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Abstract
In this work, Li-filled 3D-printed porous tungsten samples were exposed to deuterium (D)
plasma in Magnum-PSI with a wide ion flux from 4 × 1022 to 1.5 × 1024 m−2 s−1 and with a
corresponding wide temperature range from below Li melting point (180.5 ◦C) to above Li
deuteride (LiD) melting point (∼690 ◦C). The formation, decomposition and melting of LiD
have been directly observed in the experiment via infra-red thermometry and visually
post-mortem while still in vacuo, and correlated to the D retained content. The LiD formation
was characterized by a solid precipitate layer formed on the surface with high emissivity
(0.6–0.9) characterized by a blue or dark blue color after exposure. The melting of Li–LiD
layer was found to occur close to the temperature predicted by Li–LiD phase diagram. In situ
nuclear reaction analysis (NRA) was applied to perform the measurement of D retained in Li
samples immediately after exposure without breaking the vacuum. D depth profiles were
determined by NRA, in which the highest D concentration (15–45 at.%) was found in the top
several micrometers and decreases with depth to low levels (<5%) within 5–30 μm. No pure
LiD layer was found on the sample surfaces, however a D concentration close to 50 at.% was
observed on a Li-D co-deposited layer on the clamping ring in some cases. The experiments
also indicate that the D retained increases with increasing temperature until ∼500 ◦C. At
temperatures beyond ∼500 ◦C the dissociation of LiD starts to dominate and the deuterium
retention started to decrease. Overall, D retained fraction for all cases was found to be below
∼2%, which is significantly different from literatures where full uptake has been suggested. A
1D reaction–diffusion (RD) model based on D diffusion and chemical reactions with Li has
been built. D depth profiles from the RD modelling can roughly match that from NRA
measurement and a low D retained fraction below ∼2% was also indicated by the model. The
model can also help explain the relationship between D retained and the surface temperature
and fluence. After D plasma exposure, either helium or H plasma was utilized to remove the
retained D in Li and both were proved to be effective and the removal efficiency can be as high
as 96% above 420 ◦C.
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1. Introduction

One of the biggest challenges for a fusion reactor based on
magnetic confinement is to dissipate extremely high heat and
particle fluxes in the divertor area [1–3]. Conventional solid
plasma-facing materials (PFMs) such as tungsten could suf-
fer from cracking, blistering and even melting under transient
loadings and will also suffer from radiation damage due to
high neutron loading as a consequence of the fusion reactions
[4–7]. One possible alternative solution is to use liquid met-
als (LMs) as a PFM in the divertor region [8–14]. Owing to
their liquid nature, LMs can avoid much of the degradation in
performance caused by neutron radiation and quickly refresh
and self-heal via flow. Their evaporation and radiation can sig-
nificantly lower the coming heat flux and by forming a vapor
cloud in front of them can provide vapor shielding for the liq-
uid bulk, thus can protect the underlying solid substrate from
extreme conditions in the fusion reactor [10, 15–17].

Among LMs, lithium (Li) has been proposed as one of most
promising liquid PFMs and is historically the most widely
studied [8, 9, 12, 13, 18]. As the lightest metal, Li has a low
Z (Z = 3) and its content can be highly tolerated in fusion
core plasma. Owing to its high affinity with hydrogen iso-
topes (HI), the use of Li as a PFM can lower HI recycling
rate and significantly improve plasma performance, which has
been demonstrated in TFTR [19, 20], CDX-U [21], LTX [22],
EAST [17, 23, 24] and NSTX [15, 25], amongst other devices
[26]. However, due to safety issues arising from the radioac-
tivity of tritium (T) and the fact that tritium is a scarce fusion
fuel which must be generated in the reactor itself, it is required
that tritium inventory in PFMs should be as low as possible.
For example, the inventory level of tritium in ITER is limited
below 700 g [27]. This suggests that this would be a critical
issue for the use of Li in fusion reactors, and for this reason
alternative LMs such as Sn may be preferred as the trapping
of HI in pure Sn is extremely low [28–31]. If tritium reten-
tion is too high, alternatively a flowing Li system where T is
removed elsewhere should be employed. Such a system could
offer a continuously low-recycling surface which could have
advantages, but would be complex to achieve [26].

By using deuterium (D) as a proxy of tritium, a full uptake
of D in Li under D plasma at a flux up to 4 × 1022 m−2 s−1

has been determined by Baldwin et al and the retention frac-
tion was found to be independent of temperature over their
explored range (250–400 ◦C) [32]. They proposed the high
D retention was due to the combination of D atoms with Li
to form lithium deuteride (LiD), which remains solid until
690 ◦C. A trapping efficiency as high as 97% was also observed
by Erents using 18 keV D ions, but was found to decrease

at 407 ◦C until it fell towards zero above 427 ◦C [25]. The
decrease in trapping efficiency was suggested as being due
to the dissociation of LiD. In the experiments on the T-11M
tokamak with a lithium limiter [14], Mirnov et al have found
that deuterium could be release at temperature higher than
320 ◦C, and a surface temperature of 400–500 ◦C was sug-
gested for a Li plasma-facing component (PFC) to minimize
tritium inventory. Additionally Oyarzabal et al have reported
a desorption peak at ∼500 ◦C for Li exposed to and saturated
with H/D, which was well below the expected thermal decom-
position temperature [33, 34]. While, using Li films, Capece
et al observed the formation of LiD films after Li exposure to
D ion beam and D retention was found to decrease with the
increasing temperature and a release peak at 390 ◦C was also
spotted for the LiD film [35]. Recently, in [36] Castro et al have
found that HI retention in lithium can be significantly reduced
at the surface with high temperature. All together these results
suggest that operation at higher temperatures (>∼500 ◦C) may
prevent the strong trapping of HI in Li. Newer concepts such as
the vapor-box divertor [37] which utilizes Li vapor to reduce
heat loads at the PFCs implicitly rely on this assumption to
prevent excessive tritium inventory build-up. Therefore, a full
understanding of tritium retention in Li under fusion-relevant
flux plasmas is vital for its application as a PFM in fusion
reactors.

Data on HI retention in Li under fusion-relevant
plasma conditions, which are typically with high fluxes
(1023–25 m−2 s−1) and wide temperature range (300–800 ◦C),
is scarce and the influence of temperature and flux/fluence
on the retention is not fully understood. What’s more, Li is
highly reactive when exposed to atmospheric gases, resulting
in fast oxidation, nitridation and reactions with water vapor.
If samples are removed from vacuum conditions, LiH/D/T
itself can also react with water vapor and release H2/D2/T2

gas. These effects could have a significant influence on the
measurement of HI retention and desorption. Lastly little
exploration has been made of techniques which could be
applied to reduce the HI inventory in lithium in situ. In this
work we aimed to explore this fusion relevant parameter
range while avoiding atmospheric contamination. Therefore,
we exposed Li-filled samples to high flux (1023–24 m−2 s−1)
D plasma in Magnum-PSI [30, 38, 39], leading to a surface
temperature variation from Li melting point (180.5 ◦C) to
LiD melting point (690 ◦C). In situ nuclear reaction analysis
(NRA) was then performed immediately after exposure
without breaking the vacuum, in which we can directly get
insights into D depth profiles in Li. After this measurement
we then applied a second plasma treatment in Magnum-PSI
with either He or H plasma and then measured again with
NRA to determine the amount of D that was removed.
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Figure 1. Phase diagram for Li–LiD system. The dashed line is the
predicted closure that remains to be verified experimentally. The
scattered points are the experimental data deduced from NRA
measurement which refers to section 4, and divided into 4 groups
according to different surface appearance of the positions shown in
figure 6(b), namely metal shiny, grey, black and blue.

2. Theory

2.1. Phase diagram for Li–LiD system

To gain insights into deuterium retention in lithium, a first
understanding of the Li–LiD phase diagram is needed, which
is illustrated in figure 1 following [40–44]. The phase diagram
is displayed as a function of temperature and deuterium atomic
fraction, and mainly consists of five regions as described
below.

(I) Both Li and LiD are present as solids at temperature below
Li melting point (∼180.5 ◦C);

(II) The region is a deuterium solution of liquid lithium, where
deuterium concentration is below its solubility limit that
can be described by equation (1) as below [40, 42]. The
equation offers a liquidus line to separate regions (II) and
(III).

xD (mol frac%̇) = 104.321− 2873
T (1)

(III) At temperatures between the Li melting point to the LiD
melting point (∼690 ◦C), depending on D concentration a
biphasic liquid lithium containing solid LiD is presented.
If solid LiD precipitation does not take place, a colloidal
suspension of nano and micro LiD particles can be formed
and the diphase can be stable.

(IV) A coexisting liquid phase of lithium and LiD can be found
when temperature is beyond 690 ◦C but below the critical
temperature (∼956 ◦C);

(V) This region is a homogeneous melt, where Li and LiD are
miscible in all proportions.

At high temperature LiD can decompose, depending on
deuterium partial pressure. The decomposition pressure of LiD
can be expressed by [32, 45]:

Pdecomp (Pa) = 10−3 · e(39.93−23590/T), (2)

where T is the temperature in Kelvin. When the decomposi-
tion pressure is equal to the surrounding deuterium pressure,
an equilibrium could be built between LiD dissociation and
formation.

Figure 1 implies that in order to ensure a liquid surface that
can continuously self-refresh and self-heal, D supply to the Li
should be limited to keep its concentration below the solubility
limit, or the target needs to be heated above 690 ◦C, at which
point the solid LiD could melt and decompose very fast due to
a very high decomposition pressure (∼5000 Pa).

