bonds

and the peak at ~533 eV represents D-O interactions catalyzed by lithium.

Figure reproduced from Ref. [6] with permission from the authors.
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mostly amorphous in fusion devices such as NSTX and the
morphology plays a vital role in D uptake. Lithium, although
being partially ionized (typically þ0.3e, Fig. 8) in the carbon
environment has covalent radius significantly larger than car-
bon, expands the amorphous graphite region providing path-
ways that when irradiated with D will promote oxygen
segregation (predominantly with Li-O) to the surface. This
tendency will therefore grow with two factors: 1) the amount
of lithium in ATJ graphite and 2) the D fluence that drives the
oxygen via Li-O bonds to the surface for the same amount of
lithium in graphite. Therefore, it is the inherent extreme
conditions of irradiated lithium-oxygen-carbon complex that
drives D retention at these interfaces during D plasma irradi-
ation. In fact, one may conjecture that the Li-O-D complex
may in fact be also dependent on the time rate of change of D
irradiation, e.g. the flux of D ions arriving at the surface. This
is yet another finding that several experiments in high heat-
flux plasma exposures demonstrated in the work by Taylor
et al., Allain et al. and Neff et al. [74e76].

Fig. 10 presents the calculated retention and reflection
probabilities (a) and sputtering yields of various surfaces upon
impact of 5 eV D (b). As one would expect from the results in
Fig. 10, Li does not do much to suppress sputtering or enhance
deuterium retention, in fact, Matrix B with 20% Li and 80% C
shows higher sputtering than the other compositions in
consideration. It is the presence of oxygen, with or without
lithium, which suppresses sputtering and enhances deuterium
retention. This conclusion is consistent for single D bom-
bardments as well as the case where deuterium “accumulates”
in the sample.

These findings, consistent with the XPS data, have far
reaching consequences: It is not lithium that suppresses
erosion of C, and increases retention of H as conjectured by
Yagi et al. [55]. Instead, oxygen plays the key role in binding
of hydrogen, while lithium is the catalyzer for oxygen accu-
mulation in the surface, i.e. lithium is the oxygen getter. When
there is a significant amount of oxygen in the surface (e.g., ~4
times greater than in a non-lithiated graphite sample), it be-
comes the main player. This is true even when there is a
comparable amount of lithium in the surface. Lithium has a
minor direct influence on the deuterium uptake chemistry in
carbon; however, in practice, lithium is essential in attracting
the oxygen, which in turn retains deuterium. These conclu-
sions are consistent with those of decades of laboratory and
reactor-based experiments.

4.1.5. Surface chemistry in a boronized-carbon surface
The study was performed of the role of boron and oxygen in

the chemistry of deuterium retention in boronized ATJ graphite
irradiated by the extreme environment of a tokamak deuterium
plasma. The reactive classical molecular dynamics simulations,
enriched by EEM, verified by quantum-classical molecular
dynamics calculations provide understanding of the chemistry
dynamics in the C, B, O, D quaternary surfaces, irradiated by D
for various deuterium concentrations. The role of oxygen and
boron in the retention of deuterium is decoded, leading to the
predictions similar to the results for the lithiated and oxidized

carbon surface. The simulation results were validated by in-situ
ex-tempore XPSmeasurements, usingMAPP inside the NSTX-
U divertor chamber, to measure the effects of low energy
deuterium irradiation of a boronized graphite.

The initially negligible role of oxygen to bond D in the
BCO (<5% of D is bonded to O) is significantly increased (to
almost 20%) by D uptake, which is in contrast to the role of
oxygen in the D retention of LiCO surfaces [6]. It is well
known that increased amounts of Li-based conditioning in
high-triangularity plasmas in NSTX have demonstrated evi-
dence of improved plasma conditions and D retention that
exceed conditioning with boronization [10]. The unique role
that oxygen plays in both lithium-treated and boron-treated
graphitic surfaces and how ultimately their interface influ-
ence plasma performance is an on-going topic of research and
beyond the scope of the work here. Nevertheless, combining
the computational multi-scale tools presented here with in-situ
PMI diagnostics are helping make links to plasma-induced
effects on the edge and core.

