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Processes at lithium-hydride/
deuteride surfaces upon low
energy impact of H/D
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Sputtering, reflection, and retention processes at amorphous and crystalline lithium
hydride surfaces due to impact of low energy (1-100 eV) hydrogen and deuterium
atoms over the range of 0° —85° angle of incidence at 300 K surface temperature
were investigated by atomistic computational methods. Classical molecular
dynamics simulations were performed with improved reactive bond-order force
field (ReaxFF) potentials that include long-range polarization effects. In addition to
probabilities of surface processes, the energy and angular spectra of ejected particles
were obtained. Comparison of these results with those previously obtained on
pristine lithium surfaces indicates the importance of saturation of the Li surface
and near-surface region with hydrogen. We show that such saturation, which is
typical in both laboratory and fusion device experiments with lithium coating of the
plasma-facing surfaces, significantly changes the surface processes with hydrogen
irradiation in the understudied low-energy region of impact energies.
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1 Introduction

Conditioning of plasma-facing components (PFCs) is a key issue in tokamak operations [1].
Li evaporation and conditioning have been used in different machines to improve plasma
performance [2, 3]. In NSTX, Li conditioning decreased the H-mode access power threshold,
increased the stored energy, and allowed longer plasma discharges when compared with plasma
discharges with no Li conditioning [3]. These improvements have been associated with the
reduction of fuel recycling. While the plasma performance is strongly influenced by the PFCs,
the PFCs are modified with each exposure to the plasma. This requires extensive experimental
and computational studies of LiH-coated PFCs upon low-energy H and D ion irradiation to
properly explain the relationship between Li PFCs and plasma performance and determine
reasons for the improved tokamak operating conditions [4-7]. Understanding Li-based plasma-
material interaction (PMI) is of particular importance for the Lithium Tokamak eXperiment-f§
(LTX-P), whose low recycling regime is enabled by Li-coated plasma-facing surfaces [2, 8].
Although most of the plasma-facing wall in LTX-P is coated with Li, the surface is rapidly
saturated by H bombardment in the presence of plasma, up to a Li:H ratio of 1:1 [9], implying
that knowledge of the effects of H and D irradiation on pristine Li (amorphous and crystalline)
[10, 11] is not enough to reveal the properties of a complex material formed by accumulation of
H or D in pure Li. In fact, wall surfaces and target surfaces in experiments might be even more
complex than LiH due to additional reactions of Li and LiH with water in the background
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FIGURE 1

An incident particle and LiH surface system. The crystalline LiH
structure (left) was transformed by heating and annealing into an
amorphous Li + H structure (right), which was bombarded by H and D
atoms, varying their point of origin, energy, and angle of incidence

at the surface.

residual gases [6], resulting in a mixture of LiH, Li,O, and LiOH. Pure
Li can exist only as an initial transition phase as a tokamak PFC
material. Accumulation of hydrogen in Li changes the physical and
chemical properties of the irradiated material. In this paper we show
the changes of the reflection, retention, and sputtering processes in
fully hydrogen-saturated, mainly in amorphous, but also in crystalline
lithium hydride material under the bombardment of low-energy
hydrogen and deuterium atoms (1-100eV). This contributes to
studies of chemical and physical erosion and H recycling of Li
PFCs under hydrogen-saturated conditions.

The computational and experimental data for dynamical processes
at LiH surfaces at impact energies below 100 eV are scarce, and often
inadequate. For example, popular codes based on the Binary Collision
Approximation (BCA) (TRIM/SRIM family of codes [12]) assume
only close-encounter collision between an impact atom and atoms of a
target surface. This approach, being applicable at high-impact
energies, usually undervalues the probabilities of the processes
studied in this paper. Herein, sputtering, reflection, and retention
processes are studied in detail, obtaining probabilities at various
impact energies and angles and isotopic composition of incident
particles, as well as related effects, as are energy and angular
spectra, and composition of ejected particles. Classical molecular
dynamics (CMD), with proper bond-order potentials, is a suitable
atomistic approach to these processes if taken with special care.
Namely, the low electronegativity of lithium (0.98) in comparison
to hydrogen (2.2) [13, 14] implies some ionic character (30%) in
addition to the strong covalent character of Li-H bonding, creating a
polarization environment for the impact hydrogen atoms and their
consequential partial charging. As discussed in [10, 11], this long-term
polarization effect can be considered in CMD by the Electronegativity
Equalization Method (EEM) [15, 16], in combination with reactive
bond-order (BO) potentials (ReaxFF [17, 18]), implemented in the
Large Scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) code [19]. Interestingly, the applications of ReaxFF
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combined with EEM [20-22] have shown good agreement with
results of quantum-classical molecular dynamics [23] using tight-
binding DFT [24-26], as well as with experimental results [27].

Section 2 describes the computational approach used to obtain the
results as well as development of improved ReaxFF potentials for LiH.
The calculated data we show and discuss in Section 3. Our conclusions
are given in Section 4.