2.2. Deuterium diffusion coefficient and surface
recombination for Li–LiD system

Deuterium diffusion and surface recombination are two key
points for the processes of D retention and reemission. As no
reliable experimental data on D diffusion coefficient in pure
liquid Li is available, here we take an approximation from
Moriyama’s experiment where the temperature dependence of
tritium diffusion coefficient in very dilute liquid lithium was
measured [46]. In deuterium environment, with the formation
of LiD in Li, D diffusivity in Li could change. By using first-
principle, Chen et al have given some D diffusivity values in
Li–LiD system with different LiD concentration [47]. These
results were used by Abrams in [48].

An expression for HI surface recombination coefficient
on metallic surface has been deduced by Pick and Baldwin
[43, 49] and is given as below

kr (m4 s−1) = 2.63 × 1024 · κ−2
0 · σ · (2MT)−1/2

· e2(Es−Ec)/(kT), (3)

where κ0 is the pre-factor in Sieverts’ constant, σ a constant
related to surface-site availability, M the atomic mass in u of
the desorbing species, Es the enthalpy of solution, Ec is activa-
tion energy of for chemisorption and k is Boltzmann constant.
For an ideally clean surface, σ can be taken to be unity and Ec

is reduced to zero.
In Baldwin’s experiment [43], σ = 0.01 and Ec = 0.1 eV

were taken for the liquid lithium surface with LiD ‘impurity’.
This work suggested that D desorption from a Li surface is
recombination-limited,firstly due to LiD presence but also due
to its high reactivity such that the Li surface is natively con-
taminated by either oxide or other impurities. During plasma
exposure, an ‘ideally’ clean surface of liquid lithium could
be achieved due to plasma cleaning or self-refreshing. In this
case, σ = 1 and Ec = 0 eV can be applied, which can reach
a high surface recombination that is 3–4 orders of magnitude
higher than that of the Li–LiD surface. If an ‘ideally’ clean
surface is assumed, D desorption from Li surface could shift
to a diffusion-limited regime, resulting into a low D retention.
The validity of these assumptions is explored below.

2.3. One-dimensional reaction–diffusion (1D RD) model for
D atoms interacting with Li

Due to the high reactivity of Li, it can chemically combine with
both deuterium gas and deuterium atoms to form LiD, which
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can be described by the reactions below:

In D2 gas 1/2 D2 + Li → LiD ΔH = −90.5 kJ mol−1

(4)

In D atom gas D + Li → LiD ΔH = −308.5 kJ mol−1.
(5)

Compared to D2 molecules D atoms are more active to Li,
thus in a D plasma atmosphere, as in our experiment, we will
mainly take the reaction equation (5) into account. In the reac-
tion equation (5), the depletion rate of pure Li atoms and the
formation rate of LiD molecules can be expressed by

− dnLi

dt
=

dnLiD

dt
= knDnLi, (6)

where nLi and nLiD are the number density (atoms/m−3) of
pure Li atoms and LiD molecules, respectively, and nD is the
mobile/free D atom density in Li (i.e. not including D atoms
existing in the form of LiD) where k (m3 s−1) = Ae−Ee/RT is
defined as the reaction rate constant and Ea is the activation
energy, A the pre-exponential factor, R the gas constant and T
temperature in Kelvin.

To estimate the reaction rate constant k, a simple case
is proposed, in which liquid convection and volume change
due to LiD formation are ignored and it is assumed that
d(nLi + nLiD)/dt = 0. Considering that the top Li layer is
implanted by D ions, and with the formation of LiD the dif-
fusion coefficient of D in LiD becomes much smaller than
that in pure liquid Li, we assume the boundary condition is
diffusion-limited and the implanted D atom concentration can
be estimated by [31, 50]:

nD ≈ Γi · rimpl

D( f )
, (7)

whereΓi is deuterium plasma ion flux and rimpl is the deuterium
ion implantation range and around 1.3 nm for 5 eV D+ accord-
ing to TRIM simulation; D( f ) is the deuterium diffusivity in
Li–LiD phase and is a function of f = nLiD/nLi, which can be
taken from [47].

After D ions are implanted into Li in the form of atoms (or
D atoms directly diffuse from the surface into Li), on the one
hand, a part of these D atoms will chemically combine with
Li atoms to form LiD; on the other hand, the residual D atoms
will continue to diffuse deeper following the nD concentration
gradient. The temperature in the top tens of micrometers of Li
samples can be assumed uniform. Thus, the mobile/dynamic
deuterium concentration in bulk Li targets can be expressed as
below according to Fick’s second diffusion law by adding a
reaction term.

∂nD(x, t)
∂t

=
∂

∂x

[
D ( f ) · ∂nD

∂x

]
− k · nD · nLi. (8)

From equation (6), we have

− ∂nLi(x, t)
∂t

= knDnLi. (9)

Equations (8) and (9) can be used to model deuterium dif-
fusion and reaction in Li, and thus further to predict deuterium

inventory. Both nD and nLi are a function of time (t) and lithium
depth (x). The initial and boundary conditions for nD(x, t) and
nLi(x, t) in Li target with a thickness of L (m) can be set as
below.

Initial condition : nD (x, 0) = 0 atoms/m3; nLi (x, 0) = n0;

Boundary condition : nD (0, t) =
Γirimpl

D
,

nD (L, t) = 0 atoms/m3;

nLi (0, t) = n0 × e−kt
Γirimpl

D ; nLi (L, 0) = n0,

where n0 ≈ 4.4 × 1028atoms/m3 is the number density of
static liquid lithium.

It can be foreseen that when Li is exposed to D plasma,
Li atoms in top layer will first combine with the incoming
D atoms to form solid LiD assuming that a high D ion flux
is provided, leading to a high D concentration near the sur-
face. This was observed in [51]. As the D diffusivity decreases
with D concentration, the deeper the layer, the more difficult
for D diffusing, which would lead to a D concentration gra-
dient from the surface to deep Li layer. Only given enough
time for the chemical reaction of equation (5), is it possible
to form an uniform LiD bulk target. Some similar behaviors
have been observed in [52], where the reaction rate of hydro-
gen gas with lithium was found to be initially proportional to
the mass of lithium and the hydrogen pressure, then to fall off
and become diffusion-controlled. While if the D ion flux is low
enough and the Li surface is also ‘ideally’ clean to ensure a
high surface recombination according to equation (1), D con-
centration would be expected to be below its solubility and
there is no LiD formation. It should be noted that the 1D RD
model does not take LiD decomposition into account. At high
temperature, the decomposition pressure of LiD can be beyond
the surrounding deuterium partial pressure resulting into LiD
dissociation. In this case, a regime of LiD formation competing
with its dissociation might exist.

A first sign of LiD formation can be judged from its appear-
ance. Both pure LiD and LiH are colorless solid, while nor-
mally commercial samples are white to grey. However, during
synthesis processes large crystals can be grown, which have
the appearance of bluish or coal-black color. This is because of
the presence of colloidal lithium [53, 54]. Thus, during exper-
iments the appearance of Li sample surface can be observed to
judge if LiD forms or not.

3. Experimental details

3.1. Achievement of in situ IBA analysis on Magnum-PSI

Magnum-PSI is a fusion-relevant linear plasma device capable
of achieving plasma flux and fluence as high as 1023–25 m−2 s−1

and 1026–30 m−2 [39, 55, 56] and due to its strong magnetic
field confinement and differential pumping system the ion frac-
tion is above 95% [57]. The DIFFER ion beam facility (IBF)
was built to directly connect to the target exchange and anal-
ysis chamber (TEAC) of Magnum-PSI making it possible to
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Figure 2. (a) Schematic diagram of IBF and Magnum-PSI; (b) target and IBA system in the TEAC. The ion beam is transported by means
of magnetic elements from the Singletron to the TEAC, where simultaneously NRA and RBS are performed just before, or immediately
after plasma exposure. The multi-target holder was used in this experiment, which can be moved forward and back by the transport rod
following the direction of double black arrow.

perform ion beam analysis (IBA), such as NRA and Ruther-
ford backscattering spectrometry (RBS), on targets immedi-
ately before or after plasma exposure in Magnum-PSI without
breaking the vacuum. A schematic diagram of the IBA setup at
Magnum-PSI can be seen in figure 2. The IBF uses a 3.5 MV
Singletron ion accelerator where RF-plasma generated ions
such as 3He+ and 4He+ are electrostatically accelerated to the
required energy and then transported to the target position in
the TEAC. Five samples can be mounted on Magnum-PSI’s
multi-target holder (figure 2(b)), of which four of them can be
directly bombarded by the ion beam. As seen in figure 2(b),
both RBS and NRA detectors were installed in the TEAC to
register energy spectra from particles scatter from the target
(RBS) or are created by a nuclear reaction (NRA) in the target.
The ion beam hits the target at perpendicular incidence.

In this experiment the applied ion beam was 2.5 MeV 3He+

beam with a spot area of ∼2 × 4 mm2. The nuclear reaction
D(3He, p)4He was used to determine deuterium concentra-
tion in the top layer (probing depth is ∼32 μm for 2.5 MeV
3He+ bombarding pure Li) of Li samples. In order to pre-
vent backscattered 3He ions reaching the NRA detector, a
15 μm thick Kapton (H10C22N2O5) was placed in front of the
NRA detector. The reaction angle for NRA (detector under
the ion beam) was 168◦–171.5◦ and the scattering angle was
166.0◦–169.0◦ for RBS (detector above the ion beam). The
exact angles depend on the position of the beam spots on the
target surface and are taken into account for the data-analysis.
For deuterium a calibration sample has been used and the
systematic error is estimated to be 7%.