The bonding in % of O-B, O-C, and O-B-D, illustrated by
lines with symbols in Fig. 11(a) fall well in the uncertainty
bands in the XPS spectra from O1s, were obtained averaging
the concentrations of two consecutive days of the XPS data.

Fig. 10. Simulation results of D-retention and sputtering [6]. (a) Retention and

reflection probabilities of impact D, and (b) total and C sputtering yields of the

various cases, A-E, defined in Fig. 7. Presence of only lithium (case B) does

not improve deuterium retention and carbon sputtering in comparison to the

pure carbon (case A), it has a negative effect. When oxygen is present in

amounts comparable to that of lithium (cases C, D, and E), positive effects to

the deuterium recycling and carbon erosion are apparent. Deuteration of the

carbon (case D) weakly influences this conclusion.
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The calculated data are normalized to the total of atom bonds
of the particular type. For example, in Fig. 11(a) the numbers
of O-B, O-C and O-D bonds compare to the total number of
oxygen bonds in the top 0.75 nm of the computational cell.
The D concentration following the XPS spectra is likely due to
the plasma-enhanced deposition of boron films supplying
deuterium from the gas phase during the molecular dissocia-
tion, and thus, the time dependent effects of the D accumu-
lation are not well described by these experiment. The D
concentration is uncertain and decreases in time, because of
the He-GDC and outgassing at the end of each day.

The colored bands from the XPS measurements and
computed C-C, C-O and C-B curves in Fig. 11(b) are also well
in agreement. There are, however, deviations in the B1s
spectra for the B-C and B-O bonds of the measured and
computed sets of values. Obvious asymmetry exists between
C-B in C1s and B-C in B1s spectra. In Fig. 11(c) in-
consistencies between C and O bands and calculated values
indicate that “exposure” time of the deuterium irradiation
might be responsible for the increased content of oxygen in the
surface layers, the effect that cannot be “caught” by the short
time scale of atomistic simulations. Consistent with such ef-
fect are calculations with 40% oxygen at the surface, shown by
hollow symbols at Fig. 11. A similar mechanism for driving
oxygen to the surface by D irradiation was found in lithiated
graphite [6,7]. However, analysis of the calculated D retention
chemistry in the inset of Fig. 12 shows that the role of O in
bonding of D increases significantly with increase of D con-
centration, in contrast to the high role of oxygen in D retention
for all D concentrations on the LiCO surface [6].

In this work, in-situ measurements combined with com-
puter simulations of the surface chemistry in the plasma-
facing materials exposed to the extreme conditions of
tokamak plasma were executed for the first time inside NSTX-
U, using MAPP. Significantly, the findings unravel critical role
of oxygen and other impurities in the material retention
chemistry. The details are presented in Ref. [33].

Fig. 12 shows the results of atomistic simulations,
combining CMD-REAXFF and QCMD-SCC-DFTB, to obtain
retention of deuterium and sputtering (Fig. 10) of lithiated or
boronized and oxidized amorphous carbon surfaces exposed to
the 5 eV deuterium impacts. The experimental and theoretical
data show a reasonable qualitative agreement for both lithiated
and boronized surfaces. Using the computational simulations
we compare the deuterium retention probabilities and chemi-
cal sputtering yields of lithiated or boronized surfaces in
various configurations. Though both boronized and lithiated
surfaces show similar trends in retention of deuterium when
composition of the material is varied, the boronized surfaces
show somewhat higher degree of retention, less dependent on
the oxygen content than the lithiated surfaces. Interestingly,
the results in Fig. 13 for BCO mixture are quite different from
those obtained for LiCO mixture in Figs. 7 and 8 [6]. Namely,
while in case of LiCO the main role in bonding of D is played
by oxygen, here bonding of D is dominated by boron. Boron is
more reactive than oxygen because of the so-called octet rule,
i.e. a coordination number of four is preferred for B atoms,

though the simulations sometimes show coordination numbers
of five and six, enabling more D atoms to bond to a B atom
than to an oxygen atom (with typical coordination number of
2). Also electron withdrawing ligands on B such as O further

Fig. 11. Percentage of bonds of (a) O, (b) C, and (c) B to the other atoms in the

