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Abstract

Lithium wall conditioning has improved the performance of many magnetic fusion devices. Li
conditioning in the RFX-mod device was performed by: (1) a single Li pellet injector and (2)
a multi-Li pellet injector during He plasma discharges; (3) a Li evaporator after He glow
discharge cleaning and He plasma discharge exposure. This report compares the spatial and
depth distributions of Li deposited on polycrystalline graphite witness samples at different
locations in RFX-mod and the elemental and chemical compositions of the resulting surfaces.
The sample surfaces were analyzed ex situ using secondary ion mass spectrometry (SIMS) and
high-resolution X-ray photoelectron spectroscopy (HR-XPS). The results showed that Li pellet
injection provided a relatively uniform toroidal coverage while Li evaporation produced highly
localized Li deposition. A Li 1s HR-XPS peak at 56.5 eV binding energy (BE) characteristic
of lithium-intercalated graphite was only observed with the sample exposed to Li evaporation.
All of the samples exhibited a HR-XPS C 1s peak at 285.1-285.2 eV BE that is largely
attributed to hydrogenated graphite. This finding suggests that hydrogenation of fresh graphite
occurs during He plasma discharge exposures. Our results have implications for density control

and the selection of Li conditioning technigques in magnetic fusion devices.
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1. Introduction

Wall materials inside a magnetic fusion device interact with the plasma and strongly influence
plasma performance. Coating the plasma facing components (PFCs) with Li in a process
referred to as Li conditioning, or lithiumization, has improved plasma performance in devices
suchas TFTR [1], T-11M [2], FTU [3], CDX-U [4], NSTX [5], LTX [6], EAST [7], and DIlI-
D [8]. Benefits observed after lithiumization include increased confinement time, reduced H
isotope recycling, reduced impurity emissions, and suppressed edge-localized modes (ELMS).
The reduction in H isotope recycling is attributed in part to the high chemical reactivity of Li,
which results in incident H binding to Li, or Li-bound O, rather than recycling back into the
plasma [9-11].

Li conditioning has been performed by a variety of methods across magnetic fusion devices,
with each technique providing varying spatial uniformity and Li injection rates. Methods of
lithiumization include pellet injection [1], powder injection [7,8,12], evaporation [4,6,7,13,14],
liquid lithium limiter (LLL) comprised of a capillary porous system (CPS) [2—4], and flowing
liquid lithium systems [15]. The RFX-mod device has experimented with several Li
conditioning techniques, including a single Li pellet injector (LPI) [16], Li evaporation via a

capillary porous system [17], and a multi-pellet Li injector (MPI) [18].

RFX-mod is a reversed field pinch (RFP) magnetic fusion device of circular cross section and
major/minor radius of 2/0.46 m that operates at high plasma currents up to 2 MA [19]. RFX-
mod does not have a limiter or divertor, resulting in plasmas that interact with the entirety of
the vessel walls. Tiles made of polycrystalline graphite (manufactured by Carbone Lorraine,
type 5890PT) completely cover the first wall of RFX-mod in order to withstand heat loads that
can locally reach tens of MW/m?[20].

Graphite PFCs are known to retain large quantities of hydrogen [21,22]. Incident H ions and
atoms that are not reflected face a complex transport and chemical environment within the
graphite tiles. Upon implantation, H atoms diffuse along graphitic planes, grain boundaries,
and porous channels and eventually recombine into H2 molecules in the bulk or at the surface
or chemisorb (form chemical bonds) to C atoms in graphitic planes or at defects [21,23-25]. H
chemisorption to graphitic C atoms results in the rehybridization of the sp>-hybridized C-C
bonds to sp3-hybridized C-H bonds [26-31]. The C-H bonds in graphite are stable at room



temperature but can be broken by elevated temperatures (T > 400 K) or by ion bombardment
to yield the desorption of H2 molecules [21,24,25,29,30,32,33].

As graphite PFCs in fusion devices continually accumulate hydrogen and eventually saturate
during plasma discharges, the recycling of H back into the plasma poses problems for density
control. Many fusion devices with graphite PFCs, including RFX-mod, addressed density
control problems by implementing He glow discharge cleaning (GDC) to reduce the H
inventory in the graphite [34-38]. The Li conditioning techniques previously described also
help control plasma density and supplement He GDC. Injected Li is well-known to intercalate
into graphite and is ionized in the process by donating an electron to the delocalized network
of « bonds in graphite [39-42].

Ex situ surface analysis studies used secondary ion mass spectrometry (SIMS) and X-ray
photoelectron spectroscopy (XPS) to characterize the spatial and depth distribution and
chemical composition of films produced by lithiumization in RFX-mod [18,43]. Similar
investigations of boronization in RFX-mod utilized SIMS, XPS, and Fourier Transform
infrared attenuated total reflection (FTIR-ATR) spectroscopy to demonstrate toroidal
variations in boron film thickness and film stoichiometry related to sample distance from the
boronization glow discharge electrodes [44]. Such RFX-mod sample exposure experiments can
be compared to ex situ surface analysis studies performed utilizing DII1-D’s Divertor Material
Analysis System (DIMES) [45] or the in-vacuo surface analysis studies performed with the
Materials Analysis and Particle Probe (MAPP) on LTX [46] and NSTX [47] or with the Sample
Exposure Probe (SEP) on LTX-p [48]. Other studies have used ex situ surface analysis to
investigate the composition or erosion of samples taken directly from multiple PFC tiles after
surface conditioning and plasma exposure in NSTX [49,50] and DIII-D [51].