2 Materials and methods
2.1 Preparation of the surface. Calculation

We prepared crystalline (FCC, lattice constant 4.007A) and
amorphous LiH slabs with dimensions of 4.9 x 4.9 x 10.6 nm’®
consisting of 14,730 Li and 14,499 H atoms with an average mass
density of 0.762 g/cm?®, which is within 3% of the commonly
reported LiH crystal density [28] of 0.78 g/cm® (Figure 1). The
crystal structure was geometry optimized to minimize its energy,
and the amorphization of LiH was achieved by subjecting the FCC
LiH crystal to a repeated heating and cooling regime, as described
in [10]. The periodic boundary conditions were removed from the
z-direction (Figure 1), and the system was further equilibrated at
300 K to allow the relaxation of the surface atoms. The irradiation
simulations were performed under the NVE ensemble with a
timestep (At) of 0.1 fs for energies of impact particle E greater
than 50 eV and At = 0.35 fs otherwise. The incident particles were
emitted toward and from approximately 1 nm above the surface,
varying their x and y coordinates. Each particle in the process was
labeled during the calculations, clearly distinguishing the origin
(reflected or sputtered) of ejected particles. A statistical average of
N = 1,022 trajectories were taken to calculate the reflection,
retention, and sputtering probabilities. We only considered the
number of successful, completed trajectories (N < N), which were
fully evolved for the given number of time steps. The probability
p) of an impact outcome is calculated as n/Ng, where n is the
sample size of the impact outcome (reflection (Pg), retention
(Prer), and sputtering (Py)). The maximal standard error (MSE)
[29], which is shown as an error bar in the probability graphs
(Section 3), was calculated as p/+/n. A more detailed discussion of
such computational methodology can be found elsewhere [10,
11, 20].

2.2 Development of the Li-H potential

As discussed in the Introduction, our atomistic simulations are
based on classical molecular dynamics, using ReaxFF potentials in the
LAMMPS code. The ReaxFF method is chosen for its capability to
model dynamics of breaking and forming chemical bonds [17, 18] and
use of the EEM is to calculate the dynamic changes of atomic charges
in the system. The latter is particularly important in the presence of
polarizable atoms like lithium mixed with atoms of significantly
different electronegativity.

Shin et al. [30] recently published Li/Al/Ti/P/O/H ReaxFF
parameters for solid electrolyte systems. This force field was
extensively trained for Li atoms and Li-O bond parameters.
However, the Li-Li and Li-H bond parameters were not trained in
that work and were treated as dummy bonds. Also, the H-H bond
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FIGURE 2

Comparison between DFT and ReaxFF force field used in present study. (A—D) Potential energy curves for Li metal lattices, i.e., BCC, FCC, HCP, and for

the LiH Fm3m-lattice, obtained by DFT calculations and by ReaxFF. (E) Cohesive energy of the Li BCC lattice, formation energy of the LiH Fm3m-lattice, and
relative stability of the Li BCC-lattice to the Li FCC, HCP, SC, and Dia-lattices. (F=H) Li-Li, L-H, and H-H diatomic potentials. In (A-D) and (F=H), the minimum
energy from the DFT calculation is chosen as zero energy, hence AE = Energy—min(Eper).

parameters were not trained for short-range interactions. To develop
the Li/H ReaxFF force field parameters for the present PMI systems,
we trained the Li-Li and Li-H bond parameters of this force field to
reproduce Li and Li-H equations of states, their heats of formation,
and Li-Li and Li-H binary interactions. As a reasonable initial guess,
we started with the Li-Li and Li-H parameters previously published
by Raju et al. [31]. The H-H parameters were merged into the force
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field, previously developed and published [32, 33]. Figures 2A-C
show potential energy curves calculated by DFT and ReaxFF
potentials for the various lattice configurations used for the
training. These curves represent the functional relationship
between the internal energy and the lattice constant (also known
as the equation of states), where the energy of the optimized lattice
(DFT) is defined as zero energy.
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ReaxFF is in good agreement with the DFT energies (within 1 kcal/
mol per atom) for +20% variation in lattice constant. Figure 2E shows
ReaxFF and DFT comparison for cohesive energy of the Li BCC-
lattice, the heat of formation of the Li-H Fm3m-lattice, and heats of
formation of the Li-FCC, Li-HCP, Li-Diamond (Dia), and Li-SC
lattices relative to the Li BCC-lattice. The Diamond and SC lattices are
high-energy phases for Li; subsequently we do not give high weight to
these phases in training the present force field. In this work, energetic
H/D particles impact a Li-H/D surface; hence the short-range
repulsive interactions are important, especially for H-H and H-Li.
We use a combination of DFT (PBE functional) and ZBL
(Ziegler-Biersack-Littmark [34]) energies to train the Li-Li, Li-H,
and H-H short-range interactions. The ZBL energies are used for short
distances (<0.6 A), and DFT (PBE) energies are used elsewhere. For
Li-H, we train the close-range encounters up to the repulsive energy of
~6,000 kcal/mol (~260 eV), which is sufficiently larger than the
maximum energy of impact particles in the present study (100 eV).
Figures 2F-H compare ReaxFF and ZBL + DFT energies for an atomic
pair of Li-Li, Li-H, and H-H. We ensure a good agreement for the Li-H
and H-H interaction potential (Figures 2G,H) for modeling high-
energy H/D particle impact on a Li-H/D slab.