BCOD surface in function of D concentration in the simulation cell. Small

statistical errors, within the symbols size, were due to the random irradiation

of the surface by 3000 D atoms at 5 eV impact energy, for each shown

accumulated D concentration. The shaded colored areas, bands, are ±1s (s is

standard deviation) about the mean values measured by XPS of the corre-

sponding bonding (color matched to the calculated values, gray is C, pink is O,

light-blue is B, yellow is B-O-D), averaged over the 4 days of plasma expo-

sure. The measured increase of the O-C bonding in (a) indicates increased

dominance of oxygen atoms at the surface. Figure reproduced from Ref. [33]

with permission from the authors.
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increase D uptake on B. The role of B in the retention of D
does not change with increasing D accumulation (Fig. 12).

4.2. Chemical sputtering

Chemical sputtering, unlike the retention probability, is
strongly dependent on the impact energy. This energy
dependence for the material matrices considered here is
numerically highly intensive.

4.2.1. Chemical sputtering of lithiated carbon surface
The computational study of sputtering of lithiated and

oxidized amorphous carbon surfaces by deuterium impact is
performed in energy range 5e30 eV. Using REAXFF classical
molecular dynamics the sputtering yields were obtained, the
mass and energy spectra, as well as the angular distributions of
ejected atoms and molecules of the surfaces saturated by
accumulated deuterium impacts [63]. These results were
successfully compared with the existing experimental and
theoretical data for amorphous a-C:D surfaces. Presence of
lithium reduces erosion of carbon, while presence of oxygen
additionally reduces the erosion. The novel results in the paper
are sputtering yields for various particles ejected from Li-C:D
and Li-C-O:D surfaces. In absence of oxygen, the total carbon
erosion is suppressed in comparison to a-C:D by about a factor
of 2. However, Li contributes almost equally to carbon to the

total sputtering at 30 eV, while its contribution at lower en-
ergies dominates sputtering due to the weak bond of Li to C. In
presence of oxygen, the carbon erosion (40% in atomic form)
is reduced by a factor of 4 in comparison to a-C:D, while Li
sputtering (of which 75% is in atomic form) is reduced by a
factor of 4 in comparison to Li-C:D (Fig. 14).

On the other hand, sputtering of hydrocarbon molecules
(dominance of CD3 and CD4) of Li-C:D is increased by a
factor of 2 in comparison to a-C:D, but reduced by a factor of
2 in presence of oxygen, as shown in Fig. 15. The presence of
oxygen in lithiated carbon surface somewhat reduces C2D2

and the total ejection of hydrocarbons respect to the ATJ
graphite [17,18]. The suppression of the ejected CD3þCD4 in
these simulations is in good agreement with the analysis re-
ported by P. Raman et al. [53] for a lithiated ATJ graphite and
impacts of 1 keV D ions, and reported by Yagi et al. [55] for
sputtering of ATJ graphite at 50e200 eV.

Fig. 16(a) presents the calculated sputtering yields for
various lithium compounds ejected from the LiC:D and
LiCO:D surfaces as functions of deuterium impact energy.
These include the total sum of ejected atomic lithium and
lithium compounds for each of the two surfaces. Sputtering
yield of Li-D molecules decreases with energy for the LiC:D
surface but seems to reach a maximum at 20 eV for the
LiCO:D surface, being reduced by about a factor of 3 with
presence of oxygen. When oxygen is present in the surface the
dominant ejected product containing Li is Li-O molecule.
Ejection of LiC molecules is not observed at energies below
30 eV due to the strong bond of the lithium and oxygen
(~3.5 eV) inside the surface in comparison to more than a
factor of 2 weaker Li-C bond (1.6 eV). Fig. 12(b) shows the
calculated sputtering yields for various oxygen compounds
ejected from the LiCO:D surface. Oxygen sputtering stays
low, below 0.7%, over the whole studied energy range. Ejected
molecules such as oxygen with deuterium (OD) and oxygen
with carbon (CO) are the main products at the lowest impact
energies, however, when the energy increases, a variety of
oxygen compounds is present, such as OC, OLi, and OD.