3.2. Sample preparation and 3D-printed tungsten targets

Li-filled 3D-printed tungsten targets [58], forming a capillary-
porous system (CPS) [59], were used in this experiment.
Figure 3(a) shows an empty 3D-printed tungsten target with
a diameter of 24.5 mm and a height of 17 mm and (b) dis-
plays its surface texture consisted of micro-blocks separated by

Figure 3. 3D-printed tungsten sample (a) before Li filling and (c)
after Li filling; a SEM of the sample surface (b) before Li filling and
(d) after Li filling.

micro-trenches, whose designed size was ∼100 μm. This tex-
ture stabilizes the liquid by surface tension. The 3D-printed
tungsten target can provide a continuous liquid surface via
inner wicking channels from an internal reservoir, in which
lithium can be pre-filled. More information about the design of
3D-printed tungsten targets can be found in [58].

Prior to LM filling, the 3D-printed tungsten target was first
cleaned in hot 37% HCl acid following by ultrasonic bath
with acetone. Then the target was heated up to 1200 ◦C for
1.5 h in vacuum oven at a background pressure of 10−5 Pa to
remove oxides and other impurities. The lithium filling was
carried out in a glovebox with argon atmosphere, in which
both oxygen and water concentrations were controlled below
5 ppm. Figure 3(c) shows a photo of a Li-filled 3D-printed
tungsten sample taken in the glovebox. A good wetting has
been achieved after filling and a SEM of the Li-filled sample

5
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Table 1. Plasma exposure conditions for all Li-filled 3D-printed tungsten samples.

Sample ID #1 #2 #3 #4 #5 #6 #7 #8 #9

ΓiPeak (1023 m−2 s−1) 0.35 0.84 0.84 0.84 3.3 5.2 5.2 10.2 15.0
Tpeak (◦C) 195 355 310 345 415 405 470 530 735
Time (s) 200 200 400 800 200 200 800 200 200
Фpeak (1025 D m−2) 0.7 1.7 3.4 6.8 6.6 10.4 20.8 20.2 30.0
D removal shot H He H H He H H H He
ΓiPeak (1023 m−2 s−1) 0.27 4.5 0.4 0.4 5.0 4.0 4.0 8.6 5.0
Tpeak (◦C) 211 395 460 360 700 425 580 550 650

surface can be seen in figure 3(d). In total, 9 Li-filled 3D-
printed tungsten samples were used in the experiment and
numbered as #1 to #9, as seen in table 1. Each of them
contained ∼1.8 g lithium.

3.3. Diagnostics and plasma exposure in Magnum-PSI

3.3.1. Diagnostics. Plasma density (ne ) and temperature (Te)
profiles at a distance of 30 mm to the target exposure sur-
face were measured by Thomson scattering (TS). This was
performed on a molybdenum reference dummy with the same
dimension as the 3D-printed tungsten target prior to the expo-
sure of Li-filled 3D-printed tungsten samples in order to
avoid potential lithium droplets entering the TS laser tube.
The incident plasma ion flux on the target surface was deter-
mined from the Bohm criterion using ne and Te [56] and the
applied peak D ion flux was in the range 3.5 × 1022–1.5
× 1024 m−2 s−1 with Gaussian beam shape with a FWHM
of 16–20 mm. All exposures were carried out under floating
conditions. An Avantes spectrometer (Avantes AvaSpec-2048-
USM2-RM) was focused on the target surface viewing at ∼45◦

to normal in order to monitor plasma emission lines in the
range of 299–950 nm, including emission lines from lithium
and possible impurities. A Phantom V12 visible fast camera
with Li I emission line (670.8 nm) filter was used viewing
tangentially to the target surface in order to capture possible
droplet ejection with a frame rate of 100–1000 Hz.

A single-chord multi-wavelength pyrometer and an infrared
(IR) camera were used to acquire surface temperature evo-
lution of the targets during exposure. The pyrometer (FAR
SpectroPyrometer model FMPI) has a spot size on the tar-
get of ∼4 × 6 mm2 and operates in the wavelength range of
900–1700 nm. Because it measures the grey-body curve of
the thermal emission it does not require prior knowledge of
the surface emissivity, however it only operates when record-
ing sufficient signal, which is typically above 500 ◦C for low
emissivity surfaces (<0.2). The IR camera (FLIR SC7500MB)
can measure low temperatures (5–300 ◦C) in 2–5 μm range
and high temperatures (300–2000 ◦C) in 3.97–4.01 μm range.
It was operated at full frame (320 × 256 pixels) at 380 Hz.
The transmission of the window and the target surface emis-
sivity are two key parameters to determine surface tempera-
ture for the IR camera. The transmission of window has been
pre-determined to be 14.5% by an emissivity-known material
combined with pyrometer. For the case of possible pollution
of the window by lithium, the transmission was monitored
by performing plasma shots on the molybdenum reference

dummy whose emissivity was known in the experiment. It was
observed that during the whole experiment the window trans-
mission did not significantly change and the error was below
5% due to this. The emissivity determination of the lithium
sample surfaces was more complicated due to the formation of
LiD and possible presence of impurities during target mount-
ing as the emissivity is very sensitive to target surface com-
positions and the emissivity varies a lot for pure Li, oxidized
Li and LiD-Li mixtures. To determine lithium sample surface
emissivity either the IR temperature was matched at the
same position with the temperature from the pyrometer when
pyrometer data was available, or the plateau of temperature
during the target cooling-down process after exposure was
used if not. This plateau corresponds to the lithium melt-
ing point (180.5 ◦C) and is caused by the phase transition.
In this case, the emissivity of Li samples due to the forma-
tion of LiD under D plasma was determined in the range of
0.6–0.9, depending on the exact surface conditions compared
to 0.1–0.15 for clean Li surfaces.

3.3.2. Li sample cleaning by He plasma. Li samples were
sealed in a sample box with argon atmosphere to transport
from glovebox to Magnum-PSI. However, oxidation of the Li
surface was still inevitable during the target mounting pro-
cess in the TEAC. To remove this oxide layer and other pos-
sible impurities, all Li samples were pre-exposed to helium
(He) plasma. The He plasma cleaning shot lasted for 100 s
for each sample and the peak particle flux and electron tem-
perature of He plasma were around 5.0 × 1023 m−2 s−1 and
0.9 eV, respectively. During the cleaning the surface temper-
ature was around 300–400 ◦C, except for Li sample #3, in
which a temperature as high as 700–800 ◦C was reached in
the first 50 s possibly due to bad wetting of Li bulk with tung-
sten bottom or bad thermal conductivity between the sample
and the sample holder. For this #3 sample, a thick pure Li
deposited layer was presented on the clamping ring after He
plasma cleaning due to strong evaporation and re-deposition
(see Li sample #3 in figure 6(b)). A typical time-evolution
of surface temperature from the cleaning shot can be seen
in figure 5(a), in which the emissivity 0.1 was used for pure
liquid lithium after the impurity layer was removed [60, 61].
The removal of the impurities can also clearly be seen in sup-
plementary video S-1 (https://stacks.iop.org/NF/62/076010/
mmedia). Combined with the video taken by Phantom fast
camera (see supplementary video S-2), three main mecha-
nisms attributed to the removal of impurities are proposed: (1)
breaking down of the solid impurity layer, which has a high
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Figure 4. (a) RBS spectrum of oxidized Li and He plasma-cleaned Li; (b) NRA spectrum of He plasma-cleaned Li and D plasma-exposed
Li. The smooth Li background feature is mainly composed by the nuclear reactions 7Li(3He, p5)9Be and 7Li(3He, p7)9Be.

melting point compared with pure Li, into small islands/pieces
by the volumetric expansion of liquid Li; (2) ejection of
impurities on the surface of droplets, as many droplets were
observed during He shot (see supplementary video S-2) and (3)
dissociation of Li–O chemical bond (3.54 eV) by the impact
of plasma ions and electrons. All targets were floating during
exposures, thus impurity removal by He ion sputtering can be
neglected.

In order to check if the removal of impurities was successful
and measure the NRA spectrum of clean Li samples, both RBS
and NRA were performed after the He plasma cleaning shot.
Figure 4(a) shows a comparison of an RBS spectrum between
an oxidized Li sample and a Li sample after He plasma clean-
ing. The presence of the RBS O peak was very clear before
cleaning, while no O was presented after cleaning, indicat-
ing a successful removal of oxide layer. The NRA spectrum
of a clean Li sample (after He plasma cleaning) can be found
in figure 4(b), in which an NRA spectrum from a D plasma-
exposed Li sample was also added as a comparison. The red
line in figure 4(b) is a typical NRA spectrum as a result of
the impact of 2.5 MeV 3He+ on pure Li, in which 6Li(p1),
7Li(p0,1,2,4) and 7Li(d0) peaks can be observed clearly. The
background signal could be possibly from other nuclear reac-
tion channels, such as 7Li(3He, p5)9Be and 7Li(3He, p7)9Be.
After D plasma exposure, a very large 2D(p0) peak can be
found around the energy of 11.5–13 MeV.

It should be noted that for Li samples #4 and #6 a tiny O
peak was observed in the RBS spectrum (except for the cen-
ter in #4, where there is no O peak) after D plasma exposure.
The total areal density of oxygen in #4 and #6 was estimated to
be 1–3 × 1018 atoms/cm2 and 2–4 × 1018 atoms/cm2, respec-
tively from these RBS measurements and the maximum depth
range where oxygen is present is around 10 μm. For the other
samples no oxygen signal was observed and the surfaces were
assumed to be clean.

