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Lithium  wall  conditioning  in  NSTX  has  resulted  in  reduced  divertor  recycling,  improved  energy  con-
finement,  and  reduced  frequency  of  edge-localized  modes  (ELMs),  up to  the  point  of  complete  ELM
suppression.  NSTX  tiles  were  removed  from  the  vessel  following  the  2008  campaign  and  subsequently
analyzed  using  X-ray  photoelectron  spectroscopy  as  well  as nuclear  reaction  ion  beam  analysis.  In this
paper  we  relate  surface  chemistry  to  deuterium  retention/recycling,  develop  methods  for  cleaning  of  pas-
sivated  NSTX  tiles,  and explore  a method  to  effectively  extract  bound  deuterium  from  lithiated  graphite.
Li–O–D  and Li–C–D  complexes  characteristic  of  deuterium  retention  that  form  during  NSTX  operations
are  revealed  by sputter  cleaning  and  heating.  Heating  to ∼850 ◦C  desorbed  all deuterium  complexes
observed  in  the  O 1s  and  C 1s  photoelectron  energy  ranges.  Tile  locations  within  approximately  ±2.5  cm
of  the  lower  vertical/horizontal  divertor  corner  appear  to have  unused  Li  O  bonds  that  are  not  satu-
rated  with  deuterium,  whereas  locations  immediately  outboard  of this  region  indicate  high deuterium
recycling.  X-ray  photo  electron  spectra  of  a specific  NSTX  tile with  wide  ranging  lithium  coverage  indi-
ithium
euterium
etention
arbon-facing components
ivertor
-ray photoelectron spectroscopy

cate  that  a minimum  lithium  dose,  100–500  nm  equivalent  thickness,  is required  for  effective  deuterium
retention.  This  threshold  is  suspected  to  be  highly  sensitive  to  surface  morphology.  The  present  analysis
may  explain  why  plasma  discharges  in  NSTX  continue  to  benefit  from  lithium  coating  thickness  beyond
the  divertor  deuterium  ion  implantation  depth,  which  is  nominally  <10  nm.

© 2013 Elsevier B.V. All rights reserved.
lasma–surface interactions

. Introduction

Tokamak wall coatings have been employed [1] in fusion devices
or many years to improve plasma performance, and to manage the
ntense plasma-wall interactions at the plasma facing surface. The
se of low-Z coatings, lithium in particular, has been growing [2–7].
ithium wall conditioning has improved plasma performance in
FTR [3], CDX-U [8], FTU [9], DIII-D [10], TJ-II [6], EAST [7], and
STX [11,12].

Lithium conditioning represents a significant focus of the scien-

ific program in the National Spherical Torus Experiment (NSTX).
ithium was first introduced into the NSTX in 2004 via pellet
njection, with measurable but transient effects on the discharge

∗ Corresponding author. Present address: Fusion Safety Program, Idaho National
aboratory, P.O. Box 1625, Idaho Falls, ID 83415-7113, USA. Tel.: +1 208 533 4068.

E-mail address: chase.taylor@inl.gov (C.N. Taylor).

920-3796/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.fusengdes.2013.09.007
characteristics [13]. A lithium evaporator (LiTER) was installed in
2006 to increase lithium coverage by evaporating lithium onto the
lower portion of NSTX, i.e. the lower divertor region, between dis-
charges. Controlled experiments demonstrated reduced recycling,
improved energy confinement time �E, and a reduction of edge
instabilities known as edge localized modes (ELMs) [14]. In 2008, a
second LiTER was  installed into NSTX, toroidally displaced from the
first unit to provide more complete coverage of the lower divertor
and minimize shadowed regions [11,15].

To examine the correlation of plasma performance and ELM fre-
quency on the amount of lithium evaporated between discharges,
i.e., the lithium ‘dose’, lithium was  systematically introduced into
a series of discharges [16] with Type I ELMs. A gradual suppres-
sion of ELMs and improvement in performance was observed

with increasing lithium dose; density profile modification due to
reduced recycling [17,18] and edge transport [19] changed the edge
pressure gradient, stabilizing the kink/peeling modes thought to be
responsible for those ELMs.

