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A B S T R A C T

A comparison of three sets of Lithium Tokamak Experiment-𝛽 (LTX-𝛽) discharges is presented, each with
progressively more lithium evaporatively deposited on the stainless steel plasma facing components (PFCs).
Multiple observations independently indicate a reduction in recycling with increasing lithium deposition -
plasma current, discharge duration, density pumpout, and edge electron temperatures increase while plasma
density and neutral influx decrease. These measurements make use of several new operational and diagnostics
upgrades that have been installed on LTX-𝛽 to enable recycling analysis and quantification. Installation of
an upgraded Supersonic Gas Injector (SGI) provides access to rapid density pumpout, enabling estimation
of effective particle confinement times. Edge density and temperature are measured using a new, movable,
low field side, off-midplane, swept single langmuir probe in addition to the LTX-𝛽 core Thomson scattering
system. The neutral particle influx from the high field side limiter is measured using a hydrogen Lyman-𝛼
array. Prospects for future modeling and analysis integrating all of these measurements is discussed.
1. Introduction

In magnetic fusion devices, the neutral recycling coefficient 𝑅 is
defined as the ratio of the recycled neutral flux returning to the plasma
from the PFCs 𝛤𝑟𝑒𝑐𝑦 to the flux of plasma ions incident on the plasma
facing components 𝛤𝑜𝑢𝑡. Lithium is a low recycling material due to
its ability to retain hydrogen from a plasma [1,2], and has been
used in numerous devices for wall conditioning and density control
[3–7]. It had long been theorized that a low recycling boundary will
improve plasma performance by reducing the influx of cold neutral
hydrogen into the plasma, thereby keeping the plasma edge hot [8].
Such an increase in plasma edge temperature and consequent reduction
in temperature gradients from core to edge are expected to enable
access to operating regimes with improved plasma confinement [9,10].

Flat electron temperature profiles, along with retention of hydrogen
by lithium coated walls, were demonstrated in the Lithium Tokamak
Experiment (LTX) [11]. However, the direct measurements of edge
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neutral and plasma fluxes necessary to quantify the effects of recycling
were not available for these experiments. The successor of LTX, LTX-
𝛽,is a spherical tokamak designed to systematically study the effect of a
low recycling boundary on plasma performance in a tokamak [12,13].
Lithium coatings are evaporated onto an internal stainless-steel-clad
copper shell conformal to the LTX-𝛽 plasma.

In this paper we present upgrades to LTX-𝛽 hardware and use them
to investigate neutral and plasma density control in three identically
programmed discharges, each with progressively more lithium on the
PFCs. Section 2 is a brief description of the upgrades to the LTX-
𝛽 lithium evaporators, supersonic gas injector, Langmuir probe, and
poloidal Lyman-𝛼 array that were needed to make recycling analysis
possible. Section 3 presents the effects of increasing lithium evaporation
on plasma performance, density control, effective particle confinement
𝜏∗𝑝 , temperature profiles, and neutral influx from the wall. Finally,
the implications for low recycling and future analysis are discussed in
Section 4.
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Fig. 1. LTX-𝛽 lithium evaporator, Mark-II. Chunks of lithium rod segments are placed
inside the tantalum mesh, while the evaporator is under argon. The evaporator is then
pumped to LTX-𝛽 relevant vacuum conditions before insertion into LTX-𝛽 at the center
of the poloidal mid-plane. Once inserted, lithium inside the tantalum mesh basket is
radiatively heated to evaporation temperatures, covering most of the first wall with a
few tens, to a few hundred nm thick lithium coatings.

2. Operations and diagnostic upgrades for recycling studies

2.1. Improved coverage Mark-II lithium evaporators

Clean, rapid, and uniform lithium evaporation is an important tech-
nology necessary for the low-recycling regime. The previous version
of LTX-𝛽 evaporators [13], referred to as Mark-I had some structural
elements that blocked line of sight to the high field side of the PFC
shells where the plasma typically limits. The blocking was resolved
by re-designing the evaporator sub-assembly and minimizing structural
elements that could cast a lithium shadow onto the high field side limit-
ing PFCs. The evaporator sub-assembly (shown in Fig. 1) is mounted on
a bellows drive that are stroked in to the poloidal center of the machine.
Two evaporators are mounted diametrically opposite to each other.
Mark-I evaporators were estimated to cover ≥ 86% of the PFC [14],
while the Mark-II evaporators cover an even larger fraction of the PFC.
Mark-II evaporators have larger tantalum mesh basket that holds a
charge of ∼5 g per evaporator.