3.3.3. Deuterium plasma exposure and He/H plasma removal
shot. After the He plasma cleaning shots, Li samples were
subsequently exposed to D plasma at different D ion fluxes
and surface temperatures. During exposure all Li targets were
heated by the plasma. Subsequently the targets were retracted
to the TEAC to perform NRA measurements. After that, these

Li targets were put back into the target exposure chamber again
to carry out either He or H plasma exposure to remove the pre-
viously retained D. All D removal shots lasted 200 s. After
the D removal shot, NRA was performed again in the TEAC
to check how much D remained. The exposure conditions are
given in table 1. A typical time evolution and radial tempera-
ture profile for sample #8 under D plasma exposure is shown
in figures 5(a) and (b) respectively.

3.4. NRA analysis for Li samples

For each Li sample several NRA measurements have been per-
formed on the surface at different positions (see figure 6(b)).
In this case we are not interested in the D profile in the tung-
sten, but only in the D profile in lithium. Fortunately, the D
concentrations retained in W are very low compared to those
in Li. Further, also the stopping power in W is much larger than
in Li. The consequence is that the contribution of D in tung-
sten to the D feature in the NRA spectrum can be neglected.
Of course the ion fluence has to be corrected for this. There-
fore, the incident fluence of 3He on Li was deduced from the
NRA spectrum by scaling the Li spectrum part (total integra-
tion of yield from energy 0.8 MeV to 10 MeV in figure 4(b))
of D-plasma-exposed Li samples with that of a pure clean Li
sample. In this way, the accurate 3He fluence bombarding Li
can be obtained.

An additional complication is that, as can be seen in
figure 4(b), the proton spectrum from 2D(p0) overlaps with the
proton spectrum from 6Li(p1). However, due to the low cross-
section of 6Li(p1), this small peak does not strongly affect
the measured D concentration. In any case we subtract this
signal by the Li signal normalization described in the above
paragraph.

4. Deuterium retention results and discussion

4.1. Target surface morphology under D plasma exposure

Figure 6(a) shows IR images of all Li sample surfaces during
D exposure at steady state, in which the peak surface tem-
perature, the plasma flux in the target centre and the total
D plasma exposure time were indicated for each sample; (b)
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Figure 5. (a) Time-evolution of surface temperature during a He plasma cleaning shot and a D plasma exposure. Emissivity 0.1 was applied
after the removal of impurity for the cleaning shot; and an emissivity 0.9 was used for Li sample #8 under D plasma. Temperature plateau
during cooling-down process is marked in black square; (b) surface temperature radial profile for Li sample #8 under D plasma exposure.

Figure 6. (a) IR images of all sample surfaces during D plasma exposure at steady state. The peak temperature and flux and the total
exposure time were shown; (b) sample surface photos after D plasma exposure, taken in the TEAC without breaking vacuum. Very thick Li
deposited layer was seen on the camping ring of #3 and #9.

shows the corresponding sample surface photos after expo-
sure, taken by a camera in the TEAC (in vacuo) before the
post-mortem NRA measurement, in which NRA measurement
positions and dimensions have been indicated for each sample.
Position P0 indicates the NRA measurement at the plasma-
beam center and P − 1 and P + 1 correspond to the NRA
measurements on the left and right side of the center which
are around 3–4 mm away from it; P − 2 and P + 2 are also on
the left and right side, respectively, which are 6–10 mm away
from the center depending on the sample itself; while, P − 3
and P + 3 are the positions of NRA measurement performed
on the molybdenum clamping ring on both sides. Due to the
constraint of operational time, not every position mentioned
above were performed on every sample.

The surface changes of Li samples under different temper-
atures and D ion fluxes can clearly be observed in figure 6(a).
For very low flux (0.35 × 1023 m−2 s−1) at low tempera-
ture (�195 ◦C), the whole surface of Li sample #1 seemed to
remain in the solid state with only the temperature of the centre
exceeding the Li melting point. After exposure a black circu-
lar area was presented in the centre corresponding to plasma
beam width (∼17 mm). When the D ion flux increased to
0.84 × 1023 m−2 s−1, the central temperature was raised to
310–355 ◦C for Li samples #2, #3 and #4, which had the same
exposure conditions but different exposure times. A dark liq-
uid area (low emissivity ε∼ 0.15) appeared in the center for #2
and #4, encircled by a high emissivity ring (ε∼ 0.6). Possibly
due to a slightly lower central temperature, a dark liquid area
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Figure 7. (a) Time-evolution of Li target #9 surface under D plasma at the flux ∼1.5 × 1024 m−2 s−1; (b) the corresponding temperature
evolution of the centre part of #9. The blue solid line is with emissivity ε = 0.65 for the solid state and the green solid line is with ε = 0.18
for liquid state, while the actual temperature is plotted by a red dash line combined with these two cases. The temperature evolution from a
reference shot on the molybdenum dummy with the same condition is also presented.

was not clear in the center of #3 but was also high emissivity
(ε ∼ 0.65). In the area outside this a region of intermedi-
ate emissivity (ε ∼ 0.5) was observed for all three targets.
After exposure three corresponding regions were observed
(figure 6(b)). A metallic surface, can be seen in the center of #2
and #4, while for #3 the center was duller grey. A black ring,
similar to the black region for sample #1, can be observed,
corresponding to the high emissivity region. Outside the black
ring, the area became a blue-grey. When plasma flux was con-
tinued to increase in the range of 3.3–10.2 (×1023) m−2 s−1

with the temperature around 405–530 ◦C, the entire surfaces
of Li samples #5 to #8 appeared to be in the solid state dur-
ing the exposure, as seen in figure 6(a). This solid layer has
a very high emissivity around ε ∼ 0.6–0.9. A blue surface
can be observed for #5 to #8 in figure 6(b) after exposure.
When a higher flux (15.0 × 1023 m−2 s−1) was applied to Li
sample #9, leading to a high temperature (735 ◦C) above LiD
melting point (690 ◦C), a large central area liquified during
exposure, and a grey metallic surface was observed again after
exposure.

Two cases of strong Li evaporation were observed in the
experiment. One happened on Li sample #3 during He plasma
cleaning shot as mentioned in section 3.3.2, which led to a
thick pure Li deposition layer on the clamping ring (see #3
in figure 6(b)). After D plasma exposure, this Li deposition
layer remained a similar metallic grey color as it was before.
The other case occurred on sample #9 during D plasma expo-
sure due to the high surface temperature. This led to a thick
blue layer on the clamping ring, as also can be seen in #9 in
figure 6(b). No significant Li deposition layer was observed on
the clamping ring for the other 7 Li samples.

As discussed in section 2.3, with the presence of colloidal
lithium in LiD, the appearance of LiD crystal can be blue or
coal-black, which is exactly in agreement with the appear-
ance of Li samples displayed in figure 6(b). This indicates that
LiD has formed during D plasma exposure and the observed

solid surface in figure 6(a) should be the Li–LiD colloid with
different LiD fraction. It can also be deduced therefore that the
blue deposited Li layer on the clamping ring of #9 is mostly
LiD.

Among all Li samples, #9 was exposed to the highest D
plasma flux (1.5× 1024 m−2 s−1) and a high temperature above
LiD melting point has been achieved as shown in figure 7, in
which a clear phase transition was exhibited. Figure 7 shows
the time evolution of the surface as observed by IR camera.
During the first ∼10 s of D plasma exposure, a solid surface
(figure 7(a.i)) was quickly formed with a high emissivity (ε
∼ 0.65) as the temperature quickly rose from room tempera-
ture to ∼630 ◦C. At this point a liquid surface appears and the
solid layer, which appears to be a thin layer on top of the liq-
uid, breaks up (figure 7(a.ii)) until a liquid Li surface appears
in the central region. This process was characterized by a sud-
den drop in emissivity roughly from 0.65 to 0.18, as seen in
figure 7(b). Within 0.1 s after a liquid Li surface appears, the
surface emissivity rapidly rises back to 0.65, indicating the for-
mation of LiD. Around ∼8 s later, an entirely solid surface
was formed. This process was described by (iii) → (iv) → (v)
in figure 7(a). When the temperature continued to increase and
reached around∼690 ◦C, the solid surface slowly disappeared,
which was presumably accompanied with LiD melting and its
fast decomposition, until a large region in the liquid state had
developed in the central area, as shown in figure 7(a.vi). This
central area remained liquid for the rest of the exposure and
became solid when it cooled below 690 ◦C at the end of the
discharge, as shown in figures 7(a(vii)–(ix)). The clear temper-
ature change can be seen in the inserted figure in figure 7(b).
Thus, a complete process of LiD melting and solidification has
been clearly observed. It should note that at the end of cool-
ing down, a short temperature plateau (from 224 s to 227 s)
close to Li melting point (∼180 ◦C) can be seen. This implies
that even though LiD was formed, liquid Li still dominated the
bulk.
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Figure 8. D concentration depth profiles at different position for Li sample #1 (a), #2 (b), #5 (c), #7 (d), #8 (e) and #9 ( f ). The depth is pure
Li depth calculated from the number of Li atoms with the density 0.5298 g cm−3. For Li, 1 μm = 4.60 × 1022 atoms/m2. The D plasma
exposure time is 200 s except for (d) #7 which is 800 s.