Our studies presented herein compare the spatial and depth distribution and the final chemical
state of Li films deposited by the LPI, CPS, and MPI lithiumization methods in RFX-mod by
using SIMS and high-resolution XPS (HR-XPS). We describe first an examination of the
spatial and depth distribution of lithium deposition around the RFX-mod torus obtained by
different Li injection techniques. Second, we report on the lithium abundance and elemental
composition of the first wall surfaces. Lastly, chemical interactions of lithium with RFX-mod
graphite and in-vessel and atmospheric impurities were investigated. These results are relevant
to discussions of Li conditioning, density control, and H recycling in magnetic fusion devices
with graphite PFCs, including the newly upgraded RFX-mod: RFX-mod2 [52].



2. Materials and methods

2.1. Lithium wall conditioning

In RFX-mod, where particle control is particularly challenging [17], lithiumization was first
introduced with the LPI technique, where right-circular cylindrical (@ = 1.5 mm, L =5 mm)
lithium pellets were injected into He plasma discharges for ablation and distribution. Single
lithium pellet injection proved successful by improving density control and overall plasma
performance. The resulting Li coatings were uniform across the vessel. However, many time-
consuming He conditioning discharges were required in order to inject a sufficient amount of
Li [16].

Li evaporation was then tested via a CPS on loan from ENEA-Frascati laboratories, where it
was used in the FTU tokamak as a LLL. A full description of the LLL was given by Alfier et
al. [53]. While in past work the evaporator in RFX-mod was referred to as the LLL, we refer
to it herein as the CPS, since this more clearly reflects the function of the device in this work
as a Li evaporator. Briefly, the CPS is semi-cylindrical in shape with 120 cm? of surface area.
Li is evaporated by heating the CPS to 450 °C. In a given cycle, 1 g of Li can be evaporated in
90-120 mins. Prior to Li evaporation, the PFCs are exposed to extensive He GDC and He
plasma discharges [17]. While the CPS technique deposited orders of magnitude larger mass
of Li than the LPI technique, Li emission lines and initial SIMS measurements demonstrated

that the evaporated Li was highly non-uniform toroidally [17,18].

The latest Li conditioning technique tested, the MPI, sought to achieve the uniform Li coatings
achieved with the LPI technique but at a higher Li injection rate. The MPI was developed by
the Princeton Plasma Physics Laboratory and was described in detail by Mansfield et al. [54].
The MPI injects 1-mm Li spheres at a frequency of 250 Hz, which translates to 25
mg/discharge. This rate can be compared to the LPI Li injection rate of 4 mg/discharge. Li
emission lines and initial SIMS measurements demonstrated an improved spatial uniformity of
the MPI technique over the CPS technique [18].

2.2. Collector samples and dedicated manipulators
Three manipulators enable the exposure of samples to lithium deposition and are located at

three different toroidal positions. These toroidal manipulator positions are referred to as 9D,

11D, and 2D and are depicted in Figure 1. With respect to position 9D, positions 11D and 2D



are 60 and 150 toroidal degrees away, respectively. Samples can be inserted into the vessel up
to being flush with the first wall. Samples are shaped to be conformal to the surrounding
graphite tiles and are kept at the same ground potential as the wall. One 1.5-cm diameter disc
faces the plasma from an equatorial port at position 2D. At both positions 9D and 11D, four
1x1-cm samples can be exposed simultaneously and removed independently from the
manipulator heads. These manipulators are located at vertical ports on the high field side in the
case of 9D and in the center for 11D. The LPI and CPS devices are located at the same toroidal

section as the 9D sample, while the MP1 device is 30° away.

For the present work, the samples were obtained from spare blocks of the polycrystalline
graphite used for the RFX-mod tiles. The graphite tiles are characterized by high and
heterogeneous surface roughness and porosity, as previously reported [55]. After exposure, the
samples were stored under vacuum (1 Pa) until analyzed. The samples used for SIMS and HR-
XPS analyses, along with the total injected lithium by each injection device, are given in Table
1.

Table 1. Positions of graphite samples during exposure to either the lithium pellet injector (LPI), multi-pellet

injector (MPI), or capillary porous system (CPS) technique and the total mass of injected Li during

conditioning.
Analysis Li Injection Device Sample Position during Exposure Total Injected Li (g)

Technique 2D oD 11D
SIMS LPI X 0.23
MPI X 2.3
CPS X X 14.0
HR-XPS LPI X 0.19
MPI X 0.09
CPS X 1.0

2.3. Instrumental details

SIMS measurements and depth profiles of the species present were obtained by sputtering the
sample surface using a monoenergetic O2* primary ion beam (6 keV, collimated to 50-pum dia.)
from a VG Fisons mass-filtered duoplasmatron ion gun (DP50B). The ion beam was rastered
over a 250 x 250-um area. A Hiden SIMS analyzer (EQS1000), using an electrostatic energy
analyzer and a quadrupole mass filter, was used in pulse counting mode for negative and
positive ion detection and collected ions from the central region (approx. 75%) of the rastered
area. At least five depth profiles were conducted on each sample from different locations to

confirm spatial uniformity, and only one of those depth profiles was then reported. The erosion



rate, measured by a KLA-Tencor mechanical surface profiler (P-10) with a 2-nm vertical

resolution, was 7 nm/min for the LP1 and MPI samples and 27 nm/min for the CPS samples.

