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High-temperature plasma irradiation of materials leads to significant modification of surface structure, growth of
deposited composite films and surface layers with induced self-similar granularity on the scale from macroscales
to nanoscale due to strong plasma-surface interaction. The aim of this study was to characterize lithium materials
irradiated with high-temperature plasma in the T-10 tokamak and PLM device. The reactivity of lithium leads to
reactions with impurities in the plasma and on the vessel. Post-mortem analyses by the X-ray photoemission
spectroscopy and X-ray analysis have been used to identify deposits composition and morphology. Lithium car-
bonate composites have been detected by analysis demonstrating materials mixing and evidence of plasma-
induced structure. New structures with the high specific surface area of hierarchical granular are registered.
The reference industrial powder of lithium carbonate irradiated with steady-state plasma in the PLM device has
acquired a new similar structure demonstrating universal influence of plasma on the structure of irradiated

materials.

1. Introduction

High-temperature plasma irradiation of materials leads to a signifi-
cant modification of surface structure [1, 2, 3, 4], growth of deposited
composite films and surface layers with self-similar granularity [5, 6] on
the scale from macroscales to nanoscale. The heterogeneous granularity
of deposits was detected in tokamaks and fusion devices [4, 5, 6]. Such
deposits of porous surfaces with a high specific area are a source of
enhanced fuel gas retention which is the problem for a future fusion
reactor since fuel gas (tritium) inventory has to be limited.

Plasma-surface interaction is sensitive to the surface roughness, it
affects the parameters of the edge plasma and plasma confinement in the
tokamak. The universal mechanism of surface growth (see, e.g. [1, 2, 71)
is considered to control a long-term evolution of the plasma-facing sur-
face under the high-temperature plasma irradiation.

Plasma-facing materials should be examined with steady-state plasma
to predict their behavior in plasma devices including the future fusion
tokamak reactor.

Liquid lithium contained in capillary porous system [8, 9, 10, 11] is
attractive as the first wall components for a future fusion reactor, which
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has been demonstrated in modern fusion devices - tokamaks T-10 [12,
131, T-11M [10, 14], FTU [15, 16], NSTX-U [17] and stellarator TJ-II [18,
19]. At the same time, due to quick reactions of lithium with impurities
(oxygen, nitrogen, carbon etc.) the growth of solid deposits on the
in-vessel components can reduce the advantageous effects of the lithium
plasma-facing component operation. Lithium materials should be tested
in modern tokamaks and plasma devices with steady-state plasma to
simulate conditions in future fusion reactors. Detailed analysis of the
chemical elemental composition of lithium materials irradiated with
plasma could help to reveal a plasma-induced effect on the structure of
deposits and their sustainability in future fusion devices. The results of
such a study are presented in this article.

2. Experimental samples

The experimental conditions and samples from the T-10 tokamak and
PLM plasma device are described in [20, 21]. The deposited specimens as
thick layers of ~0.5-2 mm thickness of irregular shape are collected on
in-vessel components of the T-10 tokamak. The analyzed lithium speci-
mens were formed for a long time during the T-10 tokamak experimental
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campaign in 2016-2018 described in [12]. The purity of bulk deuterium
plasma in T-10 tokamak during experiments was enough high: effective
ion charge (Zef) was from 1,5 to ~4 in experiments. In these experi-
ments, pure liquid lithium contained in capillary porous system used as
the plasma facing material; liquid lithium evaporated under a powerful
plasma load of repetitive plasma discharges of ~1 s duration and rede-
posited on the surface resulting in a growth of deposited solid composite
films and surface layers. The reactivity of lithium has led to reactions
with impurities in the plasma and on the vessel resulting in mixing of
materials and plasma-induced structure of self-similar granularity on a
scale from macroscale to nanoscale due to the strong plasma-surface
interaction. The main source of carbon reacted with lithium inside
T-10 vessel was the hydrocarbon films formed on in-vessel components
and observed earlier, see [2, 3, 5]. Such carbon materials eroded under
plasma load and re-deposited on the vessel reacting with lithium. This
process of materials’ deposition from plasma is considered to produce the
composite materials [1, 2, 3]. The additional source of carbon might be as
well the atmospheric gases after opening the tokamak vessel as was
observed in HT-7 tokamak, see [22]. The source of carbon might be as
well stainless steel as discussed in [23].

Porous and roughen irregular surface of lithium deposits were
detected by the post-mortem scanning electron microscopy (SEM) (see
details in [20, 21]) supposing the interaction of lithium with carbon and
oxygen impurities in the plasma and on the vessel surface.