4.2.2. Chemical sputtering of boronized carbon surface
A computational study of the chemical sputtering of

boronized and oxidized amorphous carbon surfaces by deute-
rium irradiation is performed in range of impact energies
5e30 eV. As in case of lithiated surface the results were sput-
tering yields as well as mass, energy and angular spectra of
ejected atoms and molecules of both virgin and deuterium
saturated BCO surfaces. These were compared with the data for
a deuterated BC surface and existing theoretical and experi-
mental results for amorphous C:D. Boron significantly (stronger
than lithium) suppresses the erosion of carbon. This effect is
further enhanced by presence of oxygen, with total carbon
yields per D, mainly CD3 and CD2, staying in the range below
0.2%. While in case of the lithiated surfaces CD and LiD are
dominating the sputtered material, potentially emitted into the
plasma, CD and D2O are dominating the emitted molecules
from boronized surfaces, which becomes exclusively D2O with
increase of the D accumulation. OD and O are the dominant

Fig. 12. Percentage of D bonds with constituents of the BCOD surface as

function of the deuterium accumulated concentration (right axis) [33]. Boron

is a main player in bonding and retaining D, unless D accumulation in the

surface reach saturation when oxygen start playing important role in the D

retention. Left axis: Retention per impact of D for various configurations of C,

B, Li, O, D. Boron retains more, but not much more. QCMD-SCC-DFTB data

are shown for the verification purposes.
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sputtered particles from BCO:D surface (Fig. 17), with yields
ranging from 0.5% to almost 2%. Sputtering yield of D2O
reaches 1% at lower energies, to be replaced with atomic oxy-
gen at higher energies. Translational energy for ejected oxygen
atoms and ODx molecules of BCO:D surface are in the range
1e2 eV, which is higher than energy of sputtered CDx mole-
cules (around 1 eV).

Fig. 18 shows the mass spectra of various CDx molecules
characterized by their mass, ejected from the BCO:D surface
over the studied impact energy range 5e30 eV of D. CD3

followed by CD2 and CD are the leading sputtered product at
20 eVand 30 eV, while at 10 eV it is CD2 followed by CD3 and
CD. At 5 eV, CD and CD2 is followed by CD3. We note that
the suppression of carbon erosion is significantly enhanced
with the presence of oxygen in the boronized carbon surface.
Thus, the sputtered CD3 is reduced about 3 times and CD2

about five times for the BCO:D surface in comparison to the
BC:D surface at 30 eV (not shown in Fig. 18). In Fig. 18(b),
we present the sputtered ODx molecules and oxygen atoms for
various impact energies. The leading product at 20 eV and
30 eV is atomic oxygen, while water (OD2 molecules) is
dominant at energies 5 eV and 10 eV.

4.2.3. Temperature effects in BCO:D surface1

The preparation of an amorphous boronized and oxidated
carbon surface (BCO) is crucial and the first step in the theo-
retical treatment of the BCO:D surface to change of temperature

in range 300e1000 K. A BCO surface is defined as a computer
cell of 400 atoms with an initial atomic distribution of 20% of
both O and B, and 60% of C. These percentages are reflecting
the experimental data in the NSTX-U [56]. The surface cell has
dimensions of 1.75 nm � 1.75 nm � 2.0 nm to prevent re-
flections from the bottom of the cell by the impinging D atoms.
Periodic boundary conditions in x and y directions are applied to
simulate an infinite surface. The target is energy optimized by
heating and annealing processes, followed by a thermalization
process to a required target temperature by using a Langevin
thermostat with a time constant of 100 fs [78].

The BCO surface is deuterated by a cumulative D bom-
barding process at each impact energy (10 and 15 eV) and
target temperature (300e1000 K). The process starts by
shooting one deuterium atom on an amorphous BCO surface,
the projectile velocity is orthogonal to the cell surface in the z-
direction and this process lasts 20 ps. The target is then
thermalized at the chosen temperature for another 20 ps, fol-
lowed by a relaxation process of the whole system for 10 ps.
This procedure is repeated until the surfaces reaches a
deuterium saturation state, the BCO:D surface [41,63,64].
Calculation of the amount of deuterium accumulated in the
surface, Dacc, follows the equation

Dacc ¼ ND

NC þNB þNO þND

; ð1Þ

where ND is the number of deuterium atoms accumulated at
each impact; NC, NB, and NO are instantaneous number of
carbon, boron, and oxygen atoms, respectively. In Fig. 19 we

Fig. 13. Nearest neighbor analysis for retained D trajectories in a sample of 20% of boron and oxygen in the carbon, prepared by ReaxFF in LAMMPS in (a) and

(b) and by QCMD with SCC-DFTB in (c) and (d). Both approaches show the effect of the oxygen suppression in the retention chemistry, though with slightly

different cumulative numbers and the distribution widths.

