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•  Initial motivation and results from application of 
lithium to plasma-facing surfaces 
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Application of lithium to PFCs long used to 
improve plasma performance  

4 

D. Mansfield et al. – 
Phys. Plasmas 3, 1893 (1996) 

  Highest fusion “triple 
product” achieved with 
lithium wall coatings!

Tritium-only Supershot in TFTR  - 4 Pellets + 
“Painting” - with progressively larger plasmas 

The image cannot be displayed. Your computer may not have enough 
memory to open the image, or the image may have been corrupted. Restart 
your computer, and then open the file again. If the red x still appears, you 
may have to delete the image and then insert it again.
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Use of lithium as PFC motivated by reasonable 
but simple assumptions 

•  Lower transport and improve confinement 
by reducing recycling 
–  Control electron temperature gradient 

instability 
 

•  Achieve lower recycling with lithium PFCs 
–  Lithium is alkali metal with lowest Z 
–  High chemical reactivity binds hydrogenic 

species by formation of hydride 

5 



Simple assumptions could also lead to avoiding 
application of lithium to graphite PFCs  

•  Graphite attractive as low Z material for most 
high performance tokamaks to date 
–  Used as PFC in TFTR, DIII-D, and NSTX/NSTX-U 

•  Basic chemistry means lithium should not 
be applied to graphite PFCs 
–  Lithium intercalates into graphite to form several 

possible compounds, e. g., LiC6 

–  Such intercalation compounds not expected to be 
effective in binding hydrogenic species by lithium 
hydride formation 6 



•  Electron temperature profile broader after lithium PFC coating 
(red curve) than before lithium applied (blue curve) on NSTX 

 
 

 
•  Underlying mechanism remained basically unknown for almost 

two decades after TFTR results 
 
 
 
 
 
 

 

“Unreasonable” effectiveness of lithium on graphite 
in binding hydrogen still needed explanation  

7 M. Bell et al. – Plasma Phys. Control. Fusion 51, 124054 (2009) 
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•  Electron temperature profile broader after lithium PFC coating 
(red curve) compared to shape before lithium PFC coating 

 
 

 
•  Why lithium should be compatible with carbon as PFC coating 

material - question from time of TFTR experiments - remains 
 
 
 
 
 
 

 

Lithium evaporation on PFCs reduces particle 
recycling and increasing edge temperatures 

12 M. Bell et al. – Plasma Phys. Control. Fusion 51, 124054 (2009) 
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Details literally “uncovered” only after extensive 
post-run PFC analysis and QCMD modeling 

9 

•  Examination of “cleaned” 
NSTX tiles revealed 
complexes involving lithium, 
oxygen, and deuterium 

•  Quantum-classical molecular 
dynamics modeling indicates 
that oxygen dominates 
bonding of incident deuterium 

P. Krstic et al. – Phys. Rev. Lett. 110, 105001 (2013) 

average, share the charge transfer (CT%) with a given
matrix constituent (the whole system stays neutral). The
NN% and CT% values were obtained independently and
are strongly correlated, implying the distribution of the
probable binding of the retained deuterium atom in the
matrix of the mixed atoms. In Fig. 2, matrix Q has 20%
lithium, but deuterium binds to lithium in only 9% of cases
(NNLi ¼ 9%, CTLi ¼ 8:8%). Even when there is an equal
20% quantity of oxygen and lithium in the carbon, as in
matrix R, the oxygen by far dominates bonding with
deuterium (NNO ¼ CTO ¼ 27%) while bonding of deute-
rium with lithium (NNLi ¼ 5%, CTLi ¼ 5:7%) is sup-
pressed below the lithium atomic concentration of 20%.
For matrix T, without lithium, but with 20% of oxygen,
30% of implanted deuterium atoms bind to oxygen; i.e.,
more than one deuterium atom binds to each oxygen atom.
The effect of deuterium accumulation is examined in
matrix S which has 16% each of lithium, oxygen, and
deuterium. Here the qualitative conclusions are the same;
incident deuterium tends to avoid lithium with percentages
for nearest neighbor and charge transfer (NNLi ¼ 3%,
CTLi ¼ 9%) lower than the lithium atomic composition
percentage of 16%. While the initial deuterium in the
matrix S can be a nearest neighbor to the incident deute-
rium when it has come to rest, they do not mutually bind as
indicated by CTD ¼ 0%.

These simulation results clearly reveal the importance of
oxygen surface concentration levels for deuterium uptake
chemistry, when the oxygen concentration reaches or
exceeds that of lithium. In Ref. [27] much lower concen-
trations of oxygen did not have any pronounced effects on
the deuterium uptake even in the presence of lithium.