dx.doi.org/10.1016/j.fusengdes.2013.09.007
http://www.sciencedirect.com/science/journal/09203796
http://www.elsevier.com/locate/fusengdes
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fusengdes.2013.09.007&domain=pdf
mailto:chase.taylor@inl.gov
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Subsequent analysis [12] of that discharge sequence showed
hat the plasma characteristics changed nearly continuously with
he lithium dose. A calculation using the TRIM code showed that
he expected ion implantation depth (Ei ≤ 200 eV) in the NSTX
ivertor was <10 nm,  i.e. less than the minimum nominal lithium
ose applied in the experimental sequence [20]. In other words,

 saturation of the benefits of lithium was expected once the
ominal lithium thickness exceeded the implantation range, but
his was not observed. In this paper, our analysis of the complex
ithium–carbon–oxygen–deuterium chemistry of NSTX tiles from
hat experimental campaign indicates that a lithium dose equiva-
ent of much higher than the 10 nm deuterium implantation range
s needed to saturate the plasma improvements described above.

In addition to wall conditioning, numerous parameters affect
lasma discharge performance. For example, high performance (H-
ode) plasma configurations typically utilize a high-triangularity

hape which positions the inner strike point (ISP) on the verti-
al wall of the center stack and the outer strike point (OSP) on
he inner horizontal divertor floor. This configuration positions the
haracteristic high-flux scrape off layer (SOL) on the lower horizon-
al divertor and may  contribute to the unusual surface chemistry
bserved in Section 3. Examples of several plasma configurations
re represented in Fig. 1. Throughout an experimental campaign,
he strike-points, and consequently the private flux region (PFR)
ounded by the strike-points, is positioned at various radial loca-
ions contributing to non-uniform “plasma processing” of the lower
ivertor. Since the strike-point locations and resulting PFR can vary
o dramatically, we generalize the term “PFR samples” to refer to
amples taken from approximately ±5 cm of the lower horizontal
ivertor/center stack intersection (corner).

In addition to these parameters, plasma and surface proper-
ies are governed by individual experimental designs, and may
nclude glow discharges (GDC), divertor seeding [21], wall condi-
ioning (i.e., boronization [22], lithiumization [8,13,23,24], vessel
aking, etc.), or a variety of other processes that modify the surface
1,25]. Over the course of an experimental campaign, thousands of
ndividual plasma discharges (the 2008 campaign had 2427) use
umerous plasma configurations [26]. Thermal and ion-induced
iffusion result in atomic mixing of the near surface. Thus, by the
nd of a campaign, graphite tile and plasma facing component
PFC) surfaces represent a time-integrated surface that blends the
lasma-wall interactions from many individual plasma discharges.
espite these variations we find consistent and systematic behavior

hat allow us to correlate offline laboratory experiments to tokamak
MI effects.

In a previous study, deuterium interactions with labora-
ory prepared lithiated-graphite samples were investigated using
-ray photoelectron spectroscopy (XPS) [27]. Salient peaks corre-
ponding to deuterium interactions with lithiated graphite were
dentified as Li–O–D interactions and were observed at a binding
nergy of 533.0 eV in the XPS spectrum. In addition, deuterium
nteractions with lithiated graphite were also manifest in the C 1s
pectrum as Li–C–D interactions and were positioned at 291.2 eV.
tomistic simulations corroborate these findings and suggest that
xygen plays the key role in lithium-aided deuterium retention
28]. Indeed, the majority of the present analysis focuses on the

 1s energy region because of these simulation results and experi-
entally the O 1s region was found to be very sensitive to lithium

onditioning and deuterium irradiation. These laboratory spectra
ere then compared with spectra from NSTX tile analyses. The
rimary finding [27] was that after removing the passivated layer
ormed during air exposure, the NSTX tile samples revealed pho-

oelectron spectra that aligned remarkably well with the spectra
btained from the controlled laboratory experiments. The close
greement in the spectra showed that controlled laboratory exper-
ments are capable of replicating the plasma–surface interactions
nd Design 88 (2013) 3157– 3164

that occur within NSTX, and furthermore, may  be used to conduct
experiments that may  not be feasible in a fusion device.

This paper examines the surface chemistry of lithiated NSTX
graphite tiles that were removed from various regions within NSTX,
and discusses how tile surface chemistry is modified by NSTX
conditioning and plasma-surface interactions based on their loca-
tions within vessel. Section 2 discusses the experimental setup and
procedures; Section 3 describes the development of cleaning proce-
dures and investigates the surface chemistry of the lower divertor
in detail as well as the implications on performance within NSTX;
Section 4 discusses changes in surface chemistry with increasing
lithium dose; to conclude we summarize results and describe their
relevance to plasma performance within NSTX.