Once inserted fully, about ∼60 A of current is run through a tung-
sten filament surrounding the basket, providing ∼800 W of resistive
heating. Radiation from the filament rapidly heats the lithium inside
the tantalum basket to >500 °C. The temperature in the tantalum basket
is monitored using a type-K thermocouple attached to it. Lithium de-
position is monitored using Quartz Crystal Monitors (QCMs) mounted
directly above the evaporator, with line of sight to the evaporator sub-
assembly through a penetration in the PFC shell [14]. The evaporators
can achieve a rapid lithium deposition rate of ∼1 nm/sec. Typically
a few tens of nanometers of lithium are deposited on LTX-𝛽 PFCs per
evaporation at the beginning of a run day. Once lithium is evaporated
on the PFCs, the evaporators are pulled back and plasma discharges are
initiated.

LTX-𝛽 maintains a low base vacuum of ∼5 × 10−8 Torr. A Residual
Gas Analyzer (RGA) mounted on the vessel indicates water vapor is the
largest Li-reactive vacuum contaminant at partial pressure of about an
order of magnitude lower than base vacuum. Using the Hertz–Knudsen
equation [15], we can estimate the impurity particle impingement rate
on LTX-𝛽 PFC to be ∼5 × 1015 ∕m−2s−1. At an lithium evaporation rate
of 1 nm/sec, we expect a lithium flux to the PFC of ∼1 × 1017 ∕m−2s−1,
or two orders of magnitude greater than the flux of impurities to the
surface. This implies LTX-𝛽 evaporators deposit a clean lithium film on
the PFCs with close to 99% purity.
2

Fig. 2. CAD view of the Lyman-𝛼 array with various components.

2.2. Poloidal Lyman-𝛼 array

For fixed plasma parameters, hydrogen line emission is directly
proportional to the neutral ionization rate, or alternatively the neu-
tral density or the neutral flux. Hydrogen-𝛼 (656.3 nm) emission is
frequently used as a proxy for recycling in magnetic fusion devices.
However, lithium and its compounds have high reflectivity in the
visible range [16] that can add spurious intensity from outside the
field of view of the detector and confound analysis. Lithium has low
reflectivity in the VUV range [17], and most of its compounds should
as well [18]. Therefore, Lyman-𝛼 emission at 121.6 nm is expected to
be a robust choice for recycling analysis.

The LTX-𝛽 Lyman-𝛼 array is depicted in Fig. 2. A 20 element
AXUV photo-diode array is mounted vertically behind a 122 ± 2.5 nm
VUV/UV narrow-band filter, housed in a light tight copper enclosure
with a horizontal slit. The slit covers the filter such that each photo-
diode samples a poloidal section of the high-field side limiting edge
of the PFC shells as shown in Fig. 5(a). Line-integrated Lyman-𝛼 emis-
sion is calculated based on the manufacturer calibrated Lyman-𝛼 filter
transmission, photo-diode responsivity and the engineering model of
the array sightlines. The array pre-amplifiers were calibrated against
a known bench top photo-diode amplifier by placing the array in a
light-tight box, flashing an LED at the photo-diodes and recording the
response separately using each gain setting on the pre-amplifier for
every photodiode channel.

2.3. Supersonic gas injector (SGI)

Efficient, well-controlled plasma fueling is especially important
when operating in the low recycling regime so as not to simply replace
recycling with a similar low-efficiency, uncontrolled neutral source that
also cools the edge [9,19]. The LTX-𝛽 SGI is based on a stainless steel
Mach 5.5 nozzle attached to the outlet of a Veeco PV-10 gas valve, both
retained from the LTX SGI [19]. Since the valve has a relatively modest
temperature rating of ∼50 °C, a double walled stainless steel heat shield
was added around the valve body in anticipation of future hot shells
operation at liquid lithium temperatures of >180 °C. A copper heat sink
was also added to the re-entrant valve housing, with the air side cooled
using a vortex tube. The LTX-𝛽 SGI is mounted vertically on a bellows
drive and is driven into the vacuum vessel and through a penetration
in the shell, such that the outlet of the SGI nozzle is flush with the PFC
surface. This is done to ensure close coupling of the SGI to the plasma.
Such a close coupling is important both for efficiency and for precise
control of fueling response to the valve opening and closing.

2.4. Low field side scrape-off layer Langmuir probe

Measurement of scrape-off layer (SOL) plasma parameters and ion
flux to the PFCs is necessary for understanding recycling and other
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Fig. 3. (a) Plasma current for median shots and (b) Line averaged interferometer density waveforms averaged over all shots for the ensemble with 5-week-old lithium, 322 mg
Li and 863 mg Li. Fueling is illustrated using vertical bands, exponential fits during density decay are illustrated by dashed lines and the corresponding decay constants for the
three cases are listed in the legend. (c) 𝜏∗𝑝 = −𝑁∕ 𝑑𝑁

