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Abstract

Different ion beam analysis techniques for the study of thin lithium-containing layers on top of
fusion relevant materials are discussed and compared to each other. Elastic backscattering
analysis (EBS) with protons is determined to be one of the most promising techniques and allows
measurements of Li layers with thicknesses from ~100 nm up to ~600 pum, as shown by
SIMNRA simulations. The best sensitivity for thin films (~100 nm) can be achieved using 4
MeV protons with 170° scattering detection angle for layers on Mo and W substrates, and 2 MeV
for C substrates. Experimentally EBS measurements were successfully tested for Li films with
thicknesses from ~50 nm up to ~400 nm after air exposure. The Li films become strongly
inhomogeneous and require averaging over multiple measurements in nearby areas. This
necessitates averaging over multiple nearby measurement points, and limits the overall precision
of the measurement.

1. Introduction

Plasma Material Interactions in fusion devices have a crucial impact on plasma performance. It
has been demonstrated, that the deposition of thin lithium films on plasma-facing components
(PFCs) can improve the plasma performance by reducing the power threshold for access to high
confinement modes (H-modes) [1-4]. Lithium has been also successfully used as plasma-facing
material (PFM) in liquid limiters [5-8] and is considered to be used as liquid divertor material
[9-11]. It has good compatibility with fusion plasmas due to its low nuclear charge, gettering of
oxygen and carbon impurities, and it can improve the confinement and lowers hydrogen
recycling resulting in low plasma edge densities in low recycling plasma regimes. The use of
liquid lithium might potentially solve a number of challenges associated with classical solid
plasma facing materials, such as melting, radiation damage, and accumulation of radioactive
tritium. One of the important problems still to solve with regard to lithium use as PFM is the
development of an effective method for collecting and recycling lithium eroded from a liquid
lithium surface, transported through the fusion device, and then redeposited in some other area.
Out of all liquid metals proposed for use as PFM, this is especially a problem for lithium due to
its low melting point and low mass leading to high erosion and evaporation rates.

In order to study lithium transport and redeposition in fusion devices, quantitative measurement
methods allowing the analysis of thin lithium-containing films on fusion relevant materials, such
as tungsten, molybdenum, or stainless steels, are required [12-14]. Both in-situ and ex-situ
analysis methods are difficult due to the low atomic weight of lithium, which makes
measurements of mass, XPS, and EDS problematic. Besides, the high chemical reactivity of
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lithium can lead to damage of analytical equipment, for example mass spectrometers used in
thermal desorption spectroscopy, limiting the possible amount of lithium used for analyses [15].
Ex-situ analysis is problematic due to the transformation of Li and Li-H into Li,CO3[16-19]. For
macroscopic amounts of deposits on the scale of tens of ug, chemical methods of analysis are
available [20], while measurements of thin layers on the scale of several tens of nanometers, or
localized deposits up to several tens of microns are challenging.

lon beam analysis is a versatile family of techniques used for the analysis of solid surfaces and
thin layers [21], containing analysis methods such as elastic backscattering spectrometry [22],
elastic recoil detection analysis (ERDA) [23], and nuclear reaction analysis (NRA) [6]. Elastic
backscattering spectrometry (EBS) is widely available in many laboratories and is non-
destructive, economic, and reliable, meaning that it can provide repeatable quantitative
measurements of the elemental composition of near-surface layers with an accuracy no worse
than 10%. This technique was already used successfully to study lithium-containing surfaces and
materials [6,22,24]. However, optimization of the analysis parameters in order to maximize
sensitivity and evaluation of some specific issues connected with lithium films on fusion relevant
materials [9,11,25-27] is required in order to maximize the effectiveness of the method, evaluate
its limitations, and to be able to determine uncertainties and their main sources.

The use of ERDA for the detection of Li using incident 8.9 MeV oxygen ions has been recently
reviewed in [23]. However, ERDA allows only the analysis of relatively thin layers, requires
smooth surfaces, and gets technically challenging for larger samples or curved surfaces, as is
often the case for PFCs.

For NRA the ®Li(p,®He)*He reaction has a relatively high cross section at energies above about
1.6 MeV [28-30]. However, the available cross section data for this reaction [31] are
inconsistent and at backward angles the energy of the produced “He is below and the energy of
the produced *He is only marginally above the incident energy due to the low Q-value of the
reaction, rendering this reaction only marginally useful if Li films on heavy substrates should be
investigated. The reaction 'Li(p,0)*He has a very high Q-value of 17.3 MeV, resulting in
reaction products with energies well above the incident energy. The cross section is above
1 mb/sr in the energy range 1.5 — 3.5 MeV with a maximum value of about 6 mb/sr around
2.7 MeV [32]. This reaction is usable for the detection of Li, but usually will require a large
solid-angle detector. Filtering of unwanted backscattered protons from a heavy substrate using a
simple stopper foil limits the incident proton energy to values below about 1.5 MeV, as
otherwise both backscattered protons and created “He ions will penetrate the foil. The cross
section is very low at these low energies, and the detection of other light elements, especially C
and O, may require either additional measurements, or installation of additional detectors for
simultaneous EBS measurements, which would also face the issue of high background signal.
I.e. NRA with incident protons for the detection of Li is possible, but shows problems.