4.2. Deuterium retention in Li after D plasma exposure

4.2.1. D concentration depth distribution. Via SIMNRA 7.02
[62] simulation, D concentration depth profiles were deduced,
which are presented in figure 8. NRA spectra from some Li
samples can be found in the supplementary figure S-1 in which
both raw data and SIMNRA simulations are displayed. It can
be clearly seen in figure 8 that the surface evolution of D con-
centration in Li samples is strongly influenced by the D ion flux
and surface temperature. Several observations can be made
from the results:

(a) For both low flux and low temperature D plasma expo-
sure (figure 8(a)), D was mainly retained in the top layer
(∼7 μm).

(b) As the flux and temperature increased (figures 8(b)–(d))
more D was retained and D diffused deeper. D concentra-
tion reached 30–45 at.% within the first ∼5 μm for these
cases, and the higher flux and temperature, the more and
deeper the D is retained, up to the probing depth of the
NRA technique.

(c) As the flux continued to increase, leading to an increase in
temperature (figures 8(e) and ( f )), the D concentration at
central position P0 firstly started to decrease (figure 8(e))
and was lower than that at P ± 1. For very high tem-
peratures (figure 8( f )) the D concentration in Li sample
surface was found to significantly decrease. A very high D
concentration was observed in the deposited Li blue layer
on the clamping ring.

(d) The D concentration at different positions on the same
sample surface varied a lot. For sample #5 and #7, the
highest D concentration was found to be at the target cen-
ter (position P0) and D concentration decreased with the
distance from the center. For #1 and #8, the highest D con-
centration was found to be at position P − 1 and P + 1,
while P0 showed a lower D concentration. D concentra-
tion was roughly the same for all positions on sample #9.
Surprisingly, a significantly lower D concentration was
observed in the center of sample #2 compared to the sur-
rounding area, which corresponds to the shiny metallic
area in figure 6(b). The same behavior was also observed
for sample #4, in which the same D flux was applied and
the similar temperature distribution was observed.

(e) Comparing all Li samples, the highest D concentration
was found at several positions, namely P0 of #7 with 800 s
exposure time, P − 3 and P + 3 on the clamping ring of
#9 with 200 s exposure time, in which the D concentration
was as high as 45%–50%. The D concentration at P0 of #5
is roughly in the similar level but with a higher gradient.

The values of the D concentration near the surface
(top ∼ 1 μm layer) are plotted in the Li–LiD phase diagram
in figure 1. The experimental data points are divided into four
groups according to their surface appearance, namely, metal
shiny, grey, black, blue. It is found that the D concentration at
every position is almost beyond the solubility limit except for
the metal shiny group. This suggests that D is mainly retained
in the form of LiD in this experiment, which agrees with the
observed appearance of Li samples after exposure in figure 6.
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Figure 9. (a) Deuterium retained areal density in different positions of Li sample #2, #3 and #4 at Γi-peak = 0.84 × 1023 m−2 s−1 with
exposure time at 200, 400 and 800 s, respectively. (b) Surface distribution of deuterium retained areal density at different temperature with
fluence in the range 2.0–4.2 × 1026 D+ m−2. The fluence showed in the figure is the peak value at central position P0, while the fluence
distribution over the surface is close to Gaussian. The temperature of each position is indicated by the color bar.

For the metal shiny surface (position P0 of #2 and #4), D con-
centration is almost aligned with the solubility, which would
suggest no LiD presented. For the blue surfaces including
the D-Li deposited layer, the D concentration is in the range
of 17–50 at.% and the corresponding temperature is around
200–500 ◦C, the black surfaces correspond to a D concentra-
tion of 15–35 at.% and the temperature below 320 ◦C. While,
the grey surfaces could appear at a wide temperature range
from below 180.5 ◦C to above 690 ◦C, corresponding to D
concentration below 37 at.%.

4.2.2. Overview of total D retention within the probing depth.
The total D retained areal density (D m−2) in the probing
range at each position for the Li samples exposed to the
same D plasma flux with different exposure time are shown
in figure 9(a). The peak of the applied D ion flux is 0.84 ×
1023 m−2 s−1 and the exposure time was 200, 400 and 800 s,
respectively. D retained areal density on the surface of the sam-
ples in figure 9(a) is in the range of 0.4–2.8 × 1023 D m−2.

As a comparison, if a pure LiD (D/Li = 1:1) layer with the
same thickness as the NRA probing depth is assumed, this will
give a D areal density of 9.5 × 1023 D m−2. It should be noted
that possibly due to the presence of some oxygen, the sample
#4 with a long exposure time of 800 s did not show higher D
retained areal density compared with #2 an #3. As no signif-
icant oxygen signal was found on the surface of #2 and #3,
they can be assumed to be free of oxygen. The influence of
incident D plasma fluence on D retained can be clearly seen
on position P ± 1 and P ± 2 for #2 and #3. D retained in #3
at these four positions is, averaged, 1.9 times higher than that
in #2, corresponding to a factor of 2 in incident D fluence. D
retained at position P ± 3 of #3 on the clamping ring, where
the pure Li deposition layer was pre-formed before D plasma
exposure, was around 0.9–1.8 × 1022 D m−2 which was quite
low as expected due to significantly low flux on the clamping
ring. As shown in figure 8(b), very low deuterium concentra-
tion was found at position P0 of #2. The similar finding was
also observed at P0 of #4. This low concentration reasonably
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contributes to a low deuterium retained areal density at P0 of
#2 and #4, which was around 4–6 × 1021 D m−2. Compared
with P0 of #2 and #4, P0 of #3 shows a much higher D retained
areal density, which could be due to a lower temperature, as
discussed in section 4.1, resulting into being almost solid-state
during exposure and duller grey appearance after exposure.

Figure 9(b) displays the deuterium retained areal density at
different position for Li sample #7, #8 and #9, where the sur-
face temperatures are different while with the peak fluence in
the range 2.0–4.2 × 1026 D+ m−2. For the case of #7 exposed
at relative low temperature (Tpeak ∼ 470 ◦C), the maximum
deuterium retained areal density was found at the position P0
and was 6.7 × 1023 D m−2, which was expected as the flu-
ence at P0 was the highest. However, for the case of a higher
temperature exposure (Tpeak ∼ 537 ◦C for #8), P0 exhibited a
lower deuterium retained compared to position P ± 1. From
equation (2), a LiD decomposition pressure of 49 Pa (more
accurately, it is in the range of 16–140 Pa if the uncertain-
ties of temperature were taken into account) was calculated.
The background neutral gas pressure is several Pa (1–5 Pa),
and the neutral gas pressure close to target surface from Ray’s
simulation [63] is around 5 Pa, corresponding to a LiD decom-
position temperature ∼477 ◦C. In plasma environment, not
only can neutral gas pressure influence LiD decomposition,but
also plasma pressure could have an influence on LiD decom-
position. In Magnum-PSI, compared to plasma pressure the
neutral pressure close to the target is not so important. There-
fore, we could attempt to apply plasma pressure to counter-
balancing LiD decomposition plasma and judge if LiD could
decompose. The plasma pressure can be estimated according
to P = 2nekTe, which was around 49 Pa. These suggest that
the decrease of D retained at position P0 of #8 was possibly
due to LiD decomposition. For #9, the surface temperature
reached a high value of∼735 ◦C, which was beyond LiD melt-
ing point, and the surface in the center was also presented as
liquid. The corresponding decomposition pressure is around
1.3 × 104 Pa, and much higher than the plasma pressure
(70 Pa). This indicates strong decomposition of LiD for #9,
leading to a low deuterium retained areal density. However,
as indicated in figure 8( f ), very high D concentration was
found at the Li deposition layer on the clamping ring, which
corresponds to a deuterium retained areal density around
6–7 × 1023 D m−2, which is very close to the saturation value
(9.5 × 1023 D m−2).

Figure 10 displays an overview of D retained fraction in
all Li samples as a function of temperature. The fluence for
each point is indicated by the color bar. The data points can
be roughly divided/classified into two groups. One group was
exposed at low flux (<1023 m−2 s−1) and the another one was
with higher flux (>1023 m−2 s−1). For the low flux group, the
corresponding fluence is also relatively low (<1026 m−2) and
the temperature is in the range of 100–350 ◦C. The deuterium
retained fraction slowly increases with temperature and varies
from 0.1% to 2%, and suddenly drop to significantly low value
around 0.001%–0.03%. For the case of high flux group, the
corresponding achieved temperature is above 300 ◦C. It can
be seen that the D retained fraction also slowly increases with
temperature until 500 ◦C, and then decreases.

According to above results and discussion as well as tar-
get surface morphology in section 4.1, the entire process of D
plasma interacting with clean Li targets can be described as
below:

(a) Formation of solid Li–LiD layer below ∼180.5 ◦C. When
Li target was heated from room temperature to Li melt-
ing point by D plasma, a thin solid Li–LiD layer could
be formed on the surface. The presentence of LiD signif-
icantly lowered deuterium surface recombination and the
surface turned to be completely recombination-limited.
This resulted into a high D retained concentration in the
very top layer, which is the case of target #1.