2. Experimental setup

In 2007, prior to the start of the 2008 Experimental Campaign,
the graphite tiles were cleaned manually using ScotchBriteTM abra-
sive pads, then washed with deionized water, and finally washed
with ethanol. In November 2007, the vessel was then evacuated,
and the graphite PFCs were baked up to 350 ◦C for 2 weeks, dur-
ing which the outer vessel was  baked at 150 ◦C, and then cooled to
room temperature by the end of December 2007. In January 2008,
a boronization was performed using 10 g of deuterated trimethyl-
boron (TMB). Then 2 h of helium glow discharge (HeGDC) was
applied, and NSTX plasma operations started. Thereafter, HeGDC
was applied for 10 min  between all discharges until LITER oper-
ations were started. Additional TMB  boronizations were applied
at a rate of about every 1–2 weeks, for a total of 9 applications
in decreasing amounts from 10 g to 5 g per application, until April
2008. The total deposited TMB  was  60 g. Thereafter, LITER opera-
tions started. Lithium was  evaporated between discharges at rates
ranging from 100 to 700 mg  during the 10 min  between discharges,
depending on the experimental requirements. Varying durations
of HeGDC were applied before LITER evaporation began. The total
lithium deposition during the 2008 Experimental Campaign was
184 g.

Following the 2008 campaign, four NSTX tiles were removed
prior to the typical cleaning procedure and shipped to Purdue Uni-
versity and Sandia National Laboratory for analysis. Three tiles were
taken from the lower divertor and lower center stack as shown in
Fig. 2(a) and the fourth was from the upper vessel as shown in
Fig. 2(b). Tiles were exposed to air upon venting NSTX and sup-
plemented by a humidifier to speed up passivation of the surface
lithium. The tiles are 5.1 cm thick and made from Union Carbide ATJ
graphite. A hole saw was  used to extract several 1 cm diameter core
samples from the tiles. The sample cores were analyzed by Purdue
University and the tiles were analyzed by Sandia National Labo-
ratory. The non-plasma-facing side of the tile samples were filed
down to a sample height of ∼2–3 mm.  Pressurized argon gas was
used to remove any debris from the plasma-facing surface resulting
from tile coring/sample preparation. The lower horizontal divertor
tile A408-002 was a particularly interesting tile due to unexpected
observed surface chemistry, and many additional samples were
cored for analysis.

The tile samples were loaded into an ultra-high vacuum (UHV)
chamber and subsequently analyzed “as-is” using XPS. The sam-
ple was exposed to Al K� X-rays (1486.6 eV) produced from a
non-monochromatic, dual anode X-ray source, and photoelectrons
ejected from the sample were analyzed using a seven-channel,
energy selective Omicron hemispherical analyzer with a calibration

accuracy of ±0.6 eV [29]. Repeated XPS scans show insignificant
random error, and the overall error for XPS peak positions is
±0.6 eV. Sputtering and heating were conducted in a “preparation”
chamber that is connected to the “analysis” chamber via isolation
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Fig. 1. Plasma configurations showing the inner and outer strikepoint locations for (a) high-elongation (high delta), (b) medium-elongation, and (c) low-elongation plasma
configurations. The private flux region (PFR) is contained between the inner strikepoint (ISP) and outer strike point (OSP). The materials analysis particle probe (MAPP) is
discussed in Section 3.1 and Ref [31].

Fig. 2. NSTX tiles from 2008 experimental campaign that were cored and analyzed at Purdue University. (a) Tiles A401-001, A408-002, and A413-017 were removed from
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ircles show approximate location of cored samples.

alves. Argon sputtering was performed using an Omicron ISE-10
on gun. Irradiation was typically conducted at 1 keV with a flux
f 2.5 × 1013 cm−2 s−1. Sample heating is performed using a resis-
ive tungsten filament heater with a heating ramp rate of ∼1◦ C s−1.
PS was performed after each process (e.g. sputtering, heating) to
nalyze changes in surface chemistry.