Another possibility for detecting °Li is the °Li(d,p)’Li reaction [30,33,34]. However, the
associated "Li(d,an)a reaction is a three-body reaction with only limited use for NRA.

It is also possible, if logistically more complex due to the difficulties of purchasing *He in some
countries, to use 2He" ions for detecting °Li. Either °Li(®He" po)®Be [35,36] or °Li(*He*,p1)®Be
[36,37] reactions could be used. Both these reactions have high Q-values of 16.8 MeV and 13.9
MeV, respectively. The °Li(*He*,p0)®Be cross section is known for multiple detection angles
from 90° to 155° only at *He" energies below 1.85 MeV, and is below 1 mb/sr in that energy
range, with the highest value of 0.9 mb/sr at 155° observation angle for 1.85 MeV >He*. For
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higher energies it is known only for 150° detection angle [36], and the maximum cross section
value is only 2.8 mb/sr at 5.08 MeV *He*. For ®Li(*He*,p0)°Be, the cross section is also known
for multiple angles from 99° to 150° only at *He" energies below 1.85 MeV [37]. The maximum
cross section value is ~4 mb/sr for 1.7 MeV He" at 150° observation angle. At higher *He"
energies it is known only for 150° detection angle [36], with cross section values between 3 and
4.3 mb/sr. Low cross section values, as well as natural scarcity of °Li (7.5 at.% for the natural
isotopic ratio of Li) will require a large solid-angle detector. The detection is also further
complicated due to the immediate fission reaction with high Q-value of ®Be to
®Be—*He+'He+18.07 MeV.

Due to the described difficulties of ERDA and NRA, the optimization of parameters for the
measurement of lithium films on molybdenum, tungsten, stainless steel, Inconel, and carbon by
means of EBS is discussed in this paper. Specific features of thin lithium films on those materials
after a prolonged exposure to atmospheric air are demonstrated. Experimental results on lithium
compounds on molybdenum are given.

2. Experimental
2.1. Optimal parameters for EBS analysis

For EBS analysis, only hydrogen isotopes or helium ions can be used to analyze lithium-
containing surface layers. Of the available hydrogen and helium isotopes, analysis with protons
allows a large depth of analysis.

Both ‘Li and °Li can be detected by means of EBS, and a number of cross sections are available
both for hydrogen and helium backscattering [31]. The backscattering cross sections for both
elements are comparable in magnitude. However, Li prevails in the natural isotopic mixture
(92.5%), rendering it easier detectable.

2.1.1. Thin layer analysis

Cross sections for proton backscattering from Li, C and O are shown in fig. 1 for an observation
angle of 170° in the laboratory system. This observation angle was chosen as the largest
observation angle available in [31] for "Li(p,p0) 'Li back-scattering.

In general, the "Li(p,p0) ’Li backscattering cross section does not depend strongly on the
observation angle within the range 160° to 170° (see fig. 2). The cross section for "Li(p,p0) "Li
was multiplied by 2 and the cross section for 160(p,p0)160 was multiplied by 3 in order to
represent effective cross sections for analysis of the Li,CO3; compound.

Cross sections for 'Li(p,p0) ‘Li obtained from [31,32] are the most complete in the energy range
from 1.5 to 7 MeV. The parameters of all datasets available in [31] for the observation angles
from 160° to 170° are given in table 1. For the datasets from [38,39] uncertainties are not
available, for the datasets from [28,40], uncertainties are given for the whole datasets, while for
the dataset from [32] uncertainties are given for each individual measurement. Dataset [32] is the
only one with consistent energy resolution. As such, dataset [32] was chosen for use.



Table 1. Characteristics of available ‘Li(p,p0) 'Li cross section datasets for observation angles

from 160° to 170°.