1 This material has not been published previously.
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show the percentage of deuterium accumulated in the surface as
function of the number of D impacts, for different target tem-
peratures. The saturation state of the surface is reached when the
variation of Dacc is less than 0.5%. The maximum value of D
saturation is ~28% at target temperatures of 300 and 400 K, then
this value decreases for higher temperatures of the surface.

Also, the maximum percentage of D saturation for an amor-
phous carbon surface is (nH/nC) � 100% z 40% (nH is the
number of H atoms and nC is the number of C atoms) [79], and it
can be written as [nH/(nCþ nH)]� 100%¼ 28.57%. This value
is close to the maximum for a BCO surface.

The obtained BCO:D surface is bombarded by 15,000 D
impacts at 10 and 15 eV for each target temperature. The
calculation was done by LAMMPS, using REAXFF potentials
and EEM. The impinging deuterium atoms are initially uni-
formly distributed at a distance of 0.7 nm above the surface,
and their velocities are parallel to the surface normal. The MD
simulations are performed for 50 ps, in a successive series of
independent 15,000 trajectories. Fig. 20 shows the total ejec-
tion yield of ejected carbon atoms per D as function of the
surface temperature. The calculated results are shown at
impact energies of 10 eV in Fig. 20(a) and 15 eV in Fig. 20(b).
The results of the CMD simulations are compared with
theoretical and experimental results for an a-C:D surface
[50,52]. The carbon erosion is suppressed by the presence of
boron in the carbon surface. It decreases by a factor of four at
10 eV and a factor of two in average at 15 eV, with respect to
the experimental results for a-C:D surface by Mech et al. [46].
The results follow qualitatively the trend presented by the
experimental data of Mech et al. [46] at 15 eV impact energy.
However, the carbon erosion is suppressed by a factor of 10
according to the experimental data of Balden et al. [49]. For
both impact energies, the calculated total ejection yield rea-
ches its maximum at 500 K and then decreases for higher
surface temperatures.

Fig. 21 presents the sputtering yield per D for ejected CDx
molecules and C atoms, as function of the target temperature.
The results in Fig. 21(a) are for 10 eV impact energy. The
main ejected product is atomic carbon at the lowest temper-
ature, while complexity of molecules (CD and CD2) increases

Fig. 16. (a) Sputtering yield per D for ejected lithium atoms and Li-X mole-

cules, from the LiC:D and LiCO:D surfaces as function of the impact energy.

X ¼ D, C, or O; Li þ LiX means total yield of lithium atoms and all lithium

compounds ejected. (b) O þ OX is the total yield of oxygen atoms and all

ejected combinations for oxygen molecules. Figure reproduced from Ref. [63]

with permission from the authors.

Fig. 15. The total, CD, CD2, and CD3þCD4 sputtering yields per D as function

of the impact energy for (a) LiC:D surface and for (b) LiCO:D surface. The

calculated results are compared with the theoretical [44] and experimental data

[70,71] for a-C:D. Ejection of CD4 molecules is not observed for the LiCO:D

(Fig. 12(b) is in good agreement with the results of Yagi et al. [55].

Figure reproduced from Ref. [63] with permission from the authors.