Ion beam analysis was conducted in parallel at Sandia National
aboratory on the tiles from which cores were extracted for the
PS analysis. The Li7(H1,�)� nuclear reaction was  used to mea-
ure the lithium areal density and has a probing depth of about
5 �m.  The deuterium coverage was measured using the D(3He,p)�
uclear reaction that has a probing depth of about 7 �m (these
robing depths are based on a graphite mass density of 2 g cm−3).
he depth resolution for both techniques is ∼1 �m full width half
ax  (FWHM), and the ion beam spot size is approximately 1 mm2.

ull experiment parameters and details were reported elsewhere
30].

. Results and discussion

.1. Lower divertor radial dependence on the tile surface
hemistry

An XPS survey scan of the lower divertor tiles is shown in Fig. 3.
istinct trends are visible in the form of broad, non-Gaussian peaks

n the O 1s, C 1s, and Li 1s energy ranges in the top four curves. XPS

pectra were collected from as-received lower horizontal diver-
or and center stack (lower vertical divertor) NSTX tile samples.
ile A413-017 was removed from the lower center stack, Tile
408-002 from the inner-most lower horizontal divertor tile, and
 panes are used in subsequent figures to distinguish data when multiple tiles are
ssel near LiTER. Arrows show direction of scan for ion beam analysis. Numbered

A401-001 from the location radially adjacent to tile A408-002.
Fig. 2(a) shows a photo of the lower divertor section that includes
these tiles. The characteristic peaks associated with Li–O–D and
Li–C–D found during laboratory experiments were not expected
from these as-received tiles since they had been exposed to air prior
to analysis. The vertical dashed lines in Fig. 3 are added to reference
known interactions for lithiated graphite after deuterium exposure
[27,29].

Samples taken from near the corner, where tile A413-017 and
tile A408-002 meet, show broad non-Gaussian XPS peaks. In Fig. 3,
the divertor corner would be located at the intersection of the
top gray-background panes and the white-background panes. The
notable feature in these as-is spectra is that the peaks appear to be
symmetric about the corner, and the unusual broad peaks in this
region correspond to the geometry of a medium-elongation PFR
(Fig. 1(b)).

An in situ PMI  diagnostic, such as the Materials Analysis Par-
ticle (MAPP) will be capable of discerning whether the source of
the unusual PFR chemistry is a result of high lithium coverage, air
exposure, high deuterium flux, high temperature, or some other
influence that is affected by performing an ex situ analysis [31].
More importantly, MAPP will act as a prompt diagnostic that will
directly connect plasma performance to tile chemistry immediately
following a plasma discharge.
3.2. Tile cleaning

The as-is samples from each of the four NSTX tiles were cleaned
in various steps. Key sample parameters including core location,
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ig. 3. (a) O 1s (b) C 1s, and (c) Li 1s spectra of select as-received tile samples. Spe
epresent distinct tiles, and the traces in a pane are collected from various sample l

r sputtering time, and maximum heating temperatures are sum-
arized for these samples in Table 1. The black curves in Fig. 4

epresent the as-received sample; red curves show the sam-
le following the first cleaning step, Ar sputtering; blue curves
ollow heating. Ar sputtering successfully removes the passivated
ayer for most, but not all samples. For example, sputter clean-

ng did not reveal deuterium related peaks for samples in the
ower divertor nearest the corner (samples A5 and C4a). Samples
5 and C4a in Fig. 4 show that Ar sputtering alters the broad,

able 1
ummary of NSTX post-mortem core tiles and samples from this analysis. Tile A235-
21  was  removed from the upper vessel near LiTER, tile A413-017 was  removed from
he lower center stack, and tile A408-002 and A401-001 were removed from the
ower divertor. Tiles A413-017 and A408-002 from the corner between the center
tack and lower divertor, respectively.