F

Dataset Observation | p energy | Energy Uncertainty, %
angle, range resolution, keV
covered, MeV
S. Bashkin and | 164° 0.87 - 3.66 7 to 193|120
H.T. Richards average of 30
(1951) [28]
Malmberg, P.R. | 165° 1.34-2.75 6 to 104,|10
(1956) [40] average of 27
U. Fasoli et al. |166.2° 1.23-5.51 12 to 67, | Notgiven
(1964) [38], average of 27
K.Kilian et al|160.2°,170° |3.10-10.30 |1150 to 4150, | Not given
(1969) (in average of
German) [39] 1950
V. Paneta et al.|160° 170° 1.50-7.00 25 from 1.8 to | <4%, individual
(2012) [32] 2.2 MeV, measurement
100 from uncertainties provided
500 from 4.8 to
5.7 MeV

Cross sections for 12C(p,p0)12C backscattering in the proton energy range of 0.3-7 MeV are
based on SigmaCalc calculations [41]. SigmaCalc calculations datasets do not contain
uncertainties [41]. Cross sections for **O(p,p0)*°O were based on SigmaCalc calculations [41]
for energies from 1.5 MeV to 4.08 MeV and experimentally obtained [42] for energies up to 5.66
MeV. It should be noted that the experimental data are only available for 160° scattering angle
for such high energies. Dataset [42] is given with an R.M.S. error in the measurement of cross
sections ~3.2%, and statistical error of ~ 5%.
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Fig. 1. Cross sections of protons backscattering from ’Li, 2C, and 0 at a scattering angle of
170° in the laboratory system, normalized to Li,COj3 stoichiometry. For O at proton energies
above 4 MeV, data are shown for the closest available angle (160°) as blue dashed line.
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Fig. 2. Cross sections for ‘Li(p,p0) "Li back-scattering: red — 170° observation angle, V. Paneta
et al. (2012) [32], orange — 166.2° observation angle, U. Fasoli et al. (1964) [38], green — 165°
observation angle, Malmberg, P.R. (1956) [40], cyan — 164° observation angle, S. Bashkin and
H.T. Richards (1951) [28], blue — 163.9° observation angle, R. Greyvod et al. (1965) [43],
purple — 160° observation angle, V. Paneta et al. (2012) [32].

The Li cross section has two peaks at proton energies of ~2 and ~4 MeV. In order to maximize
the accuracy of the analysis of thin Li films, the Li signal should be maximized while
simultaneously the substrate signal should be minimized. For heavy substrates, such as
molybdenum or tungsten, cross sections for proton backscattering can be assumed to be
Rutherford and decrease with increasing energy, while the maximal cross sections for Li are
around 4 MeV. Consequently, analysis at about 4 MeV incident energy is the most efficient,
assuming dual and multiple scattering can be simulated or measured with sufficient precision and
sufficiently precise data for substrate stopping powers are known.
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In the case of SS and Inconel substrates, where proton backscattering from substrate elements
cannot be adequately described by the Rutherford formula, the situation is more uncertain. The
cross sections for 56Fe(p,p0)56Fe and Ni(p,p0)Ni are only known up to 3.3 MeV and 2.85 MeV,
respectively. Therefore, analysis at higher energies can not be performed.

In the case of carbon substrate, the cross section for 12C(p,p0)12C, is known in a wide range of
energies up to 7 MeV, but strongly deviates from Rutherford, as can be seen in fig. 1.

In order to determine the best energy for analysis of Li layers on carbon, SS and Inconel
substrates, computer modeling using the SIMNRA code [44] with SRIM 2013 [45] stopping
powers was used to simulate EBS spectra of 100 nm Li,CO3 on C, SS and Inconel for proton
energies from 1.5 to 3.3 MeV in the case of SS substrate, 2.85 MeV in the case of Inconel
substrate and 7 MeV for C substrate, with a detection angle of 170°. The thickness of 100 nm
was chosen as a characteristic thickness of “thin” layers, where the energy loss is negligible. The
results of these calculations are shown in fig. 3. It can be seen that the best energy for analysis is
3.3 MeV for SS substrate, 2.85 MeV for Inconel substrate, and 2 MeV for C substrate. For these
energies the ratios of Li signal to substrate signal are ~0.06, 0.05 and 0.11, respectively. This
means that the measurement of the lithium content in a 100 nm thick lithium film with a
statistical error below 10% at least 1766, 2100, and 1000 counts must be accumulated under the
Li peak in the EBS spectrum for SS, Inconel, and C substrates, respectively.



Substrates

I . I
g) 0.10 - « Stainless steel
7 - +  |nconel
E | n
© .,
—
a -
S 0.05- % AT .
CD O‘ I‘é... “u ® n
+ 5% ..-.'.... . .-'
d - '.f‘:; .-
5 i

ilax‘ n ...

OOO 'y .IIIII|

2000 3000 4000 5000 6000 7000
Energy (keV)

Fig. 3. Ratios of EBS signals from a 100 nm Li film to the net signals from Li and substrate for
carbon, stainless steel, and Inconel substrates as a function of incident proton energy for a
scattering angle of 170°.

It should be also noted that for very thin layers, i.e. below the Li detection limit, one could
potentially use the resonance peak for oxygen at 3.5 MeV to indirectly detect Li in Li,COj3 layers
due to the very high elastic cross section. Obviously, this method can only be used if the
assumption of a Li2CO3 stoichiometry is fulfilled and there are no other sources of oxygen in
the sample (e.g. adsorbed oxygen and oxides).