3 Results and discussion

In this section, we show the results for the reflection, sputtering,
and retention of the H and D impacts for LiH and LiD amorphous
surfaces, respectively, with a focus on the comparison and differences
of the results with the impacts at pristine lithium surfaces. As
discussed in the Introduction, such comparison is of importance
for understanding the processes in both experimental fusion
devices, like LTX-f, and in laboratory experiments. Namely, any
lithium surface exposed to the H(D) irradiation will saturate with
impact particles in a short time. In addition, it is generally understood
that any solid surface of a PFC, exposed to huge particle fluxes in a
fusion device, will be amorphized. Thus, the results of irradiation of
amorphous LiH are more relevant for practical application than those
for crystalline or amorphous pristine lithium surfaces. Furthermore,
both lithium and hydrogen in the surfaces of both wall coatings in
fusion devices and targets in experimental measurements may interact
with oxygen from water in the background residual gases creating
more complex compounds, and the resulting surface will likely be a
mixture of LiH, Li,O, and LiOH. Only the response of hydrogen
irradiation of the LiH component is investigated in the present study.

We note that a:M and c:M notations mean “amorphous M” and
“crystalline M" respectively. Material M is LiH or LiD but could also
be pristine Li. For energy and angle of incidence of impact particles we
will use E and 6, respectively. This notation will be used in the
remaining text.

We first discuss the probabilities of reflection, pg. The retention
probabilities are defined by the particle conservation principle, P, =
1-Pg.

3.1 Probabilities of the particle ejection

3.1.1 Reflection
The calculated Py of incident H and D on a:LiH and a:LiD,
respectively, at a variety of impact energies and angles of incidence

Frontiers in Physics

10.3389/fphy.2023.1105194

10 F
s L
'451 |
b o
3 L
R=) 10 =
-
o L
2 -
g I Impact of H
= a:LiH . a:Li[lQ]
M 02 b ;0 —1Y,  — D+aLiD0’
F —A—8 ——85
(3 o I H R B |
107 E
B E I A
D -
Y P A A occceeaf Po-cccceccccccccccccccnnanaaan
5 [ A Qe
I R e S — T
210 E T N
= C ———
2 E
= N
c
2 i Impact of D
R ey
= 10 E_at]Li[é‘(’)] aLib) o° VFTRIM-3D [35]
=4 £ o 0 —oe— ¢:LiD,5
F-odeods)  —@— 43, T3 Al
__lﬁ__.ss I lt J85 —— TRIMSP[36] , |
0 20 40 60 80 100
Impact energy (eV)
FIGURE 3

The probabilities of reflection per impact (Pg) of H and D at
amorphous surfaces at 300 K, for impact energies in the range

1-100 eV, and for various incident angles. (A) Comparison of Pg for H
impacts at (A)LiH surfaces for the impact of H at 0" and 85°. The Py

for impact of H at the (A)Li surface [10], as well as for D+a:LiD at 0° for
isotope effects, are also shown for comparison. (B) Comparison of Pg for
D impacts at (A) LiD and (A)Li surfaces for the impact of D at 0%, 45°, and
85° and at crystalline (C)LiD and (C)Li surfaces at a 5° incident angle.
Shown probabilities are averages over all successful trajectories, with
error bars being maximal standard errors. The VFTRIM-3D data for the
reflection of D from an amorphous LiD surface at an incident angle of
45° [35], and TRIM.SP [36] data for D+a:Li at 0° are also shown.

are shown in Figure 3. The presence of H in a:LiH decreases the
reflection probability in comparison to the one from a:Li, in spite of
the fact that the mass density of LiH is larger than that of Li. This is
because H atoms in a:LiH are less efficient targets for reflection of H
due to the high transfer of kinetic energy in the collision of two H
atoms. Thus, for H impact at 0 = 0° (Figure 3A) and impact energy E =
100 eV, we get Pg = 0.25 from a:Li, which is 2.8 times larger than Py =
0.089 from a:LiH. By lowering the impact energy, this ratio decreases
to 2.0 at E = 25 eV, while at E = 5 eV it reduces to Py (Li)/Pg (LiH) =
0.198/0.138 = 1.4. With an increase in incident angle, the ratio of the
reflection probabilities from a:LiH and a:Li decrease, and for almost
grazing angles these trends reverse. Thus, for 6 = 85° the ratio of
reflection probabilities from a:Li and a:LiH are 0.763/0.853 = 0.89 at
100 eV, and 0.383/0.400 = 0.96at 5eV. The same trend is also
obtained for D reflection from a:LiD (Figure 3B). Thus, for impacts
at 0°, the ratios are Py (Li)/Pg (LiD) = 0.129/0.0528 = 2.4, 0.134/0.081 =
1.6, and 0.069/0.074 = 0.9 at 100, 25, and 5 eV, respectively.

