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ABSTRACT

We have demonstrated a vacuum suitcase to transport samples in vacuo to a surface analysis station for characterization of tokamak plasma
facing components (PFCs). This technique enables surface analysis at powerful, dedicated stations that are not encumbered by design constraints imposed on them by a tokamak. The vacuum suitcase is an alternative solution to characterizing PFCs using diagnostics that are
designed and built around a tokamak. The vacuum suitcase, called the Sample Exposure Probe (SEP), features mobile ultra-high vacuum
pumping. Active pumping under high vacuum enables sample transfer between the Lithium Tokamak eXperiment-β (LTX-β) and a high
resolution X-ray Photoelectron Spectroscopy (XPS) system that is situated close by. A thermocouple inserted in the back of the sample head
measures heat flux from the plasma during exposure, and together with a button heater, allows the sample to match the LTX-β PFCs in high
temperature operations. As vacuum conditions are better during transfer and analysis than in the tokamak, less contamination is introduced
to the samples. XPS scans on a dedicated analysis station enable peak identification due to higher resolution and signal to noise ratio. A similar probe could be implemented for other fusion devices. The SEP is the first vacuum suitcase implementation for fusion applications that
incorporates active pumping.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5119166., s

The choice of first wall material or the material facing the
plasma inside a tokamak, also called the Plasma Facing Component (PFC), has engineering and physics implications for the overall design. Empirically, it has been shown that the use of high
atomic number (high-Z) PFCs lowers confinement in the Joint
European Torus (JET).1 It has also been observed that the use of
low-Z coatings, especially lithium, improves plasma performance
in various machines, for example, Tokamak Fusion Test Reactor
(TFTR), National Spherical Torus eXperiment (NSTX), Current
Drive eXperiment-Upgrade (CDX-U), and Experimental Advanced
Superconducting Tokamak (EAST).
One of the primary objectives of the Lithium Tokamak eXperiment (LTX) and its upgrade LTX-β is to investigate the feasibility of
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lithium PFCs on a high Z substrate to improve plasma performance.
The original idea behind using lithium (Li) to condition surfaces was
to bind hydrogen and its isotopes in an ionic bond (LiH), as demonstrated in the absence of any oxygen in test stands.2 Such gettering
of hydrogen ions from the plasma by lithium provides access to a
low recycling regime.3 Reduction in recycling is expected to reduce
power loss by various mechanisms. Additionally, the high reactivity
of lithium is expected to help retain impurities such as carbon and
oxygen and reduce radiative power loss from these impurities.
Since lithium is reactive, exposure of lithium coated PFCs to air
or long periods of residual vacuum change the PFC surfaces. This
can be done by installing material characterization test stands on the
tokamak, such as the Materials Analysis and Particle Probe (MAPP)
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on LTX4 and later at NSTX-U (NSTX Upgrade).5 MAPP enabled
PFC characterization by retracting a PFC sample into an analysis
chamber between shots. Such test stands then need to be designed
for challenging conditions such as large swings in magnetic fields
and voltages that are typically present in a tokamak test cell. Alternatively, as presented here, a simple vacuum suitcase can be designed,
with active pumping, which can transport samples from the tokamak
to material characterization test stands. Such a technique can work
just as well, in principle, provided the residual vacuum conditions
during transfer and analysis are better than the tokamak residual
vacuum conditions.
We have constructed the Sample Exposure Probe (SEP) to
study the effect of lithium PFCs on plasma performance in LTX-β
(LTX upgrade). Lithium coatings on LTX were observed to oxidize
based on elemental composition data recorded using the MAPP.4
Residual gas analysis established that water was the only oxygen
carrying impurity in LTX. The flux of H2 O molecules impinging
onto the surface in LTX after lithium deposition was ΓH2 O = 5.6 ×
1015 m−2 sec−1 . Assuming a sticking co-efficient6 S = 1, with this
flux, it would take 13 min for a monolayer of oxide to form. Since
the Li(1s)/O(1s) ratio saturates to ∼2 after 5 h,4,7 we assume that
the oxide layer took 5 h to grow 3 nm in thickness, the approximate X-ray Photoelectron Spectroscopy (XPS) probe depth for
MAPP. The metal oxide growth kinetics model then dictates an
oxide growth rate of 0.72 nm/h at the onset and 0.55 nm/h at the
XPS probe depth in the thin film limit.8,9 The oxide growth rate
would continue to decrease slowly as the film thickness increased.
At the oxide growth rate of 0.55 nm/h, a 100 nm coating would
take 180 h to fully oxidize, which is close to the 100 h period for
which there was no observable change in the Li(1s)/O(1s) ratios.4,7
Therefore, it was concluded that lithium coatings on LTX change
over a time scale of hours. LTX PFC analysis using MAPP was
based solely on elemental composition data, since MAPP did not
have the requisite electron energy resolution to identify chemical
species.
The SEP (Fig. 1) is mounted in a bellows drive bolted to a
wheeled support structure with telescopic hydraulic legs to facilitate mounting on LTX-β and a surface analysis chamber (SAS).
The surface analysis chamber is a stainless steel ultrahigh vacuum