In order to achieve a complete reaction of Li films to Li2CO3, significant time has to pass
between exposure of the Li layer to atmosphere and analysis. Upon exposure to atmospheric air
close to room temperature, Li and Li-H react with all of atmospheric main components (N
[46,47], O,, H,O [48-50], CO,[18,51]) in a complex reaction chain. In these reactions, humidity
plays a critical role [17,46,52]. Already the presence of 10 mass % of water vapor in air
increases the reaction rate with N2 significantly, and some literature suggests that the presence of
hydrogen in the atmosphere might suppress reactions with N2 with ~10% hydrogen
concentration being enough to completely suppress these reactions [52]. Both LizN [53] and
Li,O [17,48] react with H,O in turn, transforming into LiOH. Li,O [54,55] and LiOH [56] react
with CO2, resulting in Li2CO3, which is thus the final product of Li and Li-H interacting with
atmospheric air. In the case of persistent high humidity (>80%), Li2CO3-OH can be expected to
be the end-product [17]. As such, providing that sufficient time has passed between Li layer’s
exposure to atmospheric air and the sample has been kept in atmosphere with low humidity,
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Li2CO3 stoichiometry can be assumed. In other cases, the presences of oxygen and carbon can
still serve as indicators of Li presence, while the presence of nitrogen might indicate that only a
small time has passed between atmospheric exposure and analysis, and the Li-containing layer is
still in the process of reacting with atmospheric air.

2.1.2. Evaluation of Li content in thick layers

For thick Li-containing layers, a correct simulation requires a precise knowledge of layer’s
stopping power. An estimate of the total thickness of the layer can be made based on the
knowledge of the layer stopping power rather than on the knowledge of the cross sections of the
components of the layer. There are two main ways to measure the total thickness of a layer.

Firstly, one can measure the positions of both high energy and low energy fronts of EBS peaks
of elements in the Li-containing layer (fig. 4a). For pure Li layers, due to low stopping power of
Li, thicknesses of even extremely thick layers of more than 100 um can be measured. Such
thicknesses are outside the usual range of EBS applications, and can find application in the study
of (large) lithium dust particles, which could be observed through their whole structure, or
surface processes in bulk Li objects.

Secondly, one can analyze the high energy front of the EBS signal of elements present only in
the substrate (fig. 4b). Maximum thicknesses of pure Li layers, which can be measured on
various fusion-relevant substrates by both the above-described methods, are shown in fig. 5. The
uncertainty of these methods arises from the uncertainty of the SRIM stopping power, which is
~4% [57], and from the uncertainty generated by individual specifics of the measurement setup
and operator’s skill which determine how well the edge can be identified in the spectrum. For the
purpose of this paper, this uncertainty is suggested to be ~5%, for a combined uncertainty of
~7%.

In general, the second method allows measurement of even thicker layers than the first one.
Substrates made of heavy elements, such as molybdenum or tungsten, allow measurement of
thicker layers than substrates made of lighter materials, such as steels.
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Fig. 4. An example of a modeled EBS spectrum of a thick homogenous Li2CO3 layer (4 MeV
protons at normal incidence, 170° observation angle) on a Mo substrate, where the thickness of
the layer is calculated from a) the position of the low energy front of the Li signal (magenta
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Fig. 5. Maximum thicknesses of Li layer which can be measured for different proton energies.
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~7%.
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Nickel is the heaviest element both in Inconel and in stainless steel. This means that, for these
substrates, the maximum measurable thickness of Li is the same. Unfortunately, there is no cross
section data available for Ni(p,p)Ni backscattering. For the purposes of modeling the Rutherford
backscattering cross section was used, which becomes inaccurate for proton energies starting
from 4 MeV if energy losses in the Li layer are considered. Therefore, the values given in fig. 5
are somewhat inaccurate. Stainless steel, which is used, as well as most common stainless steels,
comprises at most only ~10 at. % of Ni. Therefore, the Fe signal can be used instead of Ni,
which gives virtually the same thickness limit due to very close atomic masses of Fe and Ni.
Proton backscattering cross sections for Fe are only available up to 3.3 MeV, which means that
the data is inaccurate for proton energies above 4.5 MeV.

For Mo substrate the Rutherford cross section becomes inaccurate at energies above 4.2 MeV,
which, accounting for energy losses in Li-containing layer, means that the results in fig. 5 may
be inaccurate for proton energies above 6 MeV.