Lithium specimens from the T-10 tokamak were subsequently irra-
diated with plasma in PLM linear plasma device [24, 25]. The samples
were irradiated with helium plasma of discharge duration up to 200 min
with plasma parameters identical to edge plasma in a tokamak (see de-
tails of these experiments in [20, 21]).

The materials irradiated by T10 hold before irradiation in PLM
plasma device in atmospheric gases during several days. As the material
is highly porous after irradiation in T10, the atmospheric gases have
diffused to the lithium specimens which can lead to additional chemical
reactions. Such condition of in-vessel material's contact with atmospheric
gases is typical during periodical conditioning of plasma devices, it is
expected as well during future reactor operation.

Under the steady-state plasma load in PLM device, lithium, carbon,
oxygen from exposed samples enter the plasma volume as was detected
by plasma diagnostics [20]. Subsequent reactions of these chemical el-
ements into the plasma volume and their deposition on the surface lead
to new surface structures. Post-mortem analysis of the samples after
plasma irradiation in PLM revealed a structural change in comparison
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SEM MAG: 7.09 kx

Figure 1. SEM micrograph of specimen deposited on plasma-facing vessel
component in the T-10 tokamak experiments with the liquid lithium capillary-
porous system operation.
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with the original. Examples of SEM micrographs are in Figures 1 and 2.
The SEM analysis of the sample surface has shown a reformation of the
irregularity, cf. Figures 1 and 2. The structures demonstrate a hierar-
chical granularity over scales of ~0.5-500 microns [20, 21]. This gran-
ularity is similar to the structure of hydrocarbon deposits such as
cauliflower-like previously observed in tokamaks and plasma devices
[3, 5] under specific high-temperature plasma [26] impact. For
comparative analysis, a reference industrial powder of lithium carbonate
was irradiated with plasma in PLM device under the same conditions as
examined samples from the T-10 tokamak. The structure of this reference
powder also changed after this treatment, the surface structure after
processing has acquired a similar structure, Figure 3.

3. XPS analysis

XPS spectra were recorded by means of the Nanofab 25 (NT-MDT)
electron-ion spectroscopy platform (techniques are described in [27, 28,
29]). The experiments were performed in an ultra-high vacuum ao~’
Pa). X-ray source: SPECS XR 50, dual Al/Mg anode, non-monochromatic
X-radiation, photon energies 1486.6 and 1253.6 eV; angle 54.7° relative
to the analyzer axis. Energy analyzer: electrostatic hemispherical SPECS
Phoibos 225; energy resolution 0.78 eV (about Ag 3ds,2); Fixed Analyzer
Transmission (FAT) mode. Calibration positions: Cu 2ps/» (binding en-
ergy 932.62 eV), Ag 3ds,2 (368.21 eV), and Au 4f7/2 (83.95 eV).

The specimens were sputtered by an ion source SPECSIQE 12/38:
differential pumping; 99.9995% pure Ar; scanning area 2.8 mm x 4.0
mm; incidence angle 60° to the surface normal; ion energy 500 eV.

A comparative analysis of the chemical structure of the material has
been fulfilled for the samples:

(i) lithium specimens from the T-10 tokamak, specimens were heated
by plasma up to the temperature below ~200 °C,

(ii) lithium specimens from the T-10 tokamak subsequently irradiated
with steady-state plasma in PLM device, exposed specimens were
heated by plasma up to the temperature of ~700 °C,

(iii) reference high-purity industrial powder Li;CO3 (99.95%).

To compare the chemical structure of the surface matter and the bulk
matter of the initial specimens from the T-10 tokamak, XPS analysis of (1)
original (initial) specimens, (2) milled specimen, (3) specimen sputtered
by argon (Ar) beam has been done.

The milled specimen was prepared by mechanical milling of the
initial specimen. The sputtered specimen was prepared by sputtering the

SEM HV: 5.0 kV
View field: 56.8 um
SEM MAG: 6.67 kx

WD: 16.06 mm
Det: SE

MIRA3 TESCAN

Liiviloind

Figure 2. SEM micrograph of lithium specimen from the T-10 irradiated with
helium plasma in the PLM plasma device for ~200 min.
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Figure 3. SEM micrograph of reference industrial lithium carbonate specimen irradiated with helium plasma in the PLM plasma device for ~200 min. Left- secondary
electron (SE) analysis showing the topography; right - backscattered electron (BSE) analysis showing the composition to detect contrast between areas with different

chemical compositions.

initial specimen with an Ar+ beam, the beam current was of ~1 pA, the
sputtering time was 20 min.