Tile Core
Sample

Distance from
corner

Sputtering
time

Heating
temperature

A235-021 2 NA 7 h NA
5  NA 7 h 573 ◦C

A413-017 A9 4.6 cma 3 h 531 ◦C
A13 2.1 cma 3 h 531 ◦C

A408-002 C5a 0.6 cm 1 h 564 ◦Cb

C5 2.1 cm 0 h NA
A5  2.2 cm 3 h 582 ◦C
C4a 3.5 cm 2 h 546 ◦C
C4  4.9 cm 0 h NA
C3a 6.2 cm 0 h NA
C2a 9.3 cm 0 h NA
A1  13.1 cm 3 h 845 ◦C

A401-001 A4 25.1 cm 3 h 587 ◦C

a Distance up the center stack where 0 cm is the divertor surface.
b Sample was  heated to ∼350, 450, and 550 ◦C prior to Ar sputtering.
ppearance varies based on location on divertor floor. The shaded and white panes
ns within that tile.

non-Gaussian spectra; however, the post-sputtered spectra remain
as un-decipherable as the pre-cleaned spectra. Following Ar sput-
tering, samples A5 and C4a were annealed (heated) to ∼550 ◦C,
and the resulting XPS spectra change dramatically. Following sput-
tering and heating, sample A5 clearly shows two prominent O 1s
peaks positioned at 529.8 eV and 532.7 eV. These peaks correspond
to Li–O and Li–O–D chemical interactions [27,29].

For these two  samples (A5 and C4a), Ar sputtering alone
resulted in subtle shifts, which indicates that sputtering even-
tually may  have been able to recover the buried deuterium
chemistry if taken well beyond the fluences used in these experi-
ments (>7 × 1017 cm−2). However, surface recovery time is greatly
reduced by applying a procedure that includes both sputtering and
heating to ∼550 ◦C. Therefore, we  recommend that fusion devices
which need to recover from air exposure or wall passivation apply a

cleaning procedure of sputtering (glow discharge with wall fluence
≥5 × 1021 m−2) and then heating.

Table 2
Summary of peak positions found in controlled laboratory experiments where lithi-
ated graphite samples were bombarded with deuterium, compared to NSTX tile
A235-021 sample 5 following Ar sputter cleaning.

Photoelectron
energy region

Peak location in
laboratory
experiments

Peak location in post
cleaned NSTX tile
A235-021

Interaction
groups

O 1s 530.0 eV 530.0 eV Li–O
532.9 eV 533.1 eV Li–O–D

C  1s 285.1 eV 284.8 eV Graphitic
291.2 eV 291.3 eV Li–C–D

Li  1s 54.8 eV 54.7 eV Li–Z
56.3 eV 56.3 eV Li–D–X
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Fig. 5. Nuclear reaction ion beam analysis (IBA) of 2008 NSTX post-mortem tiles.
Deuterium and lithium coverage is represented for several tiles in 1 cm increments.

C 1s energy ranges. This significant finding demonstrates that
deuterium can effectively be released from lithiated graphite by
heating to ≤845 ◦C.
The spectra from cleaned samples are similar in appearance
o those found in laboratory experiments and the measured peak
nergies are within 0.5 eV of peaks identified as Li–O–D and Li–C–D
nteractions (compared to our 0.6 eV XPS error; see Table 2). This
llustrates the utility of offline laboratory experiments in elucidat-
ng tokamak plasma–surface interactions. It remains unclear why
amples taken from within the average PFR required additional
leaning steps in order to reveal deuterium related XPS peaks. Ion
eam analysis from Fig. 5 shows that these samples have relatively

arge amounts of lithium, although this behavior is not consis-
ent for all samples with comparable lithium coverage. Likewise,
his trend is not found to be linked with deuterium coverage or
ther surface impurities detected by XPS. The broad, non-Gaussian
eak shape and position was not reproducible in offline laboratory
xperiments through a series of heating, ion bombardment, air and
mpurity exposures. Presently, the only known unique characteris-
ic of samples with broad spectra is that they originated in the lower
orizontal divertor tiles near the corner and may  be attributed to
nique plasma processing resultant from high ion flux in combina-
ion with high surface temperature.
The shaded and white panes represent distinct tiles, and the traces in a pane are
collected from various sample locations within that tile.

3.3. Deuterium saturation

Deuterium saturation of lithiated graphite can be observed in
the lower divertor tile surface chemistry by comparing the relative
height of the Li–O–D peak with the Li–O peak height. In previ-
ous experiments [29], deuterium saturation was  observed as the
Li–O–D/Li–O peak ratio increased and stabilized with increasing
deuterium fluence (∼5 × 1017 cm−2), indicating that Li–O is con-
sumed and converted into Li–O–D as more deuterium is introduced.