After prolonged exposure to atmospheric air, pure Li layer transforms gradually into Li,CO3 in a
complex multi-stage process [16], starting with fast reaction with water vapor [58]. The stopping
power of Li,COg is different from that of pure Li, which means that differing amounts of Li
atoms initially deposited on the surface in the fusion device can be measured. Maximum
thicknesses of Lio,COg3 layers, as well as amounts of Li atoms corresponding to them, which can
be measured on various fusion-relevant substrates, are shown in fig. 6. The maximum proton
energy used was 5.7 MeV, as the cross section for O is not available above this energy, except
for the measurements based on the low energy front of the Li signal. 1 nm of Li2CO3
corresponds to 3.44x10" atoms/cm? of Li.
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Fig. 6. Maximum thicknesses of Li,CO3 layer which can be measured for different proton
energies. Dashed lines indicate thicknesses calculated in the proton energy ranges where data is
not available for cross section of proton backscattering on substrate. The values based on the
lower energy front of the O signal and on the high energy fronts of substrates require the
assumption of a homogenous Li2CO3 stoichiometry for the whole layer. The uncertainty should
be taken as ~7%.

Different maximum thicknesses can be measured using different peaks of elements in the Li,CO3
layer. It is most reliable to use Li itself. However, for Li2CO3, the use of Li signal is possible
only at the lowest thicknesses and at energies below ~2.5 MeV. This is because the Li signal is
low compared to the signals of the substrates to reliably observe the low energy edge of the Li
EBS peak. Thicknesses of thicker Li-containing layers can be measured using oxygen relying on
the assumption that the layer completely transformed to Li2CO3 due to reactions with air. One
has to assume that stoichiometry is the same through the whole layer, as the lower energy front
of Li signal cannot be seen in this situation. The use of carbon is not recommended due to its low
content and the low cross section, compared to Li and O.

Comparing the measurable amounts of Li in pure Li and in Li2CO3 layers, one can say that
prolonged exposure to atmospheric air reduces the maximum measurable amount of Li by a
factor of about 5, as can be seen by comparing the data in fig. 5 and 6 (right y-axes). In any case
the measureable thicknesses of these layers are far beyond expected layer thicknesses and even
far beyond typical thicknesses normally used in EBS analyses. Realistically, for such thick films,
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flaking and cracking due to chemical reactions with atmospheric air are more likely to be the
limitation rather than the EBS-inherent limitations.

For layer thicknesses not exceeding maximum measurable thicknesses of Li2CO3 layers based
on the low energy front of Li peak, depth profiling of elemental composition is possible
throughout their thickness. The stopping power of Li2CO3 is the highest among all likely
products of Li and Li-H reacting with atmospheric air (see table 2), and Li has the lowest mass
(besides that of He and H isotopes). This means, that if the lower energy front of the Li peak in a
Li2CO3 layer can be observed, then the lower energy fronts of all other element’s peaks in all
other products of Li reactions with atmospheric air could also be observed, and depth profiling
could be performed.

Table 2. Stopping powers of Li compounds that can be produced as results of contact with
atmospheric air relative to the stopping power of Li2CO3, in the energy range from 1.5 to 7 MeV

Compound | Relative stopping power
Li,CO3 1

Li,O 0.8

LisN 0.7

LiOH 0.7

Li,NH 0.6

Li 0.6

LiNH, 0.5

LiH 0.4

Evaluation of depth profiles and quantities of hydrogen and helium isotopes in Li layers ex-situ
is more complicated. It is impossible to detect *H by means of EBS. Using proton backscattering
to measure D and He content is possible, but ill-advised due to their low relative masses. The
widest range of energies D(p,po)D cross section is known in spans from 1.8 MeV to 3.2 MeV for
the detection angle of 165° with an uncertainty of 7.5% [59]. Only one dataset for *He(p,po)*He
cross section is given in [31], and only known for energies from 1.5 MeV to 2.8 MeV with a
detection angle of 159.2° and a stated uncertainty of +2% [60]. For “He(p,po)*He back scattering,
a SigmaCalc evaluation is available in the p* energy range from 0.5 MeV to 6 MeV. Based on
the position of the low energy front of 4He signal being detectable, “He can be depth profiled up
to 78 pm in Li,COs3, and up to 110 pm in metallic Li using 6 MeV p*.

For D and >He depth profiling up to large depths, additional measurements by NRA might be
performed using 3He or D ions respectively [61]. However, the D(*He,p)*He reaction peak can
overlap with the ®Li(3He,p1)®Be reaction peak [36,37] for thick layers. If Li depth profile can be
established by means of EBS, then D and *He depth profiles can be established with more
precision.