Fig. 14. Total sputtering yields (including molecules) for C and Li of LiC:D,

and for C, Li, and O from the LiCO:D surface [63]. Presence of oxygen in the

LiC mixture reduces the sputtering of carbon and lithium. The results are

compared with total sputtering yield of a-C:D surface [40] as well as with the

normalized data obtained by SCC-DFTB at 5 eV impact energy [6]. Gray band

in the upper part represents the experimental result of lithium sputtering yield

[32,77].
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with the surface temperature. The CD and CD2 molecules are
dominant at the temperatures higher than 600 K. However, the
ejection of CD3 and CD4 molecules is the lowest in the whole
temperature range. In Fig. 21(b) ejection of CD dominates all
considered surface temperatures. Ejection of CD4 molecules is
reduced by a factor of 10 with respect to the a-C:D ejection
[46] of CD4 in the whole temperature range. Even though the
impact energy is 15 eV, the ejection yield of CD3þCD4

molecules is the lowest with respect to other carbon species at
the whole temperature range.

Fig. 22 shows ejection yield of sputtered oxygen atoms,
ODx and CO molecules as function of the targeted tempera-
ture. D2O molecules have the biggest contribution to the total
ejection per D in the whole considered temperature range and
for both impact energies. Ejection of oxygen atoms and its
species increases as function of the surface temperature. The
ejection of CO molecules increases as function of the surface
temperature at 10 eV (Fig. 22(a)), but it decreases for surface
temperatures higher than 600 K at 15 eV (Fig. 22(b)).

5. Role of oxygen in low-Z mixtures with metallic
substrates

With the established understanding of the role that oxygen
together with lithium and boron play on hydrogen retention in
graphitic substrates, the next question is how does this

behavior extrapolate to other candidate fusion PFC materials
exposed to extreme conditions? Other candidate materials
include beryllium and tungsten. Beryllium, due to its elec-
tropositive nature compared to oxygen and carbon, for
example, would behave somewhere between lithium and
boron given its electronegativity value is 1.57 compared to

Fig. 19. Percentage of deuterium accumulated Dacc in the amorphous boron-

ized and oxidated carbon surface as function the D impacts, at 15 eV impact

energy, for various temperatures.

Fig. 18. Mass spectra of (a) CDx molecules and (b) ODx molecules and oxygen

atoms ejected from the BCO:D surface as function of impact energy of D [63].

Fig. 17. Total ejection yield per D of carbon from virgin BCO (empty triangle),

BC:D (solid square), and BCO:D (solid circle) surfaces as function of the

impact energy. These results are compared with reported simulation data for a-

C:D as well as with experimental data for CD3þCD4 (cross points) sputtering

yield and with total C ejected (asterisk points) from polycrystalline graphite.

Figure reproduced from Ref. [64] with permission from the authors.
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0.98 and 2.04 for Li and B, respectively. The case of tungsten
or other high-Z materials can be more complicated given the
propensity of electron emission and oxide formation. In
addition, the complexity of irradiation-driven mechanisms that
were identified as important drivers of oxygen and deuterium
retention are coupled to the complex irradiation response of
tungsten, which have significantly different radiation damage
properties compared to graphitic substrates. Studies have
examined the combination of low-Z coatings on high-Z sub-
strates as an application to fusion PFCs. In this context we can
examine any similarities to behavior identified earlier in this
review on the role oxygen plays on hydrogen retention of
lithium thin-films on high-Z substrates (e.g. W or Mo).

The first in-situ studies of lithium thin-film coatings on
refractory metal (high-Z ) substrates was conducted by Heim
et al. and demonstrated a tendency for enhanced hydrogen

retention with the presence of oxides during deuterium irra-
diation [80]. Fig. 23 shows the O1s XPS spectra similar to
studies conducted for lithiated graphite where the peaks for
metallic oxides are differentiated from the chemical complex
associated to Li-O-D bonding at a binding energy between 532
and 534 eV. During D irradiation it was found that a similar
chemical complex is found where the role of lithium and
oxygen is critical for the retention of hydrogen on metallic
substrates. The result is intriguing in that the collisional effects
are quite different between metallic and graphitic substrates
yet the effects on hydrogen isotope retention have important
similarities. First, the physical mechanism is distinctly
different between bombarding a lithium thin-film coating on a
graphite compared to a molybdenum substrate with deuterium
energetic particles. The implanted deuterium atoms immedi-
ately bind chemically to the graphite substrate, while the low

Fig. 20. Total ejection yield per D of ejected carbon atoms and its compounds (CDx), as function of the target temperature. The results for impact energies of 10 eV

in (a), and 15 eV in (b) are compared with the theoretical results for a-C:D surface by computations of Salonen et al. [50] and Dadras et al. [52], as well as with

experimental data of Mech et al. [46] and Balden et al. [49].