In Fig. 4, the Li–O–D peak (blue, see left-most dotted vertical
line) dominates for all samples, with the exception of the two sam-
ples nearest the corner. The prominence of the Li–O–D peaks in
these samples and lack of the Li–O suggests that these locations
were regularly saturated with deuterium. However, samples A13
and A5 are found to have prominent Li–O peaks, indicating that
they were not saturated with deuterium. We  conjecture that during
the 2008 campaign, regions within ±2.2 cm of the lower divertor
corner had persistent unused capacity to pump deuterium, while
surrounding divertor locations were, on average, saturated with
deuterium. Furthermore, these saturated locations were likely pri-
mary localized sources of deuterium recycling.

These observations have two  immediate implications on plasma
operations. First, since cumulative sputtering reveals more Li–O,
we can conjecture that the lithium deposited from earlier NSTX
discharges was not fully utilized and had remaining capacity to
retain deuterium and form Li–O–D. The second implication con-
cerns hydrogen inventory [32]. That is, these results show that
Li–O–D remains on the surface and does not intercalate as readily
and deeply as lithium does. The near-surface hydrogen bond facil-
itates the use of the various tritium removal techniques that have
been explored in other devices [33].

3.4. High temperature annealing

If a sample is heated excessively, deuterium complexes are
effectively desorbed. Sample A1 from NSTX tile A408-002 in Fig. 4
underwent 3 h Ar sputtering followed by sample heating to 845 ◦C.
XPS spectra after this high temperature heating sequence are
void of all known deuterium related interactions in the O 1s and
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Fig. 6. Comparison of NSTX tile A235-021 (top frames) with control samples (bottom frames). For NSTX tile A235-021, core sample 2 corresponds to a region of low lithium
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overage and core sample 5 corresponds to a region of high lithium coverage, both a
 high lithium dose of 2 �m.

Although after high temperature heating the sample is void of
nown deuterium related XPS peaks, the spectra do not align pre-
isely with that of lithiated graphite, therefore it cannot be assumed
hat high temperature heating perfectly restores the sample to be
ithiated graphite. Instead, after being heated to 845 ◦C, this sample

ore closely resembles the spectra obtained from sample ATJ113
ith low lithium coverage (30 nm), as will be discussed in Section

 and shown in Fig. 6.
During the heating sequence, a line-of-sight quadrupole mass

pectrometer (QMS) was used to monitor the emission species.
igh emission (>2 × 10−5 Torr) was observed from amu  28 and 44,
hich correspond to N2 and CO2 molar masses, and masses 18

H2O) and 16 (O2) both had an emission of ∼8 × 10−7 Torr (com-
ared to the chamber’s base pressure of 5 × 10−9 Torr). Remarkably,
owever, at this high temperature lithium evaporation species
Li, 7Li, 6Li2, and 7Li2 [34] did not exceed 4 × 10−7 Torr. Due to
ure lithium’s high vapor pressure of >0.1 Pa (7.5 × 10−5 Torr) at
50 ◦C [35], lithium applications and concepts in fusion devices
ave typically been limited to low wall temperature devices to
void unacceptable lithium erosion/evaporation [36–41]. However,
hese results demonstrate that lithiated graphite behaves funda-

entally different than pure lithium, and that excessive lithium
vaporation may  not be of significant concern for hot graphite walls
845 ◦C.

. Low vs. high-lithium coverage

Tile A235-021 was removed from the upper vessel, near LITER,
nd is of interest due to its diverse lithium coverage. Two  samples
cores 2 and 5, see Fig. 2b) removed from this tile exhibit very dif-
erent surface chemistry although both samples followed the same

leaning procedure. Fig. 6a shows the post cleaning spectra for core
amples 2 and 5, as well as spectra from two samples produced in
ffline laboratory experiments. The cleaning procedure on sample

 results in the clear separation of the Li–O–D and Li–O peaks in the
 h Ar cleaning. Control samples show virgin spectra, low lithium dose of 30 nm,  and

O 1s spectrum. These same two peaks are not observed using the
identical cleaning process for sample 2. Deconvolution of the O 1s
spectrum for core sample 2 suggests that the peak is comprised of
two smaller peaks, one of which aligns with Li–O–D. Likewise, dif-
ferences are observed between the two  samples in the C 1s and Li 1s
energy ranges. In the C 1s energy range for sample 2, the graphitic
peak is dominant and the smaller peak at ∼291.2 eV aligns with
the peak identified as Li–C–D. In the Li 1s range, the presence of
lithium is observed and the peak shape appears to be similar to
that of sample 5.