HR-XPS measurements, conducted in the Laboratory for Surface Chemistry (LSC) at Princeton
University, were performed in an ultrahigh vacuum (UHV) instrument equipped with a VG
Scienta XPS/UPS/ARPES/ISS hemispherical analyzer (R3000) with a 300-mm radius and a
position-sensitive detector based on a resistive anode channel plate system. A Scienta X-ray
source (MX 650) operated at 450 W and 15 kV and a 7-crystal monochromator provided Al K-
a X-rays (1486.7 eV). Ultimate performance of this instrument gave a Ag 3ds;2 peak with a
full-width-at-half-maximum (FWHM) of 0.60 eV. Samples were mounted on a Mo flag and
transferred to the analysis chamber (2x10-1° Torr). Spectra were obtained using a takeoff angle
of 90° for photoelectrons with respect to the surface plane of the sample. Survey scans of the
samples were obtained at a pass energy, Epass, 0f 200 eV (300 meV analyzer resolution), while
scans of smaller energy regions were obtained at Epass = 100 eV (150 meV analyzer resolution)
unless otherwise stated. For quantification, sensitivity factors of 0.025, 0.296, and 0.711 for Li
1s, C 1s, and O 1s, respectively, were used [56]. Reported binding energies (BES) herein are
referenced to Au 4f7;2 at 84.0 eV BE. Sample charging was observed in the lithiated samples
and was corrected by shifting the raw data to align the Si 2p peak, which arises from the
overlapping 2psi2 and 2pu2 core lines, in the lithiated samples with the Si 2p peak (103.2 eV
BE) in a reference graphite sample that exhibited no charging. Sample charging in the lithiated
samples ranged from 0.3-0.9 eV. Si was an impurity found in all samples and is most likely
present as SiO2. Our Si 2p peak BE for SiO2 matches previously reported values [57]. Peak
fitting of HR-XPS spectra was performed in CasaXPS. The graphitic carbon C 1s peak was fit
using a Doniach-Sunji¢ function [58] with the FWHM allowed to vary as a fitting variable. All
other peaks were fit using mixed Gaussian-Lorentzian profiles with the FWHM of all peaks

within a given spectrum set to be equal. A Shirley background was used in all cases [59].
3. Results and discussion
3.1. SIMS measurements of lithium spatial and depth distributions

Figure 2 compares the SIMS depth profiles for several of the positive ions produced from an
unused graphite sample (Figure 2a) and samples exposed to either the LPI, MPI, or CPS
lithiumization techniques at the 9D position (Figure 2b-d, respectively). Additional plots for
samples exposed to the LPI and MPI techniques at the 2D position and the CPS technique at



the 11D position can be found in the Supplementary Information. In the reference graphite
sample, the ’Li* signal is at a background level (350 cps), while the “Li* signal is 10* times
larger in the samples exposed to Li conditioning. The 6Li* signals were also recorded in the Li
conditioned samples to ensure that the Li isotope signals matched throughout the depth profile.
The SLi* and “Li* signals match in the LPI 9D sample in Figure 2b but cannot be compared for
the MPI 9D and CPS 9D samples in Figures 2c and 2d, respectively, since at the higher Li
levels in the MPI 9D and CPS 9D samples, the “Li* signal saturates the SIMS detector. Hence,
the ®Li* signal is used to follow the Li depth profiles, as presented later in Figure 3.

The intensities of the 80* and 2C* signals vary between samples and both show a trend of
MPI 9D > LPI 9D > reference graphite > CPS 9D, which matches that found in ref. [18]. The
12C* intensity in the CPS 9D sample was 1-2 orders of magnitude lower than in the MP1 9D
and LP1 9D samples throughout the top 150 nm. The intensity of the 1!B* signal varied between
the samples with the following trend: MPI 9D > LPI 9D > CPS 9D =~ reference graphite. The
H1B* signal increased significantly in the LPI and MPI samples as a result of contamination
from previous boron wall conditioning performed in RFX-mod. During the He discharge that
ablates and distributes the Li pellets, B in the graphite PFCs is sputtered and redeposited on the
LPI and MPI samples. The 1B* signal in the CPS 9D sample remained at a background level
similar to the reference graphite sample since there was no plasma during Li evaporation.

Observation in Figure 2 of varying O, C, and B signals between the different Li conditioning
methods indicates that these samples probed by SIMS had significantly different chemical
environments, although we note that surface roughness and porosity could influence the
measured signals as well. Such different chemical environments, or matrix effects, are known
to cause changes in elemental ion yields, which makes quantifying SIMS data and comparing
elemental signals challenging between chemically different samples [60—62]. Oxygen, which
has a high electron affinity, introduces strong matrix effects in the surface that increase the ion
yield of positive ions. This known matrix effect of oxygen prompts us to evaluate the Li
concentration during the SIMS depth profiles by following the ratio of the SLi* signal to the
160* signal (°Li*/*®0"). This approach has been used in past SIMS studies on RFX-mod samples
in efforts to limit the influence of oxygen matrix effects on depth profiles of Li, C, and B
[18,55]. Given that other unknown matrix effects influence the SIMS data as well, our

discussion of the SIMS results will be largely qualitative.