(UHV) chamber (modified PHI 5300 ESCA System) in the Surface Science and Technology Laboratory (SS&TL) near LTX-β at the
Princeton Plasma Physics Laboratory (PPPL). The chamber, hereafter referred to as the Surface Analysis Chamber (SAS), is equipped
for XPS, Temperature Programmed Desorption (TPD), Ion Scattering Spectroscopy (ISS), and sputter depth profiling. The chamber has
a base pressure of 2 × 10−10 Torr (2.66 × 10−10 mbar); pumping is
provided by a 120 L/sec ion pump with a 1000 L/sec titanium sublimator (PerkinElmer), a 170 L/sec turbomolecular pump (Pfeiffer
Balzers, TPU 170 C), and a 33 L/sec turbomolecular pump (Leybold,
TurboVac 50) for differentially pumping the ion source. The SEP
is equipped with a battery-powered 67 L/sec turbomolecular pump
(Pfeiffer Vacuum, Hi Cube) and a 100 L/sec non-evaporable getter
pump (SAES Getters, CapaciTorr D-400), which has a base pressure of 1.6 × 10−9 Torr (2.13 × 10−9 mbar). The base pressure of
LTX-β after lithium evaporation is 6 × 10−8 Torr (8 × 10−8 mbar).
Therefore, analysis can be performed for LTX-β PFCs by moving
samples in vacuo under better vacuum conditions than in LTX-β to a
high resolution system that is nearby. In doing so, design constraints
that are imposed on the analysis station, for example, by the test cell
of the tokamak, are eliminated, enabling analysis with systems that
possess higher resolution and better signal to noise ratios (SNRs).
XPS is conducted in the SAS with a dual-anode x-ray source
(PHI model 04-548) and a spherical capacitor analyzer (SCA; PHI
model 10-360). All XPS spectra are taken with Mg Kα x rays
generated at 15 kV and 300 W.
Better resolution and signal to noise ratio (SNR) on XPS scans
help understand how surfaces change in a tokamak and consequently in understanding how they impact plasma performance.
Initial XPS scans using the SEP on the SAS show both improved resolution and better signal to noise ratio. An example of this improvement is shown in Fig. 2; the two scans belong to the adventitious
carbon C(1s) peak on the stainless steel probe head of MAPP and
SEP, respectively. The scans show a reduction in full width at half
maximum (FWHM) by a factor of 2.2. The SNR was measured for
both peaks using a commonly used expression for XPS10 to be 13.5
for the MAPP peak and 23 for the SEP using SAS. This is because of

FIG. 1. Isometric view of the sample exposure probe assembly.

FIG. 2. Adventitious carbon C(1s) peak on MAPP and SEP.
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the higher intensity of the x-ray source on the SAS and a smaller distance to the probe head. The C(1s) peak shown in Fig. 2 [blue trace
(bottom)] at 50 eV pass energy shows a FWHM of 1.8 eV and an
SNR of 64.
An example of how improved resolution on XPS scans is helpful in identifying species on the surface is shown in Fig. 3. Figure 3
shows a regional O(1s) scan of the SEP probe head. The SEP was
docked on LTX-β, and the probe head was made flush with the
plasma-facing surface during Li deposition and subsequent plasma
and residual vacuum exposure. The O(1s) scans show two distinct
features; the difference in binding energy of the two features is
consistent with the reported difference between Li2 O and LiOH.11
Because of the vacuum conditions in LTX-β, during transfer
and in the SAS, it is also possible to probe the surface using XPS at
time scales comparable to MAPP. Large error bars at shorter time
scales exist in MAPP data because of the time to collect counting
statistics to quantify elemental composition. A typical MAPP scan
took 45 min to take a survey over a broad energy range and a few
regional scans over a narrow energy range of the elements of choice
under vacuum conditions comparable to LTX. The SEP including
transfer to SAS takes 2 h. However, during transfer and XPS scans,
the pressure is maintained between 2 × 10−9 Torr and 7 × 10−9 Torr
(2.6–9.3 × 10−9 mbar), as shown in Fig. 4. This is an order of magnitude lower than the LTX-β base pressure. Furthermore, the partial
pressures of oxygen carrying impurities (PH2 O , PCO2 , assuming all P28
is CO, to get an upper bound of oxygen carrying impurities) is measured to be between 0.6 × 10−9 Torr and 1.5 × 10−9 Torr (0.8–2
× 10−9 mbar) in SEP. The partial pressure PH2 O in the SAS during
scans is measured to be 8 × 10−10 Torr (1 × 10−9 mbar). Since partial
pressures of oxygen carrying impurities are lower in both SAS and
SEP compared to LTX-β by a factor of 2–4, we expect the monolayer formation time to increase by the same factor. Therefore, we
expect the surface changes during the MAPP and SEP measurements
to be comparable. This is illustrated by the fact that MAPP measured the elemental composition of freshly deposited Li in LTX to be
within 70%–80%. The SEP with SAS measures the same number at
77.4% ± 1.2%.
It should be pointed out, however, that systems like MAPP
can enable analysis at shorter time scales, if compact equipment
with improved resolution can be designed and installed where large
changes in magnetic fields are expected. Another successful implementation of a PFC diagnostic is the Divertor Material Evaluation System (DiMES) probe at the DIII-D fusion facility. DiMES,

FIG. 3. O(1s) narrow scan of the SEP.
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FIG. 4. Pressure log from the SEP ion gauge for transfer from LTX-β to SAS,
yellow region shows lithium evaporation on the vessel walls and SEP, and blue
region shows SEP pressure during transfer and red region for the duration of XPS
scans.

however, has no active pumping and although it can be removed
from the tokamak without exposure to air, it is not possible to
interface it with a surface analysis system without air exposure and
changing the PFC nature.
The sample exposure probe is the first sample transfer system
implemented at an experimental fusion facility that maintains active
pumping during transfer to enable material characterization. The
ability to transfer samples under high vacuum makes the SEP unique
in tackling the problem of identifying surface effects in plasma
surface interaction studies.
This work was supported by the U.S. Department of Energy
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