The species charge distribution within the matrix con-
firms that lithium is not playing a major role in retaining
deuterium when there is a higher or comparable concen-
tration of oxygen with respect to lithium. Even when
lithium is present in the carbon matrix, deuterium

preferentially chooses to be in the vicinity of oxygen for
its final bonding. These results corroborate the observed
XPS spectral shifts that are correlated to the presence of
lithium and deuterium where the effect can be seen pre-
dominantly in the electronic band states of oxygen atoms
[17]. These conclusions are also consistent with the recent
first principles computational chemistry calculations
[28,29] using plane-wave DFT on binding chemistry of
H, O, and Li in the graphite matrix.
At the plasma-material interface in nuclear fusion reac-

tors, the plasma sheath dictates the incident charged-
particle bombardment energy, which can influence wall
erosion and material mixing. Our focus in this Letter,
however, is the D uptake chemistry of hydrogen, which
mainly evolves at the end of the collision cascade of the
impact particle, when it is almost thermalized. Although
the ions incident on surfaces in fusion devices are often
more energetic than 5 eV, we experimentally demonstrate
and illustrate in Fig. 3 that the near-surface chemistry does
not change over a wide range of incident energies. Figure 3
shows XPS analysis of two carbon samples in its virgin and
lithiated states, as well as after bombardment with 50 and
200 eV deuterium ions. Irradiation of lithiated graphite by
1 keV deuterium ions (500 eV=amu) results in the forma-
tion of Li-O (530.0 eV) and Li-O-D (532.6 eV) chemical
complexes [17]. Figure 3 shows the O1s shift to 532.6 eV
(corresponding to Li-O-D interactions) develops when
bombarded by either 200 or 50 eV deuterium ions. These
results imply qualitative independence of the relevant
chemistry by the impact energy, at least as long as the
impact particle penetration stays within the XPS range
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FIG. 2 (color). QCMD results, averaged over a large sample of
random impact D trajectories of five surface matrices with
different compositions. In each set of three, the leftmost bar
shows the atomic composition, the central bar the nearest neigh-
bor (NN%) to the final rest location of the incident D, and the
rightmost bar the fraction of the deuterium atoms sharing
charges (CT%) with one of the constituents of the matrix.

FIG. 3 (color online). Energetic deuterium ions slow down to
thermal energies after entering the lithiated carbon substrate.
Chemistry occurs at the end of range for the ions. The XPS data
here (blue, full height traces) show lithiated carbon bombarded
by 50 and 200 eV deuterium ions with nominally identical
results. The peak at 530.0 eV represents Li-O bonds and the
peak at 532.6 eV represents D-O interactions catalyzed by
lithium.
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In vacuo analysis can make interpretation of PFC 
surface characteristics less complex 
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Materials Analysis and Particle Probe – MAPP – allows PFC 
samples to be exposed to plasmas and analyzed in vacuum!

C. N. Taylor et al., Rev. Sci. Instrum. 83, 10D703 (2012) 



MAPP used on Lithium Tokamak Experiment – LTX – 
for study of lithium PFCs surrounding plasma 
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Probe end with 
samples in holder – 
• Stainless steel to 
match LTX PFC 
• TZM molybdenum 
to match future 
NSTX-U PFC 
• Gold for calibration 

Probe end 
inserted into 
LTX vacuum 

chamber 

•  Elemental identification –  
measured photoelectron energy 

High ZPFC 
formed by 

stainless steel 
liner bonded to 

copper shell 

M. Lucia, Ph. D. Thesis, Princeton University (2015) 



•  Results shown from several lithium evaporation experiments!
•  Larger uncertainties for RLi,O soon after lithium deposition 

because of less time and lower statistics for XPS “scans”!

Measurements of surface composition after lithium 
application indicate formation of stable oxide layer 

12 M. Lucia, Ph. D. Thesis, Princeton University (2015) 



•  Segments refer to different times between lithium evaporations!
•  Performance “decays” on time scale exceeding 1000 hours!

High achievable plasma currents persisted long after 
evaporation in spite of lithium oxide on PFC surface 

13 M. Lucia, Ph. D. Thesis, Princeton University (2015) 
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•  Thin lithium film deposited on high-Z molybdenum - TZM - substrate!
•  Exposed to D2

+ ions at room temperature!
•  Higher deuterium peak observed after oxidation at same temperature!

•   Suggests presence of oxygen increases surface retention of deuterium!