Figure 3a shows SIMS depth profiles utilizing the SLi*/*®O* ratio for samples exposed to the
LPI, MPI, or CPS lithiumization techniques at different toroidal positions (shown in Figure 1).
We note that an instrumental artifact, or perhaps a drop in conductivity of the sample, occurred
during SIMS data collection for the MPI 2D sample (all measured signals decayed rapidly to
zero starting at 60 nm before rebounding near 175 nm), and so we have omitted the flawed data
and approximated the signal in this region by a dotted line. Most notably, the three different
lithiumization techniques produce dramatically different magnitudes of the 5Li*/*®O* ratio for
the samples tested (note the different y-scales). We observe the following trend for the
magnitudes of the 6Li*/*%O* ratio: CPS 9D > MPI samples > LPI samples ~ CPS 11D. The LPI
and MP1 samples all exhibit 6Li*/*%0* depth profiles with peaks in the top 60 nm of the sample,
which then decay with increasing depth. Features in the top 5-10 nm of the LPI and MPI sample
depth profiles are likely distortions due to primary ion implantation effects, since there is a
finite period until a steady state is reached between primary particle implantation and sputtering
[62]. The shapes of the 6Li*/**0O* depth profiles of the CPS samples are distinct from those of
the LPI and MPI samples. The SLi*/*O* depth profile of the CPS 11D sample is flat for the top
10 nm prior to decaying, while that of the CPS 9D sample increases over the top 250 nm of the
surface. The difference in the magnitudes of the SLi*/*®O* ratio for the three techniques,
excluding the CPS 11D sample, is sensible and follows the amount of Li injected with each
technique (CPS: 14 g; MPI: 2.3 g; LPI: 0.23 g).

The total integrated area beneath each SLi*/**O* depth profile in the top 250 nm is plotted in
Figure 3b to more readily observe the relative Li content between the samples. The
macroscopic spatial uniformity of Li deposition within RFX-mod is evaluated by comparing
the total integrated area beneath the SLi*/*®O* depth profile in the top 250 nm between samples
that were exposed to the same lithiumization at different toroidal positions. Figure 3b shows
that the LPI technique introduces a small quantity of Li with the highest spatial uniformity into
RFX-mod compared to the MPI and CPS techniques. The MPI technique has an improved
spatial uniformity compared to the CPS technique, and both MPI samples have a smaller total
integrated SLi*/*8O* ratio in the top 250 nm compared to the CPS 9D sample. The CPS
technique exhibits the poorest spatial uniformity. The CPS 9D sample has the highest total
integrated SLi*/*®O" ratio in the top 250 nm, while the CPS 11D sample has the lowest. The
relatively high 6Li*/*%0* ratio for the CPS 9D sample indicates a surface region that is much
more Li-rich than any of the other samples. While quantitative Li thickness measurements

would be advantageous, such quantitative reporting is not possible without preparation and



SIMS analysis of standards of known relevant mixtures of elemental concentrations and depth

profiles to provide calibrations, which was not possible for this report.

The poorer spatial uniformity of Li deposition observed for the MPI technique compared to the
LPI technique matches prior reports [18]. The decrease in spatial uniformity for the MPI
technique was attributed to the lower plasma penetration depth of the smaller Li pellets utilized
with the MPI technique (spherical; @ = 1 mm) compared to the LPI technique (right-circular
cylindrical; @ = 1.5 mm, L =5 mm). High spatial nonuniformity between the CPS samples was
expected from past SIMS and Li influx studies in RFX-mod [17,18]. Innocente et al. reported
that proximity to the Li evaporator resulted in a thick Li film deposited on their 9D graphite
sample and a mixed Li/C film deposited on their 11D graphite sample [18].

By considering the plots shown in Figures 2 and 3, we can qualitatively describe how the
graphite samples were modified by the three Li conditioning techniques. With both the LPI and
MPI techniques, Li pellets are ablated during He discharges, and the resulting Li ions are
transported through the plasma and eventually implant in graphite. The Li concentration in the
graphite peaks within the top 60 nm, with Li intercalating more deeply into the bulk of the
graphite. With the CPS technique, graphite in close proximity to the evaporator (i.e. at position
9D) is coated by a thick layer of Li. Li intercalates into the graphite, but a significant Li film
remains at the graphite surface. In contrast, the CPS 11D sample, 60° away toroidally from the
evaporator, is coated with very little Li. The thin Li coating intercalates into the graphite bulk,
and no appreciable Li film is left at the graphite surface. This conclusion is supported by the
lack of a peak in the CPS 8Li*/*%0O* ratio depth profiles and the low 6Li*/*6O* ratio for the CPS
11D sample.

Our assumption that there is a Li film on top of the graphite for the CPS 9D sample is supported
by the SLi*/*60* depth profiles in Figure 3a, the lower 2C* signal for the CPS 9D sample
compared to the LPI 9D and MPI 9D samples in Figure 2, and the lack of a significant 'B*
signal in the CPS 9D sample compared to the LPI 9D and MPI 9D samples in Figure 2. This
proposal also explains several aspects of the B signal in the CPS 9D sample. Since the CPS 9D
sample was exposed to He GDC and He plasmas prior to Li evaporation, B from erosion and
redeposition is likely to be present in the graphite similar to what was seen for the LP1 9D and
MPI1 9D samples in Figure 2b and 2c. However, no B signal was observed from the CPS 9D

sample substrate because of attenuation by the Li coating. In contrast, the CPS 11D sample full



depth profile (see Figure Sic) shows a significant !B* signal due to the lack of a thick Li film

on that surface.

Thus, SIMS data indicates qualitatively that pellet injection provided the best toroidal
uniformity, with the LPI technique performing better than the MPI technique. In contrast, Li
evaporation via the CPS technique provided a highly localized deposition of a large quantity

of lithium near the evaporator.
3.2. HR-XPS measurements of surface elemental and chemical compositions