(b) Breaking down of Li–LiD layer due to volumetric expan-
sion of liquid Li coming from inside above 180.5 ◦C.
As the temperature continues to increase from Li melting
point to a higher value, pure liquid Li could volumetrically
expand and come from inside bulk, leading to breaking
down of the Li–LiD layer. The coming fresh liquid Li is
characterized by a high deuterium surface recombination
coefficient, making it close to diffusion-limited regime.
In this case, if the applied ion flux is low, which was
around ∼8 × 1022 D m−2 in this experiment, the D sur-
face recombination flux to the vacuum can be so high that
the implanted D concentration is limited below its solu-
bility limit, and the surface will remain in the liquid state
with dilute D solution. This has been observed on the sur-
face of #2 and #4, which is exactly in the agreement with
our hypothesis in section 2.2. But if the applied ion flux
is high enough, once liquid Li is presented the implanted
D concentration can be immediately beyond its solubil-
ity limit, leading to solid LiD formation. Then the surface
returns to recombination-limited recycling with very low
surface recombination coefficient. This phenomenon also
occurred during the time evolution of the surface of #9 as
discussed in section 4.1 (figure 7).

(c) The Li–LiD layer formed in (a) will not be broken down
if it is too thick or there is just no fresh pure liquid Li pre-
sented. In this case, the Li–LiD layer can grow thicker and
will be presented as a colloid resulting into a high D
concentration. This is the case for Li target #5 to #8.

(d) Competition of LiD formation and decomposition. In
figure 9(b) D retention was found to decrease when LiD
decomposition pressure can be comparable to plasma
pressure. This could imply that the decrease is due to
decomposition of LiD. As LiD decomposition pressure
grows exponentially with temperature, LiD decomposi-
tion would dominate the D retention process when tem-
perature is high, and lower D concentration. This domi-
nation starts to occur at temperature around 500–550 ◦C
in our experiment.

(e) Melting of LiD. When target temperature continues to
increase beyond the melting point of LiD, the Li–LiD
colloid would melt mostly possibly accompanied with
strong LiD decomposition, and the surface will turn back
to liquid, as seen in figure 7.

(f) Co-deposition of Li and D in form of LiD. If the surface
is presented as liquid at high temperature, for example
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Figure 10. Deuterium retained fraction in NRA depth probing as a function of temperature for all Li samples exposed at different fluence.
The fluence for each point are indicated by the color bar. The blue arrows are added to guide the eye to show the trend of the fraction as
temperature increases. Clean fresh liquid Li with high surface recombination coefficient Kr was presented for the data points in the red circle
region. The red dashed line indicates the region where the decomposition pressure of LiD is beyond the plasma pressure.

LiD melting in (e), strong Li evaporation becomes pos-
sible. This would lead to strong co-deposition of Li with
D on cold surrounding areas. The deposited layer seems
to be pre-dominantly LiD in this experiment. LiD itself
will not strongly evaporate at this temperature and would
in any case quickly dissociate in the plasma. Therefore,
the thick LiD region on the clamping ring of #9 in this
experiment was most likely formed by the co-deposition
of evaporated Li atoms with D atoms.

It should be noted that in process (b), high D diffusivity,
convection and turbulence for the fresh liquid Li in the center
should be also taken into account. On the one hand, convection
can bring these D atoms dissolved in top Li layer to deep layer
before they form LiD. On the other hand, turbulence can also
help outgas these dissolved D atoms and let them escape from
Li and lower D concentration. What’s more, high D diffusivity
in pure liquid Li can also enhance D diffusing either out of the
surface or forward deeper.

4.2.3. Comparison between experimental data and 1D RD
model.

4.2.3.1. Estimation of reaction rate constant As a solid sur-
face has been found to quickly present on many Li surfaces
under D plasma exposure in the experiments, thus it is reason-
able to assume a very ‘thin’ LiD layer on the very top surface
of Li samples under D plasma and apply deuterium diffusiv-
ity in LiD to equation (7) to estimate the implanted deuterium
atom concentration.

From equation (6) and using initial condition nLi (t = 0) =
n0 ≈ 4.5 × 1028 m−3, the change of Li atom concentration can
be expressed as

nLi = n0e−knD·t (10)

which can be rewritten as

k = −
ln
(

nLi
n0

)
nD · t

, (11)

where nLi
n0

= n0−nLiD
n0

can be deduced from the retained D
concentration in top several micrometers measured by NRA
(figure 8), assuming all D exists in the form of LiD after deu-
terium plasma exposure; t is plasma exposure time (reaction
time) in second.

Thus, from equation (11) the reaction rate constant k can
be estimated. k (m3 s−1) = Ae−Ee/RT can be rewritten as the
equation (12) below. −Ee

R is the slope of the linear plot by ln k
vs 1

T . Figure 11 displays the fitted activation energy from #5
and #7, in which the decomposition of LiD can be ignored and
no obvious macroscopic surface motion was observed during
the exposure.

ln k = ln A − Ea

R
· 1

T
(12)

Taking the average value of activation from #5 and #7, thus
an experimental expression for reaction rate constant can be
expressed as

k (m3 s−1) ≈ 10−(25∼26) · e−(3±1)×104/RT . (13)

Equation (13) indicates that the reaction rate constant
increases with increasing temperature, resulting into a fast
reaction rate of Li with deuterium atoms, thus a higher deu-
terium retained. This is also in agreement with our observation
in figure 10 if LiD decomposition is ignored. It should be noted
that equation (13) is an estimation from the experiment assum-
ing a bulk of D atoms are interacting with a bulk of fixed Li
atoms. The estimation can be influenced by the applied D dif-
fusivity and the estimation of D concentration due to plasma
implantation.
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Figure 11. Rate constant (in the form of ln k) as a function of
temperature (in the form of 1000

T ).

4.2.3.2. D depth profiles from 1D RD model To make a fair
comparison with NRA measurement, Li target #5 was chosen
to model as for #5 there was (1) no phase transition, (2) no
LiD decomposition; and (3) LiD was not saturated during the
whole exposure time; and (4) the surface is roughly uniform.
Figure 12 shows a comparison between the modelling result
from RD model and NRA measurement for Li target #5. The
bold solid lines are the D depth profiles from NRA and the
dashed lines are the RD modelling results using deuterium dif-
fusivity as a function of LiD concentration. It can be seen that
the modelling results are a little higher than NRA results. Two
possible reasons are involved. One is that in the RD model, the
radial diffusion of D atoms and the convection are not consid-
ered, and Li/LiD diffusion and temperature gradient are also
neglected. Another one is that these diffusivities from MD sim-
ulation [47] may not perfectly match the actual diffusivity in
experiments. To gain an optimized/better modelling result of
D depth profiles, an effective diffusivity D′ as a constant was
introduced by matching the modelling deuterium depth pro-
files to the NRA depth profiles. The optimized modelling of D
depth profiles is displayed by thin solid lines in figure 12.

By using the same initial and boundary conditions as that
of position P0 of #5 in figure 12, a predication for deuterium
retained concentration depth profiles in 1 mm thick Li target
at different exposure time is displayed in figure 13, in which
D = D ( f ) was applied to (a) and D = D′ = 4 × 10−9 m2 s−1,
which was determined from P0 of the sample #5, to (b). It can
be seen that for both cases deuterium is mainly retained in top
∼100 μm. For the case of (a), a thick Li layer with a deuterium
concentration of 50 at.% seems difficult to achieve due to the
decrease in D diffusivity as the LiD concentration increases.
For (b), even though a constant diffusivity is assumed through-
out the whole depth, the growth of Li layer with high D con-
centration (∼50 at.%) is getting slower and slower, which is
expected as it would take more time for D atoms to diffuse
deeper, thus limiting the production rate of LiD. In principle,
given enough time an almost pure LiD layer (D% ∼ 50 at.%)
could be possible but its thickness is effectively limited to the

Figure 12. A comparison of deuterium depth profiles between NRA
and RD model with D = D ( f ) and D′ = constant (effective
diffusivity), respectively. The effective diffusivity D′ is 1.4 × 10−10,
2.1 × 10−9, 4 × 10−9 and 1.2 × 10−9 m2 s−1 for P − 2, P − 1, P0
and P + 2, respectively. (The reason that #5 was chosen to study the
RD model and make the comparison with NRA is that for #5, (1) no
phase transition; (2) no LiD decomposition; (3) LiD was not
saturated during the whole exposure time; (4) the surface is roughly
uniform).

top 10–100 μm layer. An indication that this is the case in the
experiment can be found at position P0 of Li sample #7 in
figure 8, where D concentration approaches 50% but only over
the first ∼20 μm. Figure 13(c) exhibits total D retained areal
density and D retained fraction in 1 mm thick Li extracted from
(a) and (b) as a function of time. When D( f ) was applied the
D retained areal density increases with the fluence roughly as
a scaling of Φ0.5 and gets slowly after 400 s, and a ‘saturation’
value could be predicted around 1.6 × 1024 D m−2. However,
for the case of D′, a ‘saturation’ value for D retained areal den-
sity cannot be assumed as the diffusivity is not affected by LiD
concentration. However, in such a case the effective diffusivity
assumption is probably questionable. Also, a rate of increase
goes as Φ0.7. However, both cases suggest a low D retained
fraction around 1.2%–2.3% in the beginning and then decreas-
ing with increasing time (fluence). This is in agreement with
our experimental observation in figure 10.

5. Deuterium removal

The above observations have indicated that deuterium retained
in Li still can be much higher compared to that retained in
tin and tungsten [30]. Such high concentration in Li has to
be removed in the case of tritium to avoid safety concern and
recycle precious tritium. In order to understand how well these
deuterium atoms retained in Li can be removed by plasma
exposure, both helium and hydrogen plasmas were applied to
D-plasma-exposed Li samples to remove the retained D. The
applied conditions of He and H plasma exposure were also
listed in table 1.