Fig. 21. Ejection yield of sputtered CDx molecules and C atoms as function of the target temperature, for impact energies of 10 eV in (a) and 15 eV in (b),

compared with experimental results for a-C:D surface [46], showing the suppresion of carbon erosion by the presence of boron in the carbon surface.
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energy transfer factor of D-Mo results in a large backscattering
yield of D atoms from the underlying Mo substrate back to the
lithium thin-film region enhancing the concentration of D
atoms near the surface. The lithium affinity for oxygen
chemically attracts the deuterium atoms thus increasing the
probability for Li-O-D formation near the surface. As the
temperature is increased the probability for diffusivity of both
Li and D is increased and thus diffusion of D into the bulk is
more likely, which decreases the amount of Li-O-D observed
by XPS, which only probes down to about 5 nm of the surface.
This is consistent with the observed behavior in the in-situ
XPS experiments and confirms the mechanisms predicted by
the computational simulations used to study lithium-oxide
hydrogen interactions by Krstic et al. [6]. The key findings

on metallic substrates were corroborated by further studies by
Neff et al. [81], where Li thin-films were deposited on a va-
riety of tungsten substrate allotropes (i.e. porous W, refined-
grained W, nanocrystalline W, W alloys) also demonstrating
a tendency for hydrogen isotope retention by oxide-lithium
presence at the surface.

Neff et al. [81] discovered a similar tendency as found by
Heim et al. for lithium thin-films retaining hydrogen isotopes
when oxygen is present. Fig. 24 shows the O1s spectra for a
number of irradiation in-situ exposures of Li thin-films on
tungsten substrates. These experiments examined not only the
effect of Li thin-films to retain deuterium under extreme
irradiation conditions but also identified a new mechanism
whereby if the particle beam was mixed with an inert particle

Fig. 22. Ejection yield per D for sputtered oxygen atoms and ODx molecules, as function of the target temperature. The considered impact energy is 10 eV in (a)

and 15 eV in (b).

Fig. 23. (a) O1s XPS spectra of porous Mo for various sample conditions: ① porous molybdenum after 3 mm of lithium deposition, ② with 3 mm of lithium

deposition and exposure to 3.6 � 1015Dþ
2 cm�2 fluence at 250 �C, ③ with 3 mm of lithium deposition and exposure to 1.0 � 1017Dþ

2 cm�2 fluence at 250 �C, ④
ATJ graphite after 2 mm Li deposition and 1.0 � 1017Dþ

2 cm�2 fluence at room temperature. (b) O1s XPS spectra for similar Mo substrate: ① 3 mm of lithium

deposition and 1.5 � 1016 Dþ
2 cm�2 at room temperature, ② 2 mm of lithium deposition at room temperature and 1.5 � 1016 D2

þ cm�2 at 250 �C, and ③ 3 mm

lithium deposition at 250 �C and 1.5 � 1016 D2
þ cm�2 at the same temperature [80].
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source (i.e. helium particles), the amount of deuterium
retained could be controlled.

Indeed, the experiments confirmed this conjecture as shown
in Fig. 24(b) where the mixed beam with about 10% He
demonstrated that the Li-O-D functionality would not grow
even with the increasing deuterium fluence as in the “D-only”
case in Fig. 24(a). The control case where only an inert par-
ticle source was used (e.g. the case using He only) also
demonstrated (as in many other experiments, e.g. [74] and
[41], that the Li-O-D functionality is strictly due to the
exposure to energetic D particles and the presence of both
lithium and oxygen, a mechanism predicted by the computa-
tional simulation work of Krstic et al. This is further corrob-
orated in the recent results by Neff et al.2 [81] on in operando
irradiation data whereby XPS of the Li-O-D functionality and
Li-O chemical bond is measured during irradiation exposure to
He sequenced by D energetic particles. In this experiment,
Fig. 25(a) shows the results for the case of He-only irradiation,
where there is no sign of Li-O-D complex. This step is then
followed by first shutting off the He beam and then exposing
the surface to the Dþ ions consequently leading to the
observed Li-O-D complex that grows with D fluence. Finally,
this low-fluence D exposure is followed by He irradiation
which results in the inert energetic He particles breaking up
the Li-O-D bonding and consequently decreasing the D
retention (e.g. lowering the Li-O-D/Li2O area ratio). However,
there seems to be a saturation point after which after larger Dþ