HR-XPS (hereafter indicated as XPS for brevity) survey spectra of unexposed graphite from
RFX-mod (used as a reference) and as-received post-exposure lithiated graphite samples are
shown in Figure 4. Each lithiated graphite sample was exposed to Li conditioning at the 9D
sample insertion position that is in the same toroidal section as the LPI and CPS and 30° away
toroidally from the MPI. The XPS survey scans are plotted on an absolute scale and have two
prominent peaks near 532 and 285 eV BE, corresponding to photoelectron emission from the
O 1s and C 1s core levels, respectively. In the lithiated graphite samples, Li (Li 1s, 56 eV BE)
was detected only for the CPS and MPI samples. The Li 1s peak for the MPI sample is difficult
to see at the scale used in Figure 4 but is readily observed in a regional scan in Figure 5. Si (Si
2s, 154 eV BE; Si 2p, 103 eV BE) and Na (Na KLL Auger, 498 eV BE) impurities were
detected for all samples. Na is a known impurity in RFX-mod graphite [44]. The XPS spectrum
from the unused graphite sample was dominated by a single, narrow graphitic C 1s peak at
284.65 eV BE (FWHM 0.7 eV), as shown in a regional XPS scan in Figure 5. XPS spectra
from the lithiated samples have a wider graphitic C peak and additional C peaks indicating
other chemical environments due to oxidized carbon species, which will be discussed further
below. Impurity oxygen in the unused graphite reference sample gave rise to an O 1s peak
centered at 532.9 eV BE. The lithiated samples showed a larger oxygen peak than the graphite
reference, which indicates an increased oxygen concentration at or near the surface due to

oxidation, as described quantitatively below in Table 2.

The surface elemental composition of the unexposed graphite and lithiated graphite samples
was obtained by quantitative XPS analysis and is shown in Table 2. This analysis determined
the average composition of the top several nm of the surface of the analyzed samples assuming
a homogeneous depth distribution of the detected elements. Calculations were carried out using

the expression Ci = (Ii/Si) / Zi(li/Si), where Ci is the concentration (atomic fraction), li is the
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XPS signal intensity for each element, and Si is the atomic sensitivity factor for the measured
elemental core level [56]. The values for Ii were determined by integration of the individual

peak areas after appropriate background subtraction.

Lithium surface abundance was greatest for the CPS sample at 15 at.% Li, while only 3 at.%
Li was measured for the MPI sample. The difference in the amount of surface lithium between
the CPS and MPI samples is consistent with the difference in total injected Li for the two
samples. Li was not detected in the LPI sample by XPS, which was unexpected due to the
larger amount of Li injected with the LPI technique compared to the MPI technique for the
XPS samples (see Table 1). This disparity could again be a result of differences in the ablation,
plasma penetration, and transport of Li pellets in RFX-mod due to differences between the two
Li injection techniques in Li pellet size and the frequency of pellet injection. We note that
SIMS, contrary to XPS, did detect Li in the LPI 9D sample, and B in all of the 9D samples, but
that is not unexpected due to the differences in detection limits for XPS (0.1-1 at.%) and SIMS
(ppm-ppb) and sampling depths for the two techniques.

Oxygen levels in the lithiated graphite samples were notably higher than for the reference
graphite sample. We interpret the higher oxygen concentration in the lithiated samples as the
result of two effects. First, Li acted as a getter for oxygen-containing gases within the RFX-
mod vessel (i.e. H20) and during sample exposure to ambient air. Second, background oxygen-
containing gases during the He GDC and He plasma discharges oxidized the graphite surface.
As stated above, He GDC and He plasma discharges were performed prior to Li evaporation
with the CPS, and He discharges were the method by which Li pellets were ablated and
transported for the LPI and MPI. While He is inert and thus does not oxidize the surface
directly, oxygen-containing gases increase in the background and are excited and ionized in
the He GDC and He plasma discharges, and so increased interaction and reaction of oxygen
with the initial graphite wall material results in increased oxygen levels in the lithiated graphite

samples.
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Table 2. Elemental composition of lithiated graphite samples as determined by XPS.

Li Injection Li Injection Device Total Injected Li (g) Li: C: O : Other (at.%)
Technique
Pellet Injection Lithium Pellet Injection (LPI) 0.19 0.0:65.4:31.7:29
Multiple Pellet Injection (MPI) 0.09 3.1:663:282:24
Lithium Capillary Porous System (CPS) 1.0 14.8:48.4:34.1:2.7
Evaporation
Unused Graphite (Reference) 0.0 0.0:79.2:183:25

In order to obtain further information on the chemical nature of the lithiated graphite sample
surfaces, we obtained narrow, regional scans of the XPS O 1s, C 1s, and Li 1s photoelectron
peaks from the lithiated graphite samples. These XPS regional scans for the LPI, MPI, and CPS
samples and the unexposed graphite reference are all presented in Figure 5, along with a
determination of the constituent peaks from decomposition of the overall intensity and
lineshape for each core level spectrum. Table 3 provides the BEs, FWHMSs, and assignments
for these constituent peaks. The spectra in Figure 5 are displayed after being normalized to
have the same min to max intensities. All of the spectra were taken at Epass = 100 eV, except
for the LPI Li 1s spectrum, which was taken at Epass = 200 eV. To correct for the increased
intensity due to the two-fold higher pass energy, the intensity of the LPI Li 1s spectrum was
divided by a factor of ten, as intensity is proportional to Epass®3 in our spectrometer.