5.1. Helium plasma

He plasma has been utilized to remove the retained deuterium
in targets #2, #5 and #9. The result is shown in figure 14,
in which the remained D in forms of both the absolute areal
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Figure 13. D concentration depth profiles at different time with (a) D = D ( f ) and (b) D = D′ = 4 × 10−9 m2 s−1 (c) deuterium retained
areal density and retained fraction in 1 mm thick Li as a function of time from RD model (Γi = 3.3 × 1023 m−2 s−1).

Figure 14. D remained areal density and fraction after He plasma on D-plasma-exposed Li target. (a) Li target #2 with T ∼ 400 ◦C; He ion
flux ∼4.5 × 1023 m−2 s−1; (b) Li target #5 with T ∼ 700 ◦C; He ion flux ∼5.0 × 1023 m−2 s−1; (c) Li target #9 with T ∼ 650 ◦C; He ion flux
∼5.0 × 1023 m−2 s−1.

density and the remained fraction (Dremained/Dretained) after He
plasma removal is plotted at different position over the sur-
face. The original D retained after D plasma exposure is also
added as a comparison. The remained D concentration depth
profiles are displayed in supplementary figure S-2. Figure 14
clearly indicates that after He plasma the remained D in the
surface has significantly decreased. For #2, a nearly uniform
D remained areal density around 3 × 1021 D m−2 was pre-
sented all over the surface and only several percentages of the
retained D were left except for position P0 where the retained
D was already quite low as previously presented. #5 has exhib-
ited a high D retained after D plasma exposure (for example,
5.8 × 1023 D m−2 at P0), while an extremely low remained D
areal density below 2× 1021 D m−2 was found after He plasma
exposure, corresponding to a remained fraction 0.3%–2.2%.
As previously stated, #9 has been exposed to a very high D ion
flux, leading to a high surface temperature above LiD melt-
ing point with the surface in the liquid state. The removal of D
retained in #9 was also performed at a high temperature. While
compared to the results from #2 and #5, the D removal result of
#9 show a much higher D remained areal density on the target
surface around 4.5 × 1022 D m−2, corresponding to a fraction
of 20%–30%. It should be noted that after He plasma removal
shot, position P ± 3 on the clamping ring still exhibits a high
D areal density with a fraction of 32% and 74%, indicating D

removal from Li-D co-deposition layer was not effective most
likely due to low temperature and low He ion flux.

The clues for the explanation to the above behaviors can
be hinted from target surface and temperature evolutions and
also the remained D depth profiles. The time evolution of sur-
face temperature during He plasma exposure can be found in
supplementary figure S-3 and the IR images of #2, #5 and
#9 during the exposure and the corresponding sample pictures
after exposure can be found in supplementary figure S-4.

In the beginning of the He plasma, the solid colloid layer
from #2 and #5 formed during D plasma exposure were bro-
ken apart by the liquid lithium expanding from inside, which
was clearly seen in the IR camera video and implied by a sud-
den drop in emissivity drop as shown in supplementary figure
S-3. In this case, liquid lithium with low D concentration can
be presented on the surface, while for this solid colloid layer
with high D concentration, LiD could decompose, sink or be
dissolved in the liquid lithium, or just be ejected out being
attached to droplets by He plasma. NRA measurement shows
that the remained D concentration in top lithium is 0.2–0.8
at.% for #2 and below 0.15 at% for #5. In the surface of #9,
D concentration at P0, P + 2 and P − 2 was found around
5.5–7.5 at.% in top ∼6 μm layer and 1–3 at.% in the depth of
7–25 μm. D concentrations in the surface of these 3 targets
are all on or below the level of D solubility limit, suggest-
ing no existence of LiD after He plasma. It is also indicated
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Figure 15. The remained D depth profiles for Li target (a) #1, (b) #7 and (c) #8 after H plasma exposure. It should be noted from
supplementary figure S-5(a) that the whole surface of #1 and #8 is solid and the central area of #7 including position P0 and P ± 1 is liquid,
while P ± 2 of #7 close to edge remained solid.

that the remained D concentration in Li-deposited layer on the
clamping ring has decreased from previous 47–50 at.% to now
4–19 at.%, however, D concentration in deep layer almost
did not change. This could be attributed to by either LiD
dissociation or newly formed fresh Li-deposited layer.

5.2. Hydrogen plasma

After D plasma exposure, 6 Li targets were exposed to H
plasma to remove the retained D. The applied H plasma con-
ditions for each target can be seen in table 1. The IR images of
these 6 targets during H plasma exposure and the correspond-
ing target photos after exposure can be found in supplementary
figure S-5. Figure 15 displays the remained D depth profiles for
target #1, #7 and #8. As can be seen in supplementary figure
S-5(a), the whole surface of #1 and #8 is solid and the central
area of #7 including position P0 and P ± 1 is liquid, while
P ± 2 of #7 close to the edge remain solid. For those posi-
tions remained solid, the maximum D concentration was not
presented in top layer but in deeper layer, as seen in figure 15.
Over the whole NRA probing depth, the remained D concen-
tration first increases with the depth and then decreases with
the depth, indicating that D retained in top Li layer is easier
to remove as expected. On the other hand, for those positions
remained liquid state during H plasma, the remained D con-
centration still decrease with the depth and the maximum D
concentration was still in the top layer. Compared to D con-
centration after D plasma, the D concentration after H plasma
has significantly decreases from 15–45 at.% (see figure 8) to
0.1–7 at.%. Additionally, it is also possible for the retained D
to diffuse deeper during H plasma. This can be implied by a
comparison in D depth profiles of #1 after D plasma and after
H plasma. D was mainly retained in top 10 μm layer for the
former (see figure 8(a)), while a D concentration around 0.2–2
at.% has been found in the layer of 10–30 μm for the latter.

Figure 16 shows the result of D removal by H plasma from
the 6 Li samples, where the original D retained after D plasma
exposure is also added. For the low temperature case of (a) #1,
where the peak temperature was just above Li melting point, a
high remained D areal density around 0.7–2.7 × 1022 D m−2

was found in the area including P0 and P ± 1 with a remained
fraction of 18%–43%, implying a low removing efficiency.

For sample #4, position P ± 2 on the edge, where the H ion
fluxes and temperatures were low, shows a high remained D
areal density around 8–9 × 1022 D m−2 with a high remained
fraction (30%–70%). As previously discussed, D remained
in position P0 of #4 is extremely low, which is close to D
solubility limit. However, after H plasma the D areal density
almost increased by a factor 2. Several possible reasons could
be attributed to this. One is that NRA measurement after H
plasma was not exactly performed on the same position after
D plasma and H plasma. Another reason is that the retained
D could diffuse from high concentration to low concentration
regions during H plasma exposure. As P0 was in the liquid
state, the surface convection could also lead to a re-distribution
of D concentration. Compared to other 5 samples, #4 displayed
a relatively high remained D areal density, especially on the
edge area. This could be due to that more D has diffused deeper
in #4 for it was exposed to D plasma for 800 s. For these high
temperature (425–600 ◦C) cases, such as (c) #3, (d) #6, (e) #7
and ( f ) #8, the remained D areal density over the whole sam-
ple surface was below 1022 D m−2 with the remained fraction
below 6%.

The behaviors of Li targets exposed to H plasma are quite
similar to that in D plasma. For Li samples #1, #8, #6 and #4, H
exposure fluxes were slightly lower while the surface temper-
ature slightly higher than that of D plasma exposure. While, a
similar surface behavior of the targets was still presented and
no melting of solid layer was observed except for the center
part of #4, which is the same as that of #4 under D plasma.
With no pure liquid coming from inside the LiD layer formed
during D plasma, the removal of D retained can be only due to
LiD decomposition/dissociation, isotope exchange or thermal
desorption for high temperature cases. The post-exposure pho-
tos after H plasma (see supplementary figure S-5(a)) were not
as blue or black as that after D plasma (see figure 6), possibly
indicating less LiD/LiH presence, or a different color behav-
ior of Li–LiD and Li–LiH. In [64] Christenson et al applied
thermal treatment method to extract HIs from both Li-rich and
LiH-rich samples with the design of a distillation column and
their results show that the desorption peak for the former is
around 400 ◦C and 630 ◦C while for the latter is around 630 ◦C.
Compared with thermal treatment on D/T-plasma-exposed
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Figure 16. D remained areal density and fraction after H plasma on 6 D-plasma-exposed Li samples. Sample ID and the applied H ion flux
(peak value) and surface temperature (peak value) are added to each sub-figure.

Li targets, He/H plasma treatment could be more efficient and
easier to perform.

Li sample #3 under H plasma with the 2 times lower flux
comparted to that in D plasma exhibited a similar surface
behavior in the beginning of exposure, however, as the tem-
perature increased up to 500 ◦C, the liquid area in the cen-
ter started to spread out presumably accompanying with the
decomposition of LiD and a shiny metallic surface was pre-
sented after exposure meaning very low H/D concentration,
which is quite different from D plasma exposure where the
surface temperature was around 310 ◦C. This again implies
that D or H retention in lithium surface can be significantly
influenced by surface temperature and ion flux.