It should be noted that for deuterium, it has been previously shown that no deuterium remains in
Li layer after prolonged exposure to atmospheric air [16], and that at least some stages in Li-H
transformation to Li2CO3 are not diffusion-controlled [50]. As such, a clear separation into a D-
containing bottom layer (close to the substrate) and a D-free upper layer (closer to atmosphere)
cannot be assumed.
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2.2. Experimental analysis

A selection of lithium films was deposited on Mo substrates using the MD-2 installation [62].
The films were deposited by magnetron sputtering of a liquid Li cathode based on a capillary
porous system similar to the ones used in the T-11M tokamak [63], using 99.98% pure D, as
working gas. The background pressure was about 3x10™ Pa, the working pressure was about 3
Pa, the distance between the Li cathode and the Mo substrate was ~ 10 cm. Substrate deposition
temperatures were varied from room temperature to 350°C for ex-situ analysis in order to check
the theoretical predictions. A wide range of deposition temperatures was chosen to study
differences in Li films deposited at various fusion relevant conditions in order to check if the
issues with their analysis would be the same. The thicknesses of the films varied from ~ 50 nm to
~400 nm based on quartz microbalance (QMB) in-situ measurements. Gold plated quartz crystals
were used to prevent chemical reaction of the QMB crystal electrodes with Li. The deposition
setup is shown in fig. 7. Due to geometric limitations of the deposition chamber, it was
impossible to place the QMB in the same position relative to the magnetron target as the sample.
The distance of the QMB crystal to the liquid Li target was ~85 mm, the distance from the Mo
substrate to the Li target was ~110 mm. The center of the QMB crystal was ~60 mm off-center
with the central axis of the Li target. The center of the Mo substrate was ~15 mm off center with
the center of the Li target. The diameter of the Li target was ~50 mm. To correct for different
placements of the QMB and the substrate, a separate calibration was performed (see section 3.1)

14



Sample
<>

Diaphragm

S

Dlscharge

Fig. 7. A sketch of the setup in which Li films were deposited. Pink areas indicate places where
Li could be deposited.

EBS was performed using the TANDEM accelerator in IPP Garching, with 4.0 MeV protons at
normal incidence angle. The scattering angle was 165°, and couldn’t be changed due to technical
limitations of the experimental setup. The cross section used for data analysis was an
interpolation based on the data for 140°, 150°, 160° and 170° angles from [32]. An interpolation
with the 160° and 170° data only, as well as with 170°, 160° and 150° resulted in identical
interpolated values within the uncertainties, and in this situation it was considered prudent to use
more data, where available. A 300 um thick PIPS detector was used with a solid angle of
1.10+0.03 msr. The target is surrounded by a Farraday screen (with small holes for the incident
beam and toward the detector) for accurate charge collection with an accuracy of about 3%, the
total ion charge accumulated in each measurement was 20 pC.

The time between deposition and analysis varied between one and three months, the films were
kept in closed non-sealed containers in contact with atmospheric air, at room temperature
(between 18 and 25 °C), at ~20% relative humidity. This time should have been more than
sufficient to completely transform L.i layers into Li,COs3 .
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3. Experimental results
3.1. Experimental EBS spectra

Typical EBS spectra for 4 MeV normal incidence protons at 165° scattering angle for thin
lithium films on molybdenum are shown in fig. 8a and 8b. Three peaks corresponding to lithium,
carbon and oxygen can be distinguished on the Mo substrate signal. As one can expect from the
cross section data, the oxygen peak is the most pronounced. It can be noted that in some areas of
the film (fig 8a) peaks are rather wide with long low energy tails. In some other areas of the film
(fig 8b), the peaks are narrow, without pronounced low-energy tails. Such tails can be caused
either by diffusion of Li into the substrate, by an inhomogeneous thickness distribution of the
Li2CO3 films, i.e. layer roughness [M. Mayer, Nuclear Instruments and Methods in Physics
Research Section B: Beam Interactions with Materials and Atoms 194 (2002) 177], or by layer
porosity. The pronounced low energy tails cannot result from Li diffusion into the substrate, as
the temperature of the substrate was never higher than 350 °C, where diffusion should still be
negligible [64]. During magnetron deposition the energy of Li particles is not higher than
~ 50 eV, which means that the films are deposited only on the surface and are not implanted into
Mo. Porosity of the layer might result in a pronounced low energy front, but one could expect
that in a film that fully reacted with atmospheric air, porosity would be relatively homogeneous
over the whole layer, and so all measured areas would have a pronounced low energy front,
rather than only some of them.
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Fig. 8. Typical EBS spectra (4 MeV protons at normal incidence, 165° scattering angle) of an
ex-situ analysis of a thin Li film on molybdenum substrate. Film thickness about ~270 nm
assuming the density of Li,COj3 (corresponding to ~210 nm initial Li thickness), see table 2, row
4. Dots are experimental data, magenta dashed line — SIMNRA modeling. Figure a)
measurement in the point with a prominent low energy front of film peaks (corresponds to the
second from the left green point in fig. 9), b) measurement in the point without a prominent low
energy front of film peaks (corresponds to the third from the left green point in fig. 9).