Standard XPS analysis of all specimens has identified chemical ele-
ments like C, O, Li. Figure 4 shows spectra of lines C 1s, O 1s, Li 1s for the
lithium specimens. The XPS data were used to estimate relative atomic
concentrations in specimens (Table 1) demonstrating a deviation from
the reference high-purity powder LioCO3 due to a complex structure of
LiyCOy. Such complex structure LiyCO, was investigated analyzing the
XPS spectra.

XPS spectra were used for the characterization of the composition and
bonding states of elements.

A photoelectron line of a specific element is decomposed into peaks
related to chemical bonds (partial peaks). The peak shapes depend on
chemical shifts, satellite peaks overlapping, sample charging, etc.

The method described in [27] was used for the deconvolution of XPS
peaks.

As far as the specimens were dielectric, they were electrically charged
by X-rays during the XPS analysis. The method for the correction of peak
Li-O- of line O 1s was used to compensate for the influence of specimen
charging. The value of binding energy of Li-O- line O 1s was taken from
paper [30]. The result is shown in Figure 3. Other peaks of lines C 1s and
Li 1s correspond to values of binding energies reported in [30] after that
correction. For the sputtered sample, the Li,O peak of the binding energy
of 528.5 eV appeared on line O 1s that corresponded to data from paper
[30].

The XPS method is not able to detect hydrogen isotopes in specimens.
At the same time, the peak position is sensitive to chemical bonds of
hydrogen isotopes with other elements. The data from paper [31] were
used to detect bonds of hydrogen (like CH,, C(OH),) in the XPS spectra.
The values of the binding energy of lithium compounds and hydrocar-
bons are given in Table 2.

The XPS spectra of the initial specimen from the T-10 tokamak and
the specimen irradiated with PLM plasma are shown in Figure 5. The
spectra were analyzed by using the method developed in [27] to resolve
the peaks and detect specific lines in the spectra. Line C 1s was decon-
volved into partial peaks for all specimens using the method described in
[27].

Partial relative concentrations cp of compounds were evaluated by
using the decomposition results for all samples (Table 2). The calculated
ratio of hydrocarbons (CH,, C(OH),) concentration to that of carbonates
is given in Table 2. This ratio for the reference sample differs significantly
from other samples.

The reason is that the stoichiometric formula for lithium carbonate
LiyCOy from T-10 is quite different from Li»CO3. We have to remind that

the probing penetration depth of X-rays during the XPS analysis is of only
a few nanometers. So, detected hydrocarbons are located only in a thin
layer on the surface of specimens.

4. X-RAY analysis

The structures of experimental specimens in comparison with refer-
ence ones were studied by X-ray analysis, see Table 2:

(i) flake lithium specimens from the T10 tokamak (T10),
(i) lithium specimens of large flakes (T10-PLM) from the T10
tokamak subsequently irradiated with plasma in PLM device
(iii) reference specimen (Lizcp3) of high-pure industrial lithium car-
bonate as a powder,
(iv) reference specimen (Lizco3-PLM) of pure industrial LipCOs3 irra-
diated in the PLM device.

The specimens from the T10 tokamak (T10, T10-PLM) and reference
industrial LioCO3 specimen irradiated with plasma in the PLM device
(Lizco3-PLM) were analyzed using the Rigaku Smartlab X-ray diffrac-
tometer with a rotating anode and using characteristic copper radiation
CuKol (wavelength A = 1.54056 A, radiation energy 8.048 keV). The X-
ray optics consists of the Goebel focusing parabolic mirror in the Bartels
scheme, the double Ge 220 monochromator, a system of collimating slits
and a scintillation detector. The sample was mounted in a 3-axis goni-
ometer installed horizontally.

The Bruker-D8 diffractometer with a copper anode (wavelength A =
1.54056 A) with horizontal arrangement of the specimen was used to
analyze the reference sample of industrial powder LioCO3 (Lizco3).

Industrial Liscos specimen structure has base-centered monoclinic
lattice and monoclinic space group C2/c. Normalized diffraction patterns
of specimens are shown in Figure 6. All specimens studied have a
monoclinic crystal lattice which is the feature of lithium carbonate
Li»COs3. The diffraction patterns of specimens (T10), (T10PLM), and
(Lizcos PLM) are characterized by unit cell dimensions a = 8.39 [D\, b=
5.00 A and ¢ = 6.21 .z\, related with Li,COj3 structure [32]. The irradiated
specimens’ structure deviates from the structure of reference industrial
LioCO3 powder which has a monoclinic translation lattice reflections
with unit cell dimensions a = 8.29263 A, b = 4.94743 A, c = 6.1 A.