For impacts at 45°, the corresponding ratios are 0.265/0.167 = 1.6,
0.245/0.224 = 1.1, and 0.126/0.150 = 0.84. Finally, at 85°, Py (Li) and
Py (LiD) are close in value, with a slight dominance of Py (LiD), like in
the case of Py (LiH). The VFTRIM-3D data [35] for D+a:LiD at 45° are
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FIGURE 4

Sputtering probabilities of Li and H atoms per impact of H in the
range of impact energies 1-100 eV, for various angles of incidence 6 on
an a:LiH surface at 300 K. Results are also shown for Li sputtering from
an a:Li surface upon the impact of H at various 6 [9].

in good agreement with our data for E > 75 eV, while at lower energies
this data underestimates, typical for a BCA. The TRIM.SP data [36] for
the D+a:Li system, are also shown in Figure 3B. These data are almost
a factor of two larger than our data for the D+a:LiD system though
these show reasonable agreement with our data for the D+a:Li system
[10]. One can draw the following conclusions from the above
discussion: 1) The reflection probabilities in the considered impact
energy range are significantly bigger from the a:Li surface than from a:
LiH and a:LiD surfaces at low angles of incidence; and 2) Concerning
isotope effects, reflection for the D+a:LiD system is, for most impact
energies, 2-3 times smaller than for the H+a:LiH system. A
comparison of the crystalline surfaces, c:Li and c:LiD, shows even
larger dominance of the reflection from the c:Li. At E = 100 eV the
ratio is Pg (c:Li)/Pg (c:LiD) = 0.045/0.008 = 5.6, which drops to a value
of about 2 at 25 eV and 5 eV impact energies.

It is important to stress that since reflection is smaller at LiH
surfaces than at pristine lithium surfaces, the retention P, = 1-Pg
of the impact particles is larger. At 6 = 0° and E = 100 eV, the
probability of retention of H at a:LiH is 0.93, while for a:Li it is 0.75.
For D impact at a:LiD this number is 0.95, while at a:Li it is 0.87.
Retention drastically drops with increasing angle of incidence, and
for almost grazing incidence (6 = 85°) at H impact of E = 100 eV, it
is 0.24 for a:Li but 0.14 for a:LiH, with similar values for D at a:Li
and a:LiD.

3.1.2 Sputtering

The sputtering probability per incident atom, at given angle of
incidence and impact energy, is calculated as a ratio of the number of
trajectories of sputtered atoms A (nf},) and the total number of
completed trajectories (N), i.e., Pg}, = ng,/N s. A completed or
successful trajectory is a line that follows consecutive positions of
an impact particle either for the full input number of time steps or
until exiting the predefined computational box size. The sputtering
probability is calculated for Li and H separately. Li is sputtered in the
form of Li atoms or LiH and Li, molecules. Whether Li and H are
sputtered in the form of atoms or molecules, the sputtering probability
of each of them is calculated by counting total number of
corresponding atoms.
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Sputtering probabilities of Li and D atoms per impact of D atom, for
several impact angles, as functions of incident energy of D impact at a:
LiD surface at 300 K. Comparison with available experimental and
computational data from Refs. [35, 36] are also shown. The data in

[35] are for Li sputtering by D impact at 45° at lithium saturated by D.
TRIM.SP data of [36, 37] are for D on a monoatomic Li target.

To compare the current data for sputtering probabilities from a:
LiH with those from a:Li [10], it is necessary to consider sputtering
probabilities Pg of Li and H separately, which are shown for various
energies E and angles 0 in Figure 4. Not surprisingly, sputtering of H is
more effective than sputtering of Li at lower incident H energies, and
this difference is reduced with an increase in 6 and E. While the
probability of the dominant sputtering product, H, is nearly constant
for impact energies in range 25-100 eV, the Li sputtering probability
increases with increasing incident energy over the same range, for 6 of
45° and 85°. For an incident angle of 0°, the Li sputtering probability
decreases for energies E larger than 75 eV. For incident H atoms at
100 eV at 0 = 0° mainly H atoms are ejected, while at 6 = 85°
of H and Li
Interestingly, sputtering of Li from a:LiH and a:Li are close to each

sputtering probabilities have similar values.
other, especially at larger energies. Still, the total sputtering probability
from a:LiH is significantly larger than from a:Li due to the large
contribution of H sputtering.