fluences of the order of 1016 cm�2 as shown in Fig. 25(b),
implanted energetic He can drive oxygen from sub-surface
regions to the surface maintaining deuterium retention there.
These in operando results confirmed for the first time that a
controlled amount of He in a D particle beam flux can control
the amount of D retention on a lithiated surface on metallic
substrates such as tungsten.

6. Conclusions

The coupling between fusion material surfaces and the
plasmas that interact with them has challenged our

Fig. 24. O1s XPS spectra of 500 nm lithium thin-films on polished commercial-grade W substrates at room temperature from “pre-Li” conditions (bottom spectra)

on W surface to “post-Li” conditions (second to bottom spectra) to irradiated conditions: (a) from 3.3 � 1016 D2
þcm�2 fluence to ~1.0 � 1017 D2

þcm�2 fluence, (b)

same Dþ fluences with 10% He mixed energetic particle beam with Heþ fluences between 1.5 � 1015 Heþcm�2 to 4.6 � 1015 Heþcm�2, and (c) using only Heþ

irradiation (e.g. control) with fluences from 1.5 � 1015 Heþcm�2 to 4.6 � 1015 Heþcm�2 [76].

Fig. 25. (a) In operando Li-O-D/Li2O peak area ratio derived from O1s XPS

spectra of Li/W system exposed to He irradiation sequenced by D irradiation

and He irradiation showing the effect of ballistic bond-breaking mechanism of

He of the Li-O-D surface complex. (b) D irradiation followed by simultaneous

He irradiation with water vapor exposure showing enhanced LiOH from ox-

ygen reduction during irradiation.

2 Experimental results reported in doctoral thesis of Neff [81], previously

not published.
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understanding of these extreme environments. The interaction
of energetic particles drives materials far from equilibrium,
resulting in dynamic changes to surface chemistry and physics
at the plasma-material interface. Recent work coupling both
in-situ and in operando experimental measurements with
advanced multi-scale computational tools have ushered a new
understanding of irradiation surface science unraveling the
chemistry and physics of these complex interfaces. In partic-
ular, this review summarizes the role of lithium coatings
applied on a variety of graphitic and metallic surfaces in a
number of tokamak fusion machines and benchtop in-situ
experiments. Conditioning fusion device wall materials with
lithium have demonstrated a subtle interplay of the lithiated
plasma facing surfaces and plasma properties. In one example,
the Li presence in the NSTX (National Spherical Tokamak
Experiment) plasma extreme environment led to a lower H-
mode power threshold, increased plasma power, increased
discharge times and reduced fuel recycling. Studies of lithiated
carbon surfaces also identified a peculiar physical effect of the
intercalated lithium presence when exposed to deuterium
irradiation: a dramatic increase of the oxygen concentration in
the top layers of the surface. The increased oxygen concen-
tration is responsible for the chemistry of deuterium retention
and sputtering, while lithium mainly plays the role of a cata-
lyzer in this process. This understanding completely trans-
formed the community understanding on the deuterium
retention mechanism in the lithium-based surfaces as shown
by both quantum-classical molecular dynamics computations
and by laboratory experiments. In case of carbon boronization,
boron plays together with oxygen an active role in D retention
and causes significant suppression of the chemical sputtering
at impact energies of deuterium below 30 eV. The computed
chemistry in the BCOD surface was validated by the first in
situ-ex tempore experiments using the MAPP (Material
Analysis Particle Probe) diagnostic platform inside the NSTX
fusion chamber. The computational study of the effects of the
sputtering suppression in boronized carbon surfaces shows that
the suppression of sputtering extends to surface temperatures
as high as 1000 K. Studies with lithium thin-films on metallic
substrates such as W and Mo also demonstrate a tendency for
enhanced D retention via Li-O-D interactions and irradiation-
driven effects influencing the amount of D retained.
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