X-ray analysis of specimens (T10), (T10 - PLM), (Lizcos-PLM),
Figure 6, did not reveal any hydrogen molecules included in the crystal
structure.

Taking the specific area of powder is larger than that of the flakes, it
helps to evaluate the distribution of elemental composition in depth.
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Figure 4. X-ray photoelectron spectra of O 1s, C 1s and Li 1s of samples: the initial specimen from the T

the high-purity industrial lithium carbonate (Li,CO3).
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Table 1. Relative atomic concentration c in specimens.

c, %

Chemical element

Reference industrial high-purity

powder Li,CO3

Li,CO, specimens from the T-10 tokamak

irradiated with PLM plasma

sputtered with Ar beam

Milled

Initial (T10)

sample biasing voltage -20 V

(T10-PLM),

23.0
41.0

27.4
32.8

25.2
40.7

21.1
37.7

331
34.9

36.0

39.8

34.1

41.2
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Table 2. Partial relative concentration c, in specimens.

Formula Binding energy, eV Cp, %
Li,CO, (specimens from the T-10 tokamak) Reference industrial high-purity powder
Li>CO
Initial (T10) milled sputtered with Ar™ beam Irradiated with PLM plasma (T10 PLM), 12853
sample biasing voltage -20 V
LiC, 283.6 - - 7.9 = =
CH, 284.4 14.8 9.8 15.7 33.4 10.3
C(OH), 285.0 44.6 18.4 9.3 18.6 25.3
-C=0 287.9 - 4.0 0.6 1.5 3.3
Li,COy 290.1 40.6 67.8 66.5 46.5 61.1
Ratio of hydrocarbon concentration to carbonate concentration
1.46 0.42 0.38 1.11 0.58
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Figure 5. XPS spectra. Line C 1s: (a) initial specimen from the T-10 tokamak, . 06
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There are only low-intensity peaks in the region of small angles (Figure 7) 0
20 40 60 80

on the diffraction patterns of the reference industrial powder specimen
(Lizco3)- These peaks are characteristics of the hydrogen content in the
specimen. Hence, the low intensity indicates a small amount of hydrogen
content.

So, hydrocarbons registered by XPS analysis (see above Section)
seems to be contained only in a thin surface layer taking into account that
the maximum penetration depth of X-ray is of ~5 pm contrary to XPS
analysis depth of only a few nanometers.

Diffraction patterns for specimens (T10), (T10-PLM) contain infor-
mation about lattice constants for Li;COs, which did not change after
exposure (there is no peak shift). The plasma irradiation led to sample
texturing. The intensity is significantly higher for reflections (130) - 20 =
56.280, (204) - 206 = 59.820, (330) - 26 = 67.150.

26, deg

Figure 6. X-ray diffraction patterns of specimens T10 (a), T10 -PLM (b),
Liscos (), Lizcoz-PLM (d), the Miller indices (hk¢) are indicated on the plot.

The crystal structure of specimens from the T10 tokamak is resistant
to high-heat plasma irradiation in the PLM device where it was heated up
to 700 °C, only the texture was changed under such load.

A comparison of the diffraction patterns of reference industrial
LioCO3 specimens before and after plasma exposure in PLM device
(Figure 8a) shows that there is a shift of the peaks on X-ray diffraction
patterns (Figure 8a), that is the indication of changing the crystal lattice
described above.
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Figure 7. X-ray diffraction pattern of specimen Li,COs.
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Figure 8. X-ray diffraction patterns of specimens, (a) Lizcos (green line) and
Liscoz-PLM (red line), (b) Lisco3-PLM (red line) and T10 (black line).

The crystalline structure of reference industrial LioCO3 irradiated
with plasma in PLM device (Ligcos-PLM) is the same as the structure of
specimen (T10) from the T-10 tokamak (Figure 8b).

When comparing the XR diffraction data in Figure 8 we have to pay
attention that all peaks for untreated commercial lithium carbonate are
shifted relative to the data of all treated samples (see Figure 8a). All
samples processed by plasma have the same cell dimensions of the
monoclinic lattice which deviates from the structure of reference un-
treated commercial lithium carbonate Liycos. The steady-state plasma
irradiation in PLM led to the change of all samples’ texturing. The
texturing of (T-10) sample match the untreated commercial lithium
carbonate Liscos (Figure 6¢). The subsequent irradiation of (T-10) sample
in steady-state plasma of PLM led to the texturing similar to other treated
samples (Figure 8b).