Although the prime interest for the LTX-[ device is hydrogenated
(using H atoms) Li surfaces, we also calculated the sputtering from LiD
surfaces to compare with existing experiments and computational
results, available at incident angles of 45° [35]. As shown in Figure 5,
our calculations of sputtering probabilities by D impacts at 0 = 45° for
the a:LiD surface compare well with previous experimental (Ion
Surface Interaction Experiment, IIAX) and VFTRIM-3D data for Li
sputtering from Li saturated by D. The TRIM.SP sputtering
probabilities for D+a:Li [36, 37], shown in Figure 5.

Are also smaller than our published data [10] for D+a:Li, but in most of
the considered energy range are larger than our current data for Li
sputtering for the D+a:LiD system. We note that detailed TRIM.SP
studies of sputtering at Li and other metal targets by D and T in a
wide energy range are available from Eckstein’s work [36-39].

As in the case of sputtering from a:LiH by incident H atoms, the
sputtering of D dominates the sputtering from a:LiD, though to a
smaller extent. However, sputtering from c:LiD due to incident D
atoms is smaller from a:LiD, and sputtering of Li dominates sputtering
from c:LiD at impact energies larger than about 50 eV.
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(A) Normalized cumulative counts of reflection depths of incident

H and D atoms inside (A)LiH and (A)LiD surfaces, respectively, for several
impact energies and angles. (B) Average reflection depths of H and D in
(A)LiH and (A)LID, respectively, for a range of impact energies at 0°
angle of incidence.

3.2 Initial depth of ejected particles

Distributions of the deepest reach of incident atoms inside the
surface before reflection, called the reflection depth (RD) [10], are of
importance for defining an active thickness of the surface slab. Thus, if
an experiment is performed with a LiH layer on a substrate whose
thickness is smaller than the reflection depth, both measured reflection
and sputtering [10] are highly influenced by the substrate, rather than
describing only the LiH surface effects. In addition, the sputtering
process is largely enabled by the reflected atoms, as shown in [10],
indicating that sputtered particles cannot originate from the depths in
the surface larger than the RD. Figure 6A presents the cumulative.

Normalized distributions of the RDs for various impact energies
and angles. From this plot, one can conclude that 95% of H impacts at
100 eV have a RD less than 3.4 nm for 6 = 0° but only 0.9 nm for

0 = 85°. However, for impact of D at 0°, the RD is smaller, and the 95%
limit in Figure 6A is reached at 2.6 nm for E = 100 eV and 1.5 nm for E =
50 eV. These values for the RD in a:LiH are 2.5-3 times smaller than those
of an a:Li surface. This difference is partially caused by the larger mass
density of a:LiH than a:Li, but also by larger kinetic energy loss of impact
atoms in lithium-hydride due to the larger energy transfer in the collision of
impact H with H atoms in a:LiH. Thus, for the amorphous Li slab, for E =
100 eV at 0°, the 95% limit of RD is reached at 7.8 nm for H and 6.1 nm for
D, which is in both cases 2.3 times larger than for a:LiH and a:LiD,
respectively. For 6 = 85° the RD is 3.6 times larger for a:Li than for a:LiH.
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Initial sputtering depth of Li and H or D atoms were calculated in an
(A)LiH or (A)LID slab target at 300 K, due to H and D impacts. (A)
Distribution of the initial sputtering depths as function of impact energy
atincident angles of 0°or 85°. (B) Impact energy dependence of the
mean initial sputtering depths, defined by Eq. 2, of Liand H or D atoms in
an (A)LiH or (A)LiD slab target for various cases of incident H or D atoms.

A good estimate of the RDs are their average values over all
trajectories for a given impact energy and angle. As shown in
Figure 6B, the change of the mean RD for H impacts at 6 = 0°
over a range of impact energies on a:LiH is 0.15 A/eV, while for D
impacts at the same conditions on a:LiD this value is 0.11 Alev,
calculated as the average slope of the curves at Figure 6B. Note that the
average values capture less than 50% of reflected atom distributions.
Therefore, values of the RDs for various energies in Figure 6A can be
approximately obtained by multiplying the values of the average
reflection depths by factor of two.

Distributions of the depth of origination of the sputtered particles,
so called “initial sputtering depth” (ISD) [10] were calculated for Li
and H atoms ejected from an a:LiH slab; Figure 7A shows the
normalized cumulative distributions of ISDs of sputtered Li and H
atoms with respect to the a:LiH-vacuum interface (defined to be 0-nm
depth) resulting from incident H or D impact at 0° and 85° angle of
incidence, for two impact energies. From the figure, 95% of the
sputtered Li atoms upon impact of H at E = 100 eV and 6 = 0° at
an a:LiH surface are from depths smaller than 1.3 nm, while sputtered
H atoms originate from depths smaller than 0.9 nm. For impact of H
atoms at 50 eV, sputtered Li atoms originate at depths smaller than
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FIGURE 8

Average energies (Eav) of the reflected atoms H and D from
amorphous LiH and LiD surfaces, respectively, shown as a function of the
incident energy for various angles of incidence. For comparison, the data
for Eav of H incident at an a:Li surface [10] are shown as dashed

lines.