Evidence for binding of hydrogenic species by 
lithium compounds seen in laboratory experiments 

15 
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Figure 4. D2 TPD from a 3 ML Li film exposed to 265 V D2
+ ions at a fluence of 2×1015 D/cm2 at 

400 K before (dashed curve) and after (solid curve) oxidation. The presence of oxygen 
increases the amount of D retained at the surface but destabilizes the LiD film. !

!

220oC 

A. Capece et al., J. Nucl. Mat. 463, 1177 (2015) 
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Temperature dependence of deuterium retention 
also observed with NSTX liquid lithium divertor 
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l  250 µ stainless steel liner brazed to 2.2 cm copper substrate  
l  High-Z PFC formed by ~150µm plasma-sprayed porous molybdenum 

F. Scotti et al., Rev. Sci. Instrum. 83, 10E532 (2012) 

Liquid lithium divertor – LLD – in NSTX  

10E532-3 Scotti, Roquemore, and Soukhanovskii Rev. Sci. Instrum. 83, 10E532 (2012)

FIG. 4. (a) D-α and (b) Li I emission with heated LLD.

in a lower lithium influx and closely match the simulated
distribution.

The response of differently heated PFCs was investi-
gated by externally heating three LLD segments at 220 ◦C
(above the lithium melting point, 180 ◦C) while the last one
was below 180 ◦C. In these discharges, the outer strike point
(OSP) was controlled at R = 63 cm, inboard of the LLD. In
Figure 4, the divertor region is imaged through D-α (top) and
Li I (bottom) filters. Higher D-α emission can be seen on the
warm LLD plates (1, 2, 4 in Figure 4), while the cold LLD
segment (3 in Figure 4) is comparable to the nearby graphite
tiles. Assuming toroidal symmetry in incident ion fluxes, this
indicates increased recycling on the warm LLD plates. Heated
LLD segments also clearly show enhanced neutral lithium in-
fluxes (up to 2×), as a result of the temperature dependence
of lithium sputtering yield.6

B. Toroidal asymmetries in plasma surface interaction

The full toroidal imaging allowed the study of the pat-
terns of strike point splitting as a result of the different
toroidal spectrum of perturbing 3D fields. For this purpose,
Li I imaging was the most effective, thanks to the routine use
of lithium conditioning and to the low ionization potential
of lithium (∼5 eV) that results in emission localized at the
PFCs surface. In NSTX, 3D magnetic perturbations produced
by a set of six midplane coils are used for error field cor-
rection, resistive wall mode control, and ELM triggering. In
Figures 5(a) and 5(b), respectively, an unperturbed toroidally
symmetric OSP and an OSP perturbed by the application of
n = 3 fields are shown. One can notice the spiral structure
of particle flux lobes separated toroidally by 120◦. Toroidally
asymmetric plasma surface interactions can also occur dur-
ing ELMs as shown in Figure 5(c), where the Li I filter is
used to image particle fluxes to the PFCs during a Type V
ELM. Toroidally asymmetric auxiliary heating deposition in
the plasma edge can result in the non-axisymmetric deposi-

FIG. 5. Measured Li I brightness for (a) unperturbed OSP, (b) OSP splitting
with application of n = 3 fields, (c) Type V ELM, (d) RF divertor “hot” zone.

tion of divertor heat and particles fluxes. In NSTX, radio fre-
quency (RF) heating by high harmonic fast waves results in
a significant fraction of the injected power being coupled to
the edge/scrape-off layer plasma and propagating directly to
the divertor region, leading to non axisymmetric helical struc-
tures with higher particle loads (RF “hot” divertor zone).7 In
Figure 5(d), the spiral structure due to RF heating is shown as
imaged by the Li I filter.
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Fast camera images of four LLD segments  

l  LLD segments – labeled 1, 2, and 4 in figure at right – heated to 220oC 
a) Higher Dα emission: higher recycling compared to cold segment 
b) Higher Li I emission: more sputtering compared to cold segment 



•  Experiments on LTX and NSTX with LLD and laboratory 
measurements show ability of surfaces containing 
lithium and oxygen to bind hydrogenic species 
–  Differs from lithium-carbon-oxygen complex formation with 

graphite PFCs 
–  Similar in not retaining hydrogen by forming lithium hydride on 

“clean” lithium surface 
–  Implies lithium evaporation may still be adequate for investigating 

physics of low recycling as NSTX-U transitions to high-Z PFCs 
–  Potential for oxidation to inhibit lithium tritide formation may help 

address concerns over tritium inventory in PFCs 
•  Challenge remains control of lithium surface temperature 

–  Weakly-bound hydrogenic species released from surface at 
relatively low temperatures 

–  Mitigation mechanisms like “vapor shielding” may be possible 

Results from lithium on high-Z PFCs suggest 
need for broader view of hydrogen retention 
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