One can see that the SIMNRA model does not provide a very good fit due to the poor handling
of the Mo background signal. In order to obtain the amounts of Li, C and O, the Mo signal was
interpolated using experimental data outside the peakthen subtracted from the signal. The
resulting peaks were then integrated and modeled using SIMNRA, so the integrals of the
modeled peaks were the same as the experimental values. Net counts, background signal, and
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uncertainties are given in table 3. Uncertainties were calculated based on statistical uncertainties
of the net peak counts, the interpolated background signal, and the cross section data uncertainty
for 4 MeV energy [32].

Table 3. Net counts for Li, C, O peaks, interpolated background signal in typical EBS spectra of
thin Li films on Mo, calculated uncertainties.

Spectra Fig 8a. Fig 8b
Li peak counts 24500 11400
Li background counts 454300 170000
Li uncertainty, % 3 4

C peak counts 8500 7500

C background counts 196700 174000
C uncertainty, % 6 6

O peak counts 57900 22500
O background counts 418400 155000
O uncertainty, % 1.2 2

EBS was used to calibrate the QMB in-situ film thickness measurement system. To do this, a Li
layer was deposited on a fresh quartz crystal and a Mo substrate in a typical deposition geometry
and conditions for MD-2. The amounts of Li were then measured on both the crystal and the
substrate using EBS with 2.7 MeV protons (normal incidence, 165° observation angle). The
energy of 2.7 MeV was used so the cross sections from [40] could be used directly without any
interpolation. The selection of the cross section for such calibrations, where two quantities of Li
in thin films are compared, does not create an additional error, as only the ratio of Li amounts in
two measurements is important, and energy losses in the Li containing layer can be neglected.
Additionally, at 2.7 MeV p+ energy, SIMNRA simulations provided good fit for the Mo
background signal. For the crystal itself, the quantity of Li calculated by QMB (~950 A
assuming metallic Li density) matched well with the data from EBS (4.4x10'" atoms/cm? which
is equal to ~950 A assuming metallic Li atomic density). The ratio between the deposition on the
Mo substrate and the QMB crystal was ~1.9. This indicated that, despite Li atoms being light, the
large distance between the magnetron target and the Mo substrate (~11 cm) and the high
discharge pressure (4 Pa), scattering during transport through the gas phase is not sufficient to
homogenize the Li distribution. To make sure that the calibration remained the same, the
discharge parameters in MD-2 are kept the same as much as possible. Repeated calibrations
during a year after the first one produced similar ratios.

Using the SimTra [65] software, Li transport through the gas phase in the MD-2 installation was
modeled; and the ratio of the amount of particles on the Mo substrate to the amount of particles
on the QMB crystal was obtained to be ~0.3. The largest uncertainty in modeling the Li
deposition distribution is the lack of reliable data on the directional distribution of Li particles
sputtered from a liquid Li CPS target. Additionally, the code does not take into account the
temperature dependent flux of evaporating particles, though it can be comparable with the flux of
sputtered particles. Li evaporation can create vapor shielding near the Li target [66], which
would significantly affect the transport of Li particles and their final distribution. Other effects,
such as a microscopically curved profile of the CPS Li target caused by the capillary effects
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curving the surface of liquid Li could change the directional distribution of sputtered Li. Overall,
this means that the final distribution of Li eroded from a liquid Li CPS target by plasma depends
on many parameters and is rather uncertain. This makes useful the development of methods for
measurement of quantities of Li in thin re-deposited layers for fusion devices with Li plasma
facing components.

3.2. Spatial inhomogeneity

It was found after prolonged atmospheric exposure, that the thickness of Li films was
inhomogeneous on the surface (fig. 9). In contrast to this the variation of the thickness of W
films deposited in the same setup and conditions was smaller than 3%, see fig. 9. It is assumed
that the inhomogeneity of the Li films is due to chemical reactions of Li with atmospheric air.
The initially homogeneous thin Li layer breaks apart when reacting with atmospheric air because
the chemical processes produce mechanical tensions in the film. Different stages of the chemical
reaction chain leading from initially deposited Li to the final Li,CO3 product can in principle
produce both pulling and pushing forces. The resulting separate areas of the Li compound can be
distributed non-homogeneously across the surface and have different thicknesses and surface
geometries, such as curled up borders. Because of this, when analyzed with a fairly small
diameter ion beam, a variation in thickness can be observed from point to point.

This inhomogeneity is also seen in scanning electron microscope (SEM) (fig. 10). A number of
features can be seen on the surface of the film. A number of crystalline and droplet-like grown
structures was observed on the surface of the film. These structures are likely to contain more
lithium per surface area than the film itself. In addition to that, the film is covered in tears and
ridges, where the film underwent strong mechanical stresses during its chemical transformations.
All those features are likely to contribute strongly to the observed inhomogeneity of the film.
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of W thickness deposited at the same conditions is given by a narrow shaded area.
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SEM HV: 5.0 kV ' WD: 8.73 mm VEGA3 TESCAN
View field: 4.16 mm Det: SE
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Fig. 10. SEM image in secondary electron (SE) mode of a Li layer deposited at room
temperature.