6. Comparison with literature and Implications for
liquid lithium divertor

In D retention measurement in Li in PISCES-B by Baldwin
et al using thermal desorption spectroscopy (TDS) [32], they
reported a full uptake of D ions and atoms coming from plasma
until the Li sample was volumetrically converted to Li deu-
teride (LiD), which implied that once the samples was satu-
rated by D plasma the sample became a total LiD bulk sample
with D atomic concentration at 50 at.% throughout the entire
sample. However, in contrast, in our experiment we did not
observe a very thick pure LiD layer except for the Li-D co-
deposited layer formed during exposure at high peak tempera-
ture. The only indication of D-saturated Li was implied in the
center (P0) of #7, in which a Li layer in top ∼ 12 μm with a
roughly uniform D concentration at ∼45 at.% was found. By

using the RD model, the D retained concentration as a func-
tion of depth in 1 mm thick Li at different times can be seen
in figure 13. It can be seen that D is mainly retained in
top ∼ 100 μm and the trapping efficiency through 1 mm bulk
Li is below ∼2%.

In [32] it is also found that the retention as measured by
TDS is systematically larger than the ion fluence, while Bald-
win attributed this to the neutral atom flux. We carried out
a trial to measure D retained in the whole Li sample using
TDS after deuterium exposure, we found that the TDS ves-
sel was coated by a thin Li deposition layer and after the Li
sample was removed from TDS setup, there was still a lot
of deuterium desorption from the vessel (see supplementary
figure S-6), implying that during the desorbing process of Li
samples in TDS, the Li coating layer could absorb a lot of
deuterium. The deuterium gas re-desorbed from the Li-coated
vessel could play a role in the TDS measurement and make
the total D retained in Li strongly overestimated. We cannot
comment on whether this was a significant factor in [32]. How-
ever, during the transit of Li samples from plasma exposure
position to TDS setup it is inevitable for the Li surface to be
exposed in the air. TDS desorption profile in [32] already indi-
cated this. We also did NRA measurement on air-exposed Li
samples after D plasma exposure and found D retained in top
surface has significantly decrease (see supplementary figure S-
7) due to the interacting of LiD with water vapor (LiD + H2O
→ HD↑ + LiOH). If no D was absorbed by TDS vessel for
the case of [32], then the total D measured in [32] should be
lower than what expected. However, it is still hard to say if
the escaped deuterium plays a role in the determination of D
retained in Baldwin’s Li samples. Another explanation for the
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discrepancy between Baldwin’s experiment and ours is that
the Li samples they utilized were free surface, where the con-
vection could be stronger than that in our CPS Li samples,
making the mixing of deuterium with Li atoms more effi-
cient [51]. Additionally, they applied deuterium plasma to
perform Li surface cleaning and the targets were biased nega-
tively at −50 V during the D retention shots. In our experiment
Li surface cleaning was performed with helium plasma and
the targets were floating during D plasma shots and mea-
sured with NRA after exposure. To conclude above discussion,
the discrepancy could be mainly due to that they overesti-
mated the total D retained while it was underestimated in this
work.

In our experiment, the formation of LiD has been directly
observed and D retained in the form of LiD is still proposed
to be responsible for high D inventory in Li. The results sug-
gest that D inventory related to LiD formation increases with
temperature until ∼500 ◦C, beyond which LiD decomposition
could start to play a role. D retained concentration is the high-
est in top several μm, and then decreases with the depth. To
achieve a limited HI inventory or a low retained fraction in liq-
uid lithium divertor (LLD), a high temperature above∼500 ◦C
could be required to dissociate LiD/LiT. However, at temper-
atures higher than Li hydride melting point, HI atoms would
combine with evaporated Li atoms and lead to quite high HI
inventory in Li re-deposited layer. The formation of the solid
Li–LiD colloid, on the one hand, can stop further HI diffusion
and lower HI inventory; on the other hand, it could suppress
Li evaporation and Li flowing, which is not good for the heat
exhaust in the divertor region and liquid refreshing and self-
healing. In terms of low recycling, a low recycling regime
could be achieved in the beginning, while with top Li layer
becoming more concentrated in LiD, the low recycling could
slowly vanish. The combination of Li vapor with HI atoms
could also achieve a low recycling. While, this experiment was
based on the application of static Li-filled 3D-printed W Li
targets, it still remains unknown if the same behaviors will be
observed for flowing Li cases. It would be recommended to
investigate this question further.

Our findings also suggest that a low HI inventory could be
presumed if a very fresh clean liquid Li can be obtained, in
which very fast surface recombination and diffusion can pose
a low HI concentration below its solubility limit to inhibit Li
hydride formation. However, this cannot apply to very high
flux cases as high fluxes could lead to a high implanted deu-
terium concentration beyond its solubility limit, subsequently
to LiD formation A possible optional operation for a LLD
is to pre-expose LLD to H or D plasma to ‘saturate’ top Li
layer and get an acceptable low HI retained fraction before
performing D–T fusion plasma shot. Once tritium inventory
in LLD reaches the limited value, LLD then can be exposed
to D/H or He plasma to desorb T retained, as was shown in
section 5. In this case, it is still needed to consider if the good
evaporation and expected recycling behavior can be presumed
however.

In this experiment, either solid surface (Li–LiD colloids)
or liquid surface was presented, depending on both surface
temperature and hydrogen plasma flux. This is summarized in

Figure 17. Surface morphology of Li samples as a function of
hydrogen (D and H) ion flux and surface temperature. Three regions
where the Li surface can be presented as liquid state are indicated:
region I—due to high surface recombination rate; region II—due to
strong decomposition; region III—due to LiD/LiH melting. All
samples were floating, resulting into a ∼5 eV ion energy. The solid
black line represents the plot of Pdecom = Pplasma, and the solid red
line is the plot where the decomposition pressure of LiD is 10 times
higher than plasma pressure.

figure 17. The solid surface, which is characterized with a high
emissivity around 0.6–0.9, possesses a high hydrogen reten-
tion and is expected to have a low lithium evaporation. On the
other hand, the liquid surface characterized by a relatively low
emissivity around 0.1–0.3 displays a low hydrogen retention
and possibly also a relatively high Li evaporation, though this
was not directly measured, and Li evaporation from Li–LiD
colloids is still remained unexplored. The liquid surface can
be resulted from three mechanisms. The first one, as discussed
in section 4.2.2, is the high surface recombination of hydrogen
atoms on clean Li surface. This can normally be observed at a
low plasma flux but where the surface temperature is relatively
high, shown in region I in figure 17, where the retained D is
extremely low and close to the solubility limit. High decom-
position rate of Li hydride that is far beyond its formation rate
is proposed to be the second mechanism. The liquid resulted
from this has a higher emissivity around 0.2–0.3 compared
with the liquid in region I and also a higher hydrogen reten-
tion. This case can occur at a higher flux but require a higher
temperature, shown in region II. In this case, the border of
liquid and solid states seems to be located between the line
of Pdecom/Pplasma = 1 and the line of Pdecom/Pplasma = 10. The
third mechanism is the melting of Li hydride once tempera-
ture is beyond its melting point, as shown in region III. The
data listed in figure 17 is from the Li samples that were floated
during exposure with typical ion energy around 5 eV based
on Sheath theory. While, the influence of ion energy on the Li
surface morphology is unclear and need to be further explored.
We could possibly expect that high energy ions could lead to a
decrease in temperature operation window that requires a liq-
uid surface as these high energy ions could dissociate/break
the chemical bond between Li atoms and hydrogen atoms.
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7. Conclusions

The application of novel design of 3D-printed tungsten [58]
provides a stable liquid lithium surface and makes it possible
to expose Li to high deuterium ion flux plasma on Magnum-
PSI at high temperatures. The in-house built ion-beam facil-
ity setup on Magnum-PSI makes it possible to characterize D
retention in Li with an in situ NRA method without break-
ing vacuum. Taking advantage of this, Li-based 3D-printed
tungsten samples were exposed to D plasma with the flux
in the range of 0.4 × 1023 to 1.5 × 1024 m−2 s−1, corre-
sponding to a temperature range from below Li melting point
(180.5 ◦C) to above LiD melting point (∼690 ◦C). A solid
Li–LiD colloid layer can quickly form in the beginning of
exposure and its melting was found to occur at temperatures
close to LiD melting point. The formation of LiD can be clearly
indicated by the blue or black surface, depending on different
LiD concentration.

After D plasma exposure, in situ NRA was immediately
performed on the sample surfaces with 2.5 MeV 3He beam.
The depth profiles indicate that D concentration is around
15–45 at.% in the top 10 μm for most cases, decreasing
with depth with a typical e-fold length of approximately
3–30 μm depending on the exposure conditions. An almost
pure LiD layer (50 at.%) was found at Li-D co-deposited
layer on the clamping ring, implying that Li vapor could
easily combine with D atoms or ions to form LiD. A clear
increase in D retained in Li with the increasing temperature
was found until the temperature reaches ∼500 ◦C, which
can be explained by the chemical reaction between Li and
D atoms using the LiD formation rate constant. When the
temperature is high enough and the LiD decomposition
pressure is beyond the plasma pressure, LiD dissociation
dominates and leads to a decrease in D retained. In order
to explain and describe the D retention process and further
predict HI inventory in Li, a 1D reaction–diffusion model
was built. The modelling D depth profiles can roughly match
NRA results and gain total D retained in Li with a given
thickness. Both experiments and the model suggest that D
is mainly retained in top tens of μm Li layer as the higher
the LiD concentration, the lower the D diffusivity, making it
difficult for D atoms to diffuse deeper, leading to a deuterium
retained fraction below ∼2%. Either He and H plasma have
been applied to remove the retained deuterium in Li and was
observed to be relatively effective. After the D-removing
shot, the remained deuterium areal density declined to the
range of 0.1–1 × 1022 D m−2 and a high removing efficiency
above 96% has been found at temperature above 425 ◦C.
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