1 nm and sputtered H atoms originate at depths smaller than 0.7 nm.
For impacts of H of E = 100 eV at 6 = 85° both Li and H atoms
originate at depths <0.4 nm. D impacts on a:LiD cause ejection of Li
and D from depths similar to those on a:LiH.

Following [10], we calculate the mean initial sputtering depth d
(MISD) of a distribution using counts of the sputtered particles C; in
an interval of 2 A centered at the sputtering depth (d;)

2Ci
The MISDs in Figure 7B are shown as functions of incident energy for

incident angles of 0° and 85° for H, and of 0" for D, at a:LiH and a:LiD target
slabs. Like in case of the Li target, the MISD increases with impact energy,

(1)

and are for Li not larger than 0.45 nm for H impact at a:LiH and not larger
than 0.55nm for D impact at a:LiD for E = 100eV and 6 = 0°. The
corresponding values of MISD in case of a:Li target [10] are larger than
0.6 nm. For H impacts at 6 = 85" at a:LiH, the MISD stays below 0.2 nm for
both sputtered Li and H. On the other hand, the mean initial sputtering
depths of H and D are smaller than 0.4 nm from a:LiH, a:LiD and a:Li.
Similar conclusions hold also for a crystalline Li target (not shown here).

It is important to stress that the MISD for incident H atoms on a
pristine a:Li surface is about 50% larger for sputtered Li than in the case on
a:LiH. This is likely the result of the combined effects of the higher density
of a:LiH compared to a:Li, and a more efficient energy transfer of the
incident H with H atoms in a:LiH. We showed in [10] that the dominant
mechanism of Li sputtering in a:Li systems is by incident H that has
already reflected off of Li that is deeper in the bulk of the slab. This means
that the reflection depth of H in a:LiH is a relevant parameter for the
MISD of Li. As shown above, the reflection depth of H in a:LiH is
2.5-3 times smaller than in a:Li, which can also explain the disparity in the
initial sputtering depths for a:LiH and a:Li surfaces.

3.3 Spectra of ejected particles
3.3.1 Energy spectra

As shown in Figure 8, the energies of reflected H and D atoms from a:
LiH and a:LiD surfaces, respectively, averaged over all trajectories show
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(A) Average kinetic energies (Egp) of the Li and H atoms, sputtered
from an (A)LiH surface over a range of impact energy (E) of incident H
atoms at two angles of incidence (8). Averaging is done for each E and 6
over all sputtering trajectories. (B) Similar plots as in (A), but for D
atoms incident at an (A)LiD surface.

similar trends and values to the energies of reflected H and D atoms from
a pristine a:Li surface [10], ie., a linear dependence of E,, on impact
energy, with slopes that strongly increase with the impact angle 6. For
instance, H atoms reflected from a:LiH with an incident angle of 85° will
have an average reflected energy of 90% of the impact energy, while those
with an incident angle of 0° will have an average reflected energy of 33% of
the impact energy. Also, the slopes are larger for impact of H at a:LiH than
for D at a:LiD surfaces.

Figure 9A shows average kinetic energies (E;) of the sputtered atoms,
H and Lj, as a function of incident energy. The averaging was done over all
completed trajectories (N; = 1,000) at each incident energy and angle. For H
impacts at 100 eV and 0° angle of incidence, the Eg, values of sputtered Li
atoms are smaller by nearly an order of magnitude than those of sputtered H
atoms, while these two Ej, values approach each other for 6 = 85°. Previously
reported energies of sputtered Li from a:Li [10] are significantly smaller than
the presently calculated values from a:LiH. As seen in Figure 9A, the initial
sputtering depth for H in a:LiH is significantly smaller than the one for H in
a:Li. This causes Li sputtered by a:LiH to have a smaller number of collisions
on the way out and, thus, higher sputtered energies.

The energies of sputtered hydrogen species are weak functions of
the incident angle. This is also a case with sputtered Li by D atoms
incident on an a:LiD surface, as shown in Figure 9B, but not for
sputtered Li by H atoms incident on an a:LiH surface in Figure 8A.
Although the transfer of energy to Li atoms is more efficient by
incident D than by H, the average energies of sputtered Li are not
systematically larger in Figure 9B than in Figure 9A. The reason for
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FIGURE 10

Angular distributions of reflected H atoms for incident H at an

impact energy of 50 eV, from an a:LiH surface at 300 K for various angles
of incidence. The distributions are shown in the form of a polar diagram
with the reflected particle curves normalized to unity at their
maximum values for each angle of incidence. Lambert's cosine law is
shown by a dashed line

this can be seen in Figure 8, showing that the kinetic energies of
reflected H are larger than energies of reflected D. Having in mind that
majority of the sputtered particles are kicked out of the surface by the
reflected impact particles, the energy of the sputtered particles is tied to
the energy of the reflected particles.