If the amount of deposited Li is so small that no continuous film is formed on the surface, one
can observe individual Li-containing crystal islands on the surface of the substrates (fig. 11).
Formation of islands is only possible if the migration of Li atoms on the surface of the substrate
is sufficiently fast. The distribution of the crystals is not homogeneous. The density and sizes of
the islands are very different on different Mo grains, and smaller sizes correlate with smaller
density. This might be connected with differences in surface free energies of grains with
different orientations resulting in different interaction with Li, or with different surface
diffusivity of Li along the different grain orientations.
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Fig. 11. Distribution of Li-containing crystal islands on Mo surface at a very low amount of
deposited Li. Red lines to guide the eye along the grain boundaries.

The inhomogeneity of Li films after exposure to atmospheric air presents a lower boundary on
spatial resolution of Li content analysis, generated by the properties of the Li films themselves,
rather than specific issues of the EBS method. In practical terms, averaging over a 5-millimeter-
long area resulted in less than 30% fluctuations for the Li content in all cases.

3.3. Chemical composition and evaporation rate
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Observed compositions of Li films on molybdenum are shown in table 4. The data presented in
the table were averaged over five measurements for each sample, to account for the
inhomogeneities of the Li films produced by contact with atmospheric air. Each EBS
measurement was one millimeter apart from the others (examples in fig. 9). Measurements in all
five points were treated as separate instances of measuring the same quantity of Li. The main
component of the given uncertainty is the fluctuation of multiple measurements, generated due to
non-uniformity in film composition, total thickness in each measured point.

The films exhibit elemental compositions close to that expected from Li,COs3. The thicknesses in
nm were calculated based on the total Li content, assuming Li,COj3 density and a homogeneous
continuous film on the flat surface. The carbon content strongly varies from experiment to
experiment being both below and above the stoichiometric value. Overabundance of C for RT
and 300 °C can be perhaps explained by carbon introduced during sample transport, or not being
removed during substrate annealing at 1230°C. The concentrations of Li are usually somewhat
below, while those for O are somewhat above the stoichiometric values. Nevertheless, the use of
O is far more reliable than the use of C. Therefore, rough quantitative estimations of the Li
content can be made using measurements of the O content, while estimates using experiments
with C are drastically uncertain and cannot be recommended for the evaluation of the Li content
in deposited films.

Table 4. Elemental composition of Li-containing layers deposited on Mo substrate at different
substrate temperatures (shown in the leftmost column)

T deposition, °C Thickness, nm Li,at. % | C, at. % 0, at. %
(at Li,COg3 density)

Li,COs, theoretical n.a. 33 17 50
RT 200+20 2614 2715 47+6
200 280+120 24+11 1045 66+12
260 360+70 28+7 5.3+0.9 66+7
300 270+50 27+5 21+3 52+6
350 50+12 215 | Below detection limit | 795

4. Conclusions

The potential of Elastic Backscattering Spectrometry (EBS) for ex-situ analysis of lithium films
on fusion-relevant substrates was discussed. It is shown that despite its low atomic number, it is
possible to quantitatively measure the Li content even in relatively thin Li layers on heavy
substrates. Analyses of the scattering cross sections from Li and from various substrate elements
demonstrated that the best energy for analysis of lithium on molybdenum and tungsten substrates
is ~4.0 MeV and on carbon — 2 MeV. These energies give the highest ratio of the Li signal to the
substrate signal. Experimental results demonstrated that films as thin as ~50 nm can be analyzed
on a molybdenum substrate. It was observed that non-homogeneity caused by atmospheric
exposure is the primary source of uncertainty in evaluating the Li content, and not the limitations
of the EBS method.

Modeling of EBS predicted that, depending on the material of the substrate, energies of protons,
and analysis methods used, Li layers as thick as 600 um can be analyzed by means of EBS.

22



Prolonged atmospheric exposure leads to a 5-fold decrease of the maximum amount of Li that
can be analyzed due to reactions with carbon and oxygen with final formation of Li,COs.
Overall, flaking and cracking due to exposure to atmospheric air are far more likely to be the
limiting factor than limitations of the EBS method.

It was shown that the amount of Li on the surface after long contact with air can be roughly
estimated using EBS from oxygen in the film, while EBS signals from carbon show large scatter.

It was experimentally observed that the thickness of Li films is non-uniform over the surface of
the substrate due to reactions with air, therefore several measurements are to be made to obtain a
correct surface density of lithium by means of EBS. It was observed experimentally that Li
atoms form islands on the surface of the substrate if the amount of deposited Li is very low. The
sizes and densities of islands on grains of different orientations are different.
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