In assigning the Li compounds that comprise the deposited Li film surfaces, we consider the
Li 1s spectra together with the C 1s and O1s spectra. A Li 1s peak was detected only for the
CPS and MPI samples. The CPS sample Li 1s peak is asymmetric and was best fit with two
peaks at 55.6 and 56.5 eV BE. Given that all the samples were exposed to ambient air between
Li injection and XPS analysis, surface Li is likely present as Li-COs3 [49,50,63-65]. Thus, for
the CPS sample, we assign the larger Li peak at 55.6 eV BE as due to Li2COs, which is in close
agreement with reported Li binding energies for Li2COs of 55.4-55.5 eV [64,66]. When
considering the BE separation of the accompanying C 1s and O 1s peaks from the Li 1s peak
for Li2CQOg, as described by Wood and Teeter [65], our assignment of Li2COs is supported by
C 1s and O 1s peaks at 290.3 and 532.2 eV BE, respectively. Also, the Li 1s, C 1s, and O 1s
peak areas have the proper stoichiometric ratio for Li2COs3 after correction for the sensitivity
factors. We assign the second Li 1s peak in the CPS sample at 56.5 eV to lithium-intercalated
graphite, commonly denoted as LiCs. Assignment of this peak to metallic Li or other oxidized
Li compounds such as Li20, LiOH, and Li2O2 was not preferred because the Li 1s BEs reported
for these compounds are lower than that of Li2COs, not higher [40,63-66]. O 1s peaks for Li20,
LiOH, and Li202 that have been reported to be 528.5-531.5 eV BE [42,49,50,64—66], were also

12



absent for the CPS sample. The assignment of the Li 1s BE for LiCs in Figure 5 is within the
range of previously reported values, which span 55.6-57.2 eV BE [40-42,63]. The
corresponding C 1s peak at 285.1-285.2 eV BE assigned in part to LiCs for the CPS sample is
also in agreement with prior reports for LiCes of 285.0-285.2 eV BE [40-42,63]. The MPI
sample Li 1s spectrum can be fit with a single peak at 55.6 eV BE and is also assigned to
Li2COs, with consistent C 1s and O 1s peaks at 290.3 and 532.2 eV BE, respectively.

Next, we discuss in more detail the C 1s spectra. Carbon shows the widest range of XPS peaks
of the three elements presented here due to the wide variety of oxidation states possible (+4 to
-4) and the roughly one-volt shift of the C 1s peak associated with each change. The CPS
sample has a large C 1s peak at 290.3 eV BE assigned to Li2COs. While every sample has a
prominent peak at 285.1-285.2 eV BE, carbon in LiCs definitively contributes to this peak only
in the CPS sample, as determined by the LiCs component in its Li 1s spectrum. On the low BE
side of the C 1s lineshape, each sample has a narrow peak at 284.3-284.4 eV BE that we assign
to graphitic carbon [40-42,49,63,67]. The graphitic carbon peak BE in the lithiated samples is
slightly lower than that for the unused graphite reference, which is located at 284.65 eV BE.
This observation could be explained by either a difference in cleaving of the graphite samples
[67] or structural changes induced during He GDC/He plasma discharges [68]. We also
observed a link between the intensity and the FWHM of the graphitic carbon peak. In the
reference graphite and MPI1 samples, the graphitic carbon peak was prominent and narrow with
0.7 eV FWHM. In the CPS and LPI samples, the graphitic carbon peak had a FWHM of 0.9
and 1.1 eV, respectively, and appeared as a shoulder to the larger peak at 285.1-285.2 eV BE.
Prior studies have reported broadening of the C 1s peak of highly ordered pyrolytic graphite
(HOPG) and polycrystalline graphite due to Ar* ion bombardment [44,67,69]. We therefore
propose that the difference in the intensity and FWHMs of the graphitic carbon peaks between
the three lithiated graphite samples is in part a result of varying plasma conditions or exposure

times/fluxes during He GDC/He plasma discharges.

The He GDC/He plasma discharges also had the effect of hydrogenating the surface carbon by
reaction with excited, ionized, and/or dissociated H2 and H20 background gas molecules in the
RFX-mod vessel. The growth of an XPS peak from hydrogenated carbon in graphite and carbon
nanotubes after hydrogenation (i.e. by hydrogen plasma, H atom source, or Birch reduction) is
well-documented with the peak at 285.1-285.5 eV BE (+0.6-1.0 eV BE relative to graphitic
carbon/C-C sp?-hybridized bonds) [26-29,70,71]. We therefore assign the C 1s peak at 285.1-
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285.2 eV BE in all lithiated graphite samples to be in part due to hydrogenated graphite, in the
range of prior reports. We also add that a final contribution to the C 1s peak at 285.1-285.2 eV
BE could be from adventitious carbon contamination that occurs from air exposure prior to
analysis. Adventitious carbon is typically reported to be at 284.8-285.0 eV BE. While this BE
is slightly lower in BE than the peak at 285.1-285.2 eV, the adventitious carbon could be a

small contribution that is within the peak envelope but unresolvable.

We note that the reference graphite sample was not exposed to any He GDC or He plasma
discharges and does not exhibit a significant signal at 285.1-285.2 eV BE. As such, we did not
include the hydrogenated graphite peak in the fitting for the reference graphite. However, the
reference graphite fitting required an additional peak at 285.0 eV BE. This peak at 285.0 eV
BE is consistent with prior XPS studies of pristine or reference graphite where a peak near this
location was assigned to a “defect peak™ [72] or “disordered carbon” [67]. The reference
graphite also has a small peak at 290.9 eV BE assigned to the well-documented n—n*
transition satellite [67,72]. The remaining C 1s peaks (in all samples) at 285.7-285.8, 286.5-
286.6, 287.4, and 288.8-288.9 eV BE were assigned to carbon in carbon-oxygen functional
groups as per the XPS C 1s model presented in Lépez et al. (see Table 3) [73]. For carbon-
oxygen functional groups with multiple C atoms, the C atom for the assignment in Table 3 is
indicated by an underline. We fitted the total sensitivity factor-corrected areas of the carbon-
oxygen functional group C 1s and O 1s peaks such that the C/O ratios were within reasonable
agreement (C/O between 0.75-1).