3.3.2 Angular distributions

For incident atoms reflected from a surface, the angular
distributions (dN/dQ) are calculated [27-29] from the number of
reflected particles N (6, 80) into interval 60 around 6, as in [10], by

FIGURE 11

10.3389/fphy.2023.1105194

N (6,606)
2760 sin 0

Z—I(\)] = 2
where C is a normalization constant, and 0 is here the angle of the
velocity of the reflected particle with respect to the surface normal. In
Figure 10, we show the angular distributions of the reflected H atoms
incident at an a:LiH surface with an impact energy of 50 eV. The
distributions are normalized to the maximum value at each incident
angle (0°, 45°, and 85°) shown by the arrows.

Incident H atoms at 0° and 45° show diffuse-type angular
distributions, while incident H atoms at 85" exibit a pronounced
specular peak. As in the case of reflection from an a:Li surface
[10], these observations are consistent with the trend of an increase
of the average reflection energy with an angle of incidence, especially at
larger angles in Figure 8. Namely, the reflection energy gets closer to
the impact energy with an increase of incident angle, which signifies
less inelastic scattering and thus, more specular reflection.

Eq. 2 is also used to calculate the angular distributions of sputtered
Li and H atoms shown in Figure 11, as was done for the reflected
particles. The distributions are of the diffuse type, though there is a
trend of sputtered Li atoms toward specular directions with increase of
incident angles (Figure 10A). These tendencies were also seen for
reflection and sputtering from a:Li targets [10].

3.4 Depth distributions of retained particles

The information on the maximal thickness needed for the a:LiH
and a:LiD targets is contained in the information on the distributions
of the retained particles. Due to the ps time scale in obtaining the
distributions, these can also be used as initial conditions for calculation
of the diffusion of the accumulated hydrogen upon impact. The
maximum reflection depth limits, as discussed for Figure 6, do not
exceed 4 nm in a:LiH for impacts with E = 100 eV and 6 = 0°. This
means that that a 10-nm thick Li slab in this work is sufficient for
studying the reflection and sputtering from a LiH surface for E up to
100 eV. The distributions of the retained particles (Figure 12) were
studied in the a:LiH slab described in Section 2 and used for all

Angular distributions of H and Li particles sputtered by impact of H atoms from an (A) LiH surface at 300 K, with impact energies of (A) 25 eV and (B) 75 eV.
The dN/dQ values in the polar diagrams are normalized to their respective maximum values at each impact energy. Lambert's cosine law is shown by a dashed

line.
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FIGURE 12

Distributions of impacting H and D atoms retained in a:LiH and a:

LiD targets at 300 K (solid lines with symbols), respectively, and
normalized cumulative counts (in %) of the retained atoms (dashed lines).
All distributions are scaled to its maximum value for each incident
data.

calculations in this paper. While all energies and angles result in
maximums of distributions at about or less than 3-nm depth, their
widths and heights differ significantly. The normalized cumulative
counts of retained atoms show that 90% of impacting H atoms at
100 eV and 0° angle of incidence are retained at depths less than about
7 nm, while this depth for impacting D is less than 5 nm (Figure 12A).
Also, 90% of impacting H atoms at E = 50 eV and 0 = 0° are retained at
depths less than 3.5 nm (Figure 12B). The tails of the distributions
extend to no more than 10 nm. For incidence at 85° and E = 100 eV,
90% of retained H atoms in a:LiH are at depths smaller than 6 nm
(Figure 12B). As a comparison, for an a:Li surface, 90% of impacting H
atoms at 100 eV and 0° angle of incidence are retained at depths less
than about 15 nm with the tail of the distribution extending to 22 nm,
while 90% of impacting D atoms are retained at depths less than about
12.5 nm with the tail of the distribution extending to 20 nm [10].
These significantly smaller depths reached by the retained atoms in
LiH and LiD are partially a consequence of the higher mass density of
LiH (0.78 g/cm3) and LiD (0.87 g/cm3) in comparison to that of Li of
=0.5 g/cm3, but also because of an efficient energy transfer of kinetic
energy of impact atoms when colliding with H atoms in the LiH slab,
causing larger energy loss of impact particles.

Indicative of the dependence of the penetration depth on the
impact energy are the almost linear curves in Figure 13, which differ in
slope for the various systems. We find that D+a:LiD and H+a:LiH data
have only slightly different slopes. However, D+a:Li and H+a:Li data
are well distinguished from each other and from the D+a:LiD curve.
Finally, the penetration depth and its slope for the D+a:Li system
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Energy dependence of the mean penetration depths of impacting
H and D atoms that are incident at 0°

obtained by TRIM.SP [36] differ significantly from the data obtained
by MD reported herein, and mostly agrees with the H+a:Li curve. We
note that the values in Figure 13 are calculated by averaging of all
trajectories at each energy and are at least a factor of two smaller than
90% of distributions of the penetration depths shown in Figure 12.