The most striking difference between the two  spectra is in the
O 1s range. During typical experiments, two  peaks are regularly
observed in the O 1s spectrum at ∼530 and 533 eV corresponding
to Li–O and Li–O–D interactions, respectively, after deuterium irra-
diation of a lithiated graphite sample. What makes this tile peculiar
is that sample 2 is separated from sample 5 by only 14.0 cm,  yet XPS
results show differing surface chemistry.

Ion beam analysis (IBA) was  performed on tile A235-021 after
each of the 2006–2009 campaigns [30,42]. Scans were taken in the
toroidal and poloidal directions through the center of the tile in
1 cm intervals. Fig. 7 shows the lithium coverage of the tile follow-
ing each of the four campaigns. The general multi-year trend for
this tile is that the lithium coverage is dramatically higher at the
end of the tile in the y-direction, and for the 2008 tile, sample 5 had
45% more lithium than sample 2. Thus, core sample 2 represents a
region of low net lithium coverage, and core sample 5 represents
a region of high net lithium coverage. IBA results show near uni-
form deuterium coverage over the tile, therefore, uneven lithium
coverage is suspected to be the cause of the differences in spectra
between the two core samples.

Spectra in Fig. 6(d–f) show results from laboratory experiments
showing three cases: virgin ATJ graphite, and ATJ graphite samples

with lithium doses of 30 nm and 2 �m equivalent thickness, respec-
tively. Lithiated samples were then irradiated with 500 eV/amu
deuterium to a fluence of ∼9 × 1016 cm−2. The virgin graphite case
is presented as a reference to compare with the low lithium case.
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Fig. 7. Ion beam analysis showing lithium concentration for NTSX tile A235-021
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fter the FY 2006, 2007, 2008 and 2009 campaigns. Numbered circles show the
pproximate location for core samples in Fig. 2(b). For the 2008 tile, location 5 had
5%  more lithium than location 2. (Lines to guide the eye).

 Li 1s peak is present for the low lithium case (30 nm)  as well
s the high lithium case (2 �m).  In the O 1s region, no signif-
cant differences are observed between virgin graphite and the
-irradiated sample with a 30 nm lithium dose. More importantly,

ollowing deuterium irradiation, Li–O–D interactions at 533.0 eV
re not observed. For the sample with 2 �m lithium, two  peaks
o form that correspond to Li–O–D and Li–O interactions [27].
imilarly, the interaction of deuterium is not observed in the C
s spectrum (Fig. 6(e)) for a 30 nm Li dose. Although 30 nm Li is
resent, since the only nominal difference between the two  sam-
les is the lithium dose, the lack of Li–O–D and Li–C–D peaks
hould be a result of lithium deprivation. We  deduce that a min-
mum lithium dose exists for which effective deuterium bonding
an occur and produce the characteristic Li–O–D and Li–C–D inter-
ctions that are observed in both NSTX tiles and offline laboratory
xperiments.

Pinpointing an exact threshold lithium dose that will enable
euterium bonding is impractical due to surface intercalation and
orphology. Lithium readily intercalates into graphite [27,43]. For

his reason, lithium doses cannot be considered as films on top
f a flat substrate and therefore are identified as nominal thick-
esses. ATJ graphite samples in these experiments are polished
ith sub-micron polish paper, yet surface roughness is on the order

f microns. Sample roughness effectively thins the deposited film.
he effects of morphology could be reduced in laboratory experi-
ents by using alternate carbon allotropes such as highly oriented

yrolytic graphite (HOPG), or amorphous carbon (a-C) films. We
ave observed Li–C–D interactions at a lithium dose of 100 nm,
owever the Li–O–D peak was absent. Li–O–D has been observed
ith a lithium dose of 500 nm [44].