Finally, we discuss the O 1s spectra in additional detail. The overall O 1s lineshapes were
decomposed into a combination of four or five peaks as shown in Figure 5 and described in
Table 3. The CPS and MPI sample O 1s peaks include a Li2COs3 contribution at 532.2 eV BE
with a stoichiometrically determined area based on the sensitivity factor-corrected areas of their
corresponding Li 1s and C 1s peaks. The remaining four peaks used in the fittings at 531.1-
531.2,532.0-532.1, 532.9-533.0, and 533.9 eV BE were assigned to oxygen in carbon-oxygen
functional groups. While the O 1s XPS peak for oxidized carbon is often fit with only two or
three broad peaks due to lack of sufficient peak structure to guide the fitting [67,74,75], small
shoulders on the low and high BE sides of the O 1s spectra warranted the utilization of four
oxidized carbon components. As such, we followed the more granular O 1s fitting utilized in
Kwan et al. (see Table 3) [76]. For carbon-oxygen functional groups with multiple O atoms,

the O atom for the assignment in Table 3 is indicated by an underline.

14



Table 3. Binding energies, full width at half maximums (FWHM), and peak assignments for the components in

the HR-XPS regional scan decompositions in Figure 5.

Core Level Binding Energy (eV) FWHM (eV) Assignment
Li1s 55.6 1.3 Li2CO3
56.5 LiCe
Cls 284.3-284.65 0.7-1.1 Graphitic Carbon
285.0* 1.3-1.4 Defective /Disordered Graphite;
Adventitious Carbon
285.1-285.2 Hydrogenated Graphite; LiCe;
Adventitious Carbon
285.7-285.8 C-CO=0
286.5-286.6 Cc-O
287.4 Cc=0
288.8-288.9 O-C=0
290.3 Li2CO3
290.9* T —>7* Satellite
O 1s 531.1-531.2 1.5-1.6 c=0
532.0-532.1 O-C=0
532.2 Li2CO3
532.9-533.0 C-O-H
533.9 C-0-C

*Indicates a component only used in the reference graphite HR-XPS fitting in Figure 5

An unforeseen outcome of our HR-XPS regional scans of the lithiated samples was the clear
identification of the hydrogenated carbon peak at 285.1-285.2 eV BE from the graphitic carbon
peak at 284.3-284.4 eV BE in the C 1s spectra. While there are likely other contributions to the
intensity at or near the hydrogenated carbon peak (i.e. LiCs in the CPS sample), our data
suggests a significant amount of the graphite in the top several nm is hydrogenated by the He
GDC and He discharges before any exposure to H-fueled discharges. The source of H could be
either H-containing residual vacuum gasses, i.e. H2 or H20, or H that is sputtered and

redeposited from the surrounding H-containing, graphite PFCs of RFX-mod [77,78].

This observation of hydrogenation may seem counterintuitive as He GDC and He discharges
are known to reduce the net H content of graphite PFCs in RFX-mod and other fusion devices.
However, we again make the important distinction that our samples, contrary to fusion device
PFCs, had not yet been exposed to any H plasmas prior to He plasma exposure. Therefore, in
RFX-mod, He GDC/He discharges have the net effect of hydrogenating fresh graphite while
reducing, but not eliminating, H levels in H plasma-exposed graphite PFCs. Prior investigations
reported that increasing intensities of He ion bombardment [79] or baking [80] were required
to remove increasing amounts of H in graphite. Our XPS results suggest that He GDC/He

discharges in RFX-mod do not efficiently remove all of the tightly bound H in the graphite
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tiles, which leaves sufficient hydrogenated graphite to generate the XPS peak at 285.1-285.2
eV BE. If the graphite surfaces in RFX-mod are assumed to be partially hydrogenated at all
times, it is important to consider that Li intercalates at twice the rate in H-containing graphite
than H-free graphite [39].

Separately, the coexistence of Li2CO3z and LiCs in the CPS XPS sample has important
implications. We know already from previous reports that Li2COs readily forms on the surface
of Li and Li compounds (i.e. Li2O, LiOH) when exposed to air. Our samples were exposed to
air briefly during transfer from RFX-mod to the vacuum transfer module and again during
transfer from the vacuum transfer module to our HR-XPS chamber. The continued presence of
LiCs in the sampling depth of our XPS measurements suggests that either (1) the Li2CO3 forms
an outer surface layer that grows to a finite depth and eventually acts as a diffusion barrier to
the reactant species H20, CO2, and Li or (2) LiCs is exposed through cracks in the Li2COs film
or cluster formation of Li2COs. The coexistence of Li2COs and LiCs XPS peaks after LiCes was
exposed to a controlled, one-minute air exposure was previously reported [63]. In that study, a
detailed analysis of surface structure or morphology was not performed, but Ar*ion sputtering
of the air-exposed LiCs resulted in the removal of the Li2CO3 XPS peak. The CPS XPS sample
in our study shows that LiCs remains in the top several nm of Li-exposed graphite even after

approximately one hour of air exposure.
4. Conclusions

This study used ex situ SIMS and XPS analysis to characterize and compare three
lithiumization techniques in RFX-mod by investigating the final elemental and chemical
compositions, depth profiles, and spatial uniformity of the surfaces resulting from Li
depositions on graphite samples. SIMS analysis determined that Li depositions were the most
uniform from the LPI technique, slightly less uniform from the MPI technique, and highly non-
uniform from the CPS technique. The LPI and MPI techniques appeared to implant Li into
graphite, while the CPS technique evaporated a Li film on top of the graphite with the thickness
highly dependent on proximity to the evaporator. With all of the techniques, Li intercalated
deep into the bulk of the graphite samples. Both SIMS and XPS analyses demonstrated that the
highest Li quantities were found in samples exposed to the CPS technique in the region closest
to the evaporator, followed by samples exposed to the MPI technique, and then the LPI
technique. Our SIMS results for the LPI and MPI techniques suggest that the spatial uniformity