4 Conclusion

Due to a fast accumulation of H in Li (up to ratio 1:1), a pure Li surface
exists as an initial transient in a tokamak PFC material at low temperatures.
The accumulation of hydrogen in Li changes the physical and chemical
properties of the irradiated material, and the information obtained from
the studies of a pristine lithium surface irradiated by hydrogen are not
sufficient to reveal the properties of a complex material formed by
accumulation of H or D in pure Li. Molecular dynamics calculations
with advanced and improved, bond order ReaxFF potentials, combined
with EEM, were used to study the reflection, retention, and sputtering
processes by H and D atoms incident at amorphous and crystalline lithium
hydride and lithium deuteride surfaces. The range of particle impact
energies of 1-100 eV and angles of incidence of 0°-85°, where 0° is
perpendicular to the surface, were investigated. These ranges of impact
parameters have been poorly described in literature, both experimentally
and computationally. The MD parameters, such as the time steps,
preparation of the surface slab, the slab size, and the number of
particle trajectories, carefully chosen by the
computational experiments. The amorphous structure of the surface

were relevant
target as well as its temperature were selected to mimic the laboratory
experiments related to LTX-f. Notably, all atoms in the system were
labelled, enabling clear distinction of the origin of ejected species, obtaining
reflection, retention, and sputtering probabilities “on the same footing” for
any given set of conditions. The probabilities and their uncertainties were
acquired by scanning the surface at different points using independent
impacts. These were calculated as average values per impact atom and
reported with maximal standard error values. Since retention and
reflection probabilities must sum together to be unity, we found it
sufficient to discuss only the reflection and sputtering results in detail.
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The important outcome of the present study is comparison of the
data from the Li surface saturated by H with that from pristine Li.
There is a number of interesting effects that distinguish the processes
at a:LiH and a:Li surfaces. The probability of reflection of impacting
atoms is smaller from a:LiH than from a:Li, which means that
retention of H in a:LiH is larger than in a:Li. For H, Li impacts
atoms in the surface are the main “reflectors”. Although the density of
Li atoms in a:Li and a:LiH are not much different, the impacting H
loses a lot of its energy in scattering off surface H’s in a:LiH, which
doesn’t happen in a:Li. For the same reason, the penetration of H in a:
LiH is smaller than in a:Li, leading to both smaller reflection depths
and shallower distributions of retained atoms in a:LiH. Also, the
energies of reflected atoms from a:LiH are smaller than those from a:
Li, causing smaller initial sputtering depths. In effect, sputtered Li
atoms have a smaller number of collisions on the way out, leading to
higher energies of Li atoms sputtered from a:LiH. All these conclusions
are valid for both H+a:LiH and D+a:LiD when compared with
processes at a:Li.

Comparing the processes by incident H at a:LiH and incident D at a:
LiD, the main differences come from more efficient kinetic energy transfer
from D to Li, than from H to Li, and thus deeper penetration of H in a:LiH
than D into a:LiD. The probabilities of reflection of H from a:LiH are
systematically larger than those of D from a:LiD, as could be expected
from the smaller mass difference of D and its main “reflector”, Li.
Similarly, the energy of the ejected H from a:LiH is systematically
higher than that of ejected D from a:LiD, which has a consequence
that the energy of sputtered Li is higher by H than by D, in spite of the
higher efficiency of energy transfer to Li from incident D than from
incident H. However, the Li sputtering probabilities by incident D at a:LiD
are somewhat larger than those for incident H at a:LiH, likely due to the
more efficient transfer of energy in collisions of D and Li.

The mentioned differences are largely diminished or lost at almost
glancing incidence of impact atoms, for both H vs D, and a:LiH vs a:Li. At
near glancing incidence, characteristics of the reflected H, and consequently
sputtered Li atoms, are the dominance of specular ejection of both reflected
H and sputtered Li atoms. This is not a case for the sputtered H or D atoms,
which follow a diffuse, cos-like Lambert law.

Due to the presence of water in the background residual gases in
the vacuum chambers of fusion devices or in experiments with more
controlled conditions, the surface might evolve as a mixture of Li, H,
and O, which could create LiH, Li,O, and LiOH compounds.
However, investigations of such an evolution of three atomic
components and their complex chemistry is beyond the scope of
this paper. In addition, the long-time evolution of such a system would
need to include large-scale diffusion and transitions within a complex
mixture, which would happen at much longer time scales than the ps-
ns scale feasible for our molecular dynamics calculations at the present
time. We point out that a study of the multicomponent surface
evolution upon H/D impact in the presence of oxygen is planned
in our future work.
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