The results from this upper vessel tile point to a phenomenon
ith implications on global plasma performance; indeed, a direct
ependence on increasing lithium dose and plasma performance.
PS spectra from NSTX tile and laboratory control samples with
igh lithium coverage show deuterium bonding, thus indicative of
euterium retention, whereas the samples with low lithium cov-
rage were absent of prominent deuterium bonding. On a global
cale, if the entire NTSX vessel had “low” lithium coverage, then

ne would expect little effect on plasma performance. Maingi
t al. demonstrated [12] continuous plasma improvements in NSTX
ischarges as the first amounts of lithium were systematically

ntroduced during the 2009 campaign until several grams of lithium
nd Design 88 (2013) 3157– 3164 3163

were evaporated onto the PFCs. The improvements became more
pronounced after several evaporations (each of which was nomi-
nally at least 30–125 nm)  and continued well beyond the <10 nm
ion range thus demonstrating the effects of a lithium response
threshold. This is consistent with the above XPS results showing
a threshold in the 100–500 nm range.

5. Conclusions

Four NSTX post-mortem tiles were removed from the ves-
sel and 1 cm core samples were extracted from various locations
in the tiles. Core samples were analyzed using X-ray photo-
electron spectroscopy. Tiles passivate upon air exposure when
removed from NSTX. Sputtering and heating procedures have been
established to remove and repair the passivated layer in order
to uncover the Li–O–D (532 eV) and Li–C–D (291.2 eV) interac-
tions that developed during NSTX plasma discharge operation.
The cleaning procedure consists of Ar sputtering (1 keV, fluence
>9 × 1016 cm−2) followed by sample annealing to ∼550 ◦C. Some
samples revealed Li–O–D and Li–C–D interactions through sput-
tering alone. However, several samples removed from locations
closest to the lower divertor/center stack (corner) intersection
exhibit broad, non-Gaussian photoelectron spectra that could not
be cleaned through Ar sputtering alone. We  conjecture that a com-
bination of high heat and high ion flux from the scrape off layer
plasma-processed these samples in a manner that controlled lab-
oratory experiments were not able to replicate. Ion sputtering and
heating removes/repairs this surface layer and is manifest by the
characteristic Li–O–D and Li–C–D XPS peaks. Sputtering prior to
heating is found to expedite the passivation removal and is the
recommended procedure for fusion devices and laboratory exper-
iments to clean passivated lithiated-graphite. Excessive heating to
850 ◦C effectively desorbs all Li–O–D and Li–C–D bonds observed
in the photoelectron O 1s and C 1s energy regions, and could be a
method for controlling tritium inventory.

A comparison of the relative intensity of the Li–O and Li–O–D
XPS peaks from lower divertor samples provides information
regarding local deuterium recycling and retention. Samples within
approximately ±2.5 cm of the center stack/lower divertor (corner)
intersection had a prominent Li–O peak, which indicates these
samples had remaining capacity to retain deuterium following the
2008 NSTX campaign. Samples beyond this region were completely
absent of this Li–O peak and the Li–O–D peak dominated the O
1s spectrum. In previous studies this was an indication of deu-
terium saturation, which leads us to conjecture that on average
these tile locations contributed to deuterium recycling rather than
deuterium retention.

XPS performed on a tile from the upper vessel after our clean-
ing procedure reveals deuterium related interactions at the inner
radial side of the tile and the absence of these deuterium related
interactions on the outer radial side of the tile. Ion beam analysis
identifies a large lithium-coverage gradient on this tile suggesting
that low lithium coverage is correlated to the absence of deu-
terium related interactions (including the Li–O–D peak). Controlled
experiments replicate this behavior for lithium doses below 500 nm
nominal thickness and show that both Li–O–D and Li–C–D interac-
tions are apparent after a minimum lithium dose of 100–500 nm
is deposited. Since surface roughness can be much greater than
these deposited lithium doses, this minimum dose is conjectured
to be highly dependent on surface morphology. In addition, rapid
lithium-graphite intercalation precludes these lithium doses from

residing on the graphite surface as a film layer. These results suggest
that the most effective lithium enhanced retention of deuterium
occurs at nominal lithium doses ≥100–500 nm in the high recycling
regions in pre-lithium discharges, i.e., the lower divertor. This
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hickness is well in excess of the ∼10 nm ion implantation depth
xpected for NSTX divertor conditions. In the previously described
xperiment, the NSTX discharges continued to respond to mini-
um  lithium dose up to 250–1000 nm film thickness, with no signs

f saturation. The present work identifies the importance of the
i–O–D reaction in deuterium pumping, and the possible origin of
he continuous dependence that was previously unexplained [12].
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