The issue of lithium carbonate structure stability under plasma load
should be discussed taking into account that solid lithium carbonate is
stable up to 1300 °C under ordinary heat load at normal conditions. The
specific feature of plasma-facing materials is that there are several pro-
cesses which simultaneously influence the plasma-surface interaction in
devices with high-temperature plasma. The process of plasma-surface
interaction in these devices involves numerous mechanisms of inten-
sive surface erosion including melting and resolidification of surface
layers, melted material motion and sputtering over surface, sublimation,
evaporation, redeposition of the eroded material on the surface, recrys-
tallization, reformation of surface layers from tens of nanometers to
hundreds of microns. Even if the surface temperature is less than the
melting point, the processes of erosion and evaporation of the material
from the surface with subsequent redeposition leads to a surface structure
change. In results, a structure of such surface obeys inhomogeneous
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hierarchical granularity with unusual shape as was recently found in
fusion devices [1, 2, 3, 4, 5, 6]. The fact that lithium entered PLM plasma
indicates the plasma-induced effect on lithium surface structure rather
not only about solid surface remelting or restructuring under high tem-
perature. As well, lithium specimens from the T-10 tokamak were formed
under similar conditions when lithium evaporated from the CPS and
redeposited together with residual gas on the surface during the
long-term process. Such mechanism of lithium deposits growth and effect
of the contact with atmospheric gases on the results of XPS and X-ray
diffraction data should be investigated in detail in further experiments.

5. Conclusion

Liquid lithium used as the plasma-facing material in the T-10
tokamak evaporated under a powerful plasma load with a duration of ~1
s of plasma discharge and redeposited on the surface resulting in a
growth of deposited solid composite films and surface layers with
induced self-similar granularity on the scale from macroscales to nano-
scale due to strong plasma-surface interaction. Chemical reactions of
lithium with impurities in the plasma and on the surface of the vessel led
to mixing of materials and a plasma-induced structure. In previous study
[21], the post-mortem high-resolution scanning electron microscopy
analysis of lithium deposits from the T-10 tokamak and subsequently
irradiated with steady-state plasma in PLM device revealed that the
surface of all examined samples are strictly irregular with porous and
roughen irregular surface, the hierarchical granularity of the structure in
the range of scales 0.5-500 pm was observed [20, 21]. The hierarchical
structure of deposits within scales from hundreds of nanometers to tens
of micrometers of the samples treated in PLM was drastically changed
[21].

In present study, X-ray photoemission spectroscopy and X-ray
diffraction data analysis of lithium materials irradiated with high-
temperature plasma in the T-10 tokamak and the PLM plasma device
are used to characterize elemental composition and the difference in cell
dimensions of the lattice of treated and untreated materials in compari-
son with the reference commercial lithium carbonate.

The XPS spectra are used to analyze chemical bonds of elements and
the chemical composition of the specimens irradiated with plasma. The
X-ray photoemission spectroscopy and X-ray analysis have revealed
lithium carbonate LixCOy composites. The stoichiometric formula for
lithium carbonate Li,COy is quite different from Li»COs. Such lithium
carbonate is able to be formed by absorbing carbon and oxygen from the
volume during plasma conditioning or during periods between plasma
discharges.

The deposited lithium composites from the T-10 tokamak have been
subsequently irradiated with steady-state plasma (~200 min) in PLM
plasma device to test the sustainability of lithium deposits under long-
term plasma irradiation. Plasma irradiation in PLM device has led to
the change of the surface morphology and the elemental chemical
composition of specimens from the T-10 tokamak. New structures with a
high specific surface area of hierarchical granularity have been regis-
tered. The analysis of a reference powder of industrial lithium carbonate
irradiated with steady-state plasma in PLM device has demonstrated the
universal influence of plasma on the structure of lithium materials.

Other researchers'results (see review [33, 34]) on the matter of
lithium carbonate formation in experiments with liquid lithium experi-
ment in tokamaks and steady-state plasma devices are very limited. In
Ref. [22] it was found the formation of lithium carbonate on the wall of
HT-7 tokamak only after opening the tokamak vessel. In [23] it was
proposed that the source of carbon for chemical reactions on the surface
might be stainless steel. Li oxidized in experiments with injected lithium
granules in EAST tokamak [35].

Mechanism of lithium composite deposits growth and effect of the
material's contact with atmospheric gases should be investigated in detail
in further experiments.
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In a future fusion reactor, the growth of solid lithium chemical
composites on in-vessel components can decrease the advantage of liquid
lithium components as the first wall.
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