of Li deposition in the torus improves with increasing Li pellet size, agreeing with prior reports.
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We detected Li with XPS only in samples exposed to the MPI and CPS techniques. The XPS
spectra for the MPI1 and CPS samples exhibited peaks characteristic of Li2COs, which formed
at the surface after sample exposure to atmospheric air. Our understanding of the chemical state
of surface Li in the RFX-mod vessel is convoluted by the observed formation of Li2COs in
atmospheric air, which supports the utilization of in vacuo surface analysis for Li plasma
material interactions studies. Peaks assigned to LiCs in the Li 1s and C 1s XPS spectra were
only evident in the CPS sample. All of the lithiated samples showed evidence of hydrogenated
graphite, yet none of these samples were exposed to H-fueled plasma discharges. However,
each sample was exposed to He-fueled GDC or plasma discharges either during Li injection
(LPI and MPI techniques) or before Li evaporation (CPS technique). Given this sample history,
our results suggest that He GDC/He plasma discharges can hydrogenate fresh graphite samples,
which were previously unexposed to any plasma or Li conditioning. We propose that this
hydrogenation occurs via the bombardment of the fresh graphite sample surface with excited,
ionized, and/or dissociated H-containing gases (i.e. Hz, H20) from the residual vacuum or that
are evolved from the graphite tiles during He* ion bombardment. The observed hydrogenation
in all of the XPS samples indicates that there are high levels of H in the RFX-mod vessel prior
to Li conditioning. In order to improve density control and the cleanliness of the injected or
evaporated Li, thereby improving plasma performance, we suggest more extensive He GDC or

He plasma discharge exposure before Li conditioning is performed.
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Figure captions

Figure 1. Schematic view of the RFX-mod torus. Positions are indicated for the lithium pellet
injector (LPI), multi-pellet injector (MPI), and capillary porous system (CPS) lithiumization
systems (not to scale) and the manipulator positions for the graphite samples selected for post-
exposure surface analysis.

Figure 2. Positive ion SIMS depth profile for (a) an unused graphite reference sample and
(b)-(d) graphite samples after lithiumization at position 9D by the lithium pellet injector
(LPI), multi-pellet injector (MPI), and the capillary porous system (CPS), respectively. SIMS
intensities are shown as a function of depth for 6Li*, “Li*, 1B*, *2C*, %O*, CO* or Si*, and
CO2".

Figure 3. (a) Positive ion SIMS depth profiles plotted using the ®Li*/*O* ratio for samples
exposed to the lithium pellet injector (LPI) at positions 9D and 2D, samples exposed to the
multi-pellet injector (MPI) at positions 9D and 2D, and the capillary porous system (CPS) at
positions 9D and 11D. (b) Total integrated value of the SLi*/*%O* ratio in the top 250 nm for
each depth profile shown in (a).

Figure 4. HR-XPS survey scans showing the prominent photoelectron peaks for an unexposed
graphite reference sample and post-exposure lithiated graphite samples conditioned by either
the lithium pellet injector (LP1), multi-pellet injector (MP1), or capillary porous system (CPS).
The intensity of each spectrum is plotted on an absolute scale.

Figure 5. HR-XPS spectra of the O 1s, C 1s, and Li 1s regions of an unexposed graphite
reference sample and post-exposure lithiated graphite samples conditioned at position 9D by
either the lithium pellet injector (LPI), multi-pellet injector (MPI), or capillary porous system
(CPS). Peak assignments for the component peaks are given in Table 3. The spectra were
normalized to have the same min to max intensities.
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Figure 1. Schematic view of the RFX-mod torus. Positions are indicated for the lithium pellet
injector (LPI), multi-pellet injector (MPI), and capillary porous system (CPS) lithiumization
systems (not to scale) and the manipulator positions for the graphite samples selected for post-
exposure surface analysis.
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Figure 2. Positive ion SIMS depth profile for (a) an unused graphite reference sample and
(b)-(d) graphite samples after lithiumization at position 9D by the lithium pellet injector
(LPI), multi-pellet injector (MPI), and the capillary porous system (CPS), respectively. SIMS
intensities are shown as a function of depth for 6Li*, “Li*, 1B*, *2C*, %O*, CO* or Si*, and
CO2".
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Figure 3. (a) Positive ion SIMS depth profiles plotted using the SLi*/*O* ratio for samples
exposed to the lithium pellet injector (LPI) at positions 9D and 2D, samples exposed to the
multi-pellet injector (MPI) at positions 9D and 2D, and the capillary porous system (CPS) at
positions 9D and 11D. (b) Total integrated value of the SLi*/*®O* ratio in the top 250 nm for
each depth profile shown in (a).
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Figure 4. HR-XPS survey scans showing the prominent photoelectron peaks for an unexposed
graphite reference sample and post-exposure lithiated graphite samples conditioned by either
the lithium pellet injector (LPI), multi-pellet injector (MPI), or capillary porous system (CPS).
The intensity of each spectrum is plotted on an absolute scale.
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Figure 5. HR-XPS spectra of the O 1s, C 1s, and Li 1s regions of an unexposed graphite
reference sample and post-exposure lithiated graphite samples conditioned at position 9D by
either the lithium pellet injector (LPI), multi-pellet injector (MPI), or capillary porous system
(CPS). Peak assignments for the component peaks are given in Table 3. The spectra were
normalized to have the same min to max intensities.
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