𝑑𝑡
as a function of time during the density decay phase. (d) Ion flux measured by the LFS single langmuir probe, (e) electron

density, and (f) electron temperature. The probe is 24.3 cm above midplane and the radial probe position was R = 55.1 cm, close to flush with the shells. Note the ‘‘Old lithium’’
density trace in (b) does not return to zero when the discharge terminates near 0.49 s; this is due to an uncorrected fringe jump after the second density peak and does not affect
earlier data. Also note the zoomed in time axis for (c). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
plasma surface interactions, especially in the unique, collisionless, mir-
ror trapped LTX-𝛽 SOL [20]. The new LTX-𝛽 low field side Langmuir
probe is mounted on a bellows drive that allows the probe to be inserted
radially up to 15 cm into the SOL through a gap between the PFC shell
segments. In practice, however, the probe has not been inserted beyond
5 cm past the shells. The probe is installed 24.3 cm above the midplane
in order to minimize interactions with runaway electrons that damaged
the previous LTX-𝛽 Langmuir probe [21], likely during low density
phases of the discharges [22]. The new probe was also designed using
material with better temperature resistance and higher thermal mass.
Boron nitride was used as the insulator instead of alumina while TZM,
a molybdenum alloy was used for the sheath instead of stainless steel.
Probe I-V traces are fit to a four parameter expression to account for
sheath expansion that results in non-saturation of ion current evident
in the probe data [23].

3. Reduced recycling experiments with increased lithium

3.1. Experimental setup

For this analysis we compare three sets of shots with identical coil
and gas puff programming from different run days using progressively
thicker lithium coatings. The initial ‘‘old lithium’’ shots were taken 5
weeks after the previous evaporation, enough time to mostly passivate
the lithium coating deposited onto the PFCs [24,25]. For the 322 mg Li
shot, lithium was evaporated at the beginning of the run day, average
thickness of this Li coating is around 55 nm. Two lithium evaporation
were performed for the 863 mg Li shot. The first evaporation was
3

performed at the beginning of the run day with an average lithium
thickness of 105 nm. A subsequent evaporation with an average lithium
coating thickness of ∼57 nm was performed, midway through the run
day.

As the same pre-programmed coil current and gas valve waveform
were used for the different run days, maximum plasma current and shot
duration are useful performance metrics for assessing wall conditions.
Wall conditions are important for all fusion devices, as higher Z im-
purities and recycled neutrals increase density and cool the plasma,
reducing conductivity. With increasing lithium coatings in LTX-𝛽, shots
are seen to last longer, have higher plasma current and reduced density.
This improvement is well documented in earlier results [24,26]. Even
as lithium coatings slowly oxidize, the performance gain persists even
after days have passed since the last evaporation [14,25]. Only after
the lithium coatings are several weeks old is a much stronger dip in
plasma current and shot duration observed.

Each shot is repeated around 50 times per run day in order to collect
Thomson scattering data at multiple time points, with a few shots per
Thomson time point. Firing identical shots over the course of a run day
also helps collect other diagnostic data that can be averaged together
for improved statistics. Plasma current profile of the median shot is
shown in 3 (a). Fringe-corrected line averaged density profiles of all
the shots in an ensemble averaged together for three different run days
is shown in Fig. 3 (b). The shots are primarily fueled using the SGI as
can be seen from Fig. 3. The only other source of gas fueling in LTX-𝛽
is the High Field Side (HFS) puffer. The HFS puffer valve is situated
outside the vacuum boundary. The outlet of the valve is attached to a
tube with the other end between the toroidal shell gap on the high field
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Fig. 4. (a) Core temperature and (b) density profiles in normalized flux coordinates
at 468 ms, right after fueling termination with passivated lithium, 322 mg Li and 863
mg Li as measured using LTX-𝛽 core Thomson scattering diagnostic, a smooth cubic
spline fit is depicted using solid lines of respective colors. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

side. This means that even after the valve is shut down, the remaining
gas in the tube dribbles into the plasma for several milliseconds. Such
behavior effectively rules out the use of the HFS puffer for density decay
time measurements.

3.2. Density control and particle confinement

The SGI has been successfully used in previous experiments [27]
to measure the effective particle confinement times 𝜏∗𝑝 . Such a mea-
surement can provide some insight into changes in recycling. For a
tokamak plasma, if all external fueling sources are turned off, the
plasma density decays exponentially; 𝜏∗𝑝 is the time constant of this
decay [28]. Furthermore, 𝜏∗𝑝 is related to recycling by Eq. (4), where
𝜏𝑝 is the plasma particle confinement time. Implying that as recycling
reduces, 𝜏∗𝑝 → 𝜏𝑝.

𝑅 ≡
𝛤𝑟𝑒𝑐𝑦

𝛤𝑜𝑢𝑡
, 𝜏𝑝 ≈

𝑁
𝛤𝑜𝑢𝑡

(1)

𝑑𝑁
𝑑𝑡

= 𝛤𝑒𝑥𝑡 + 𝛤𝑟𝑒𝑐𝑦 − 𝛤𝑜𝑢𝑡 ≈ 𝛤𝑒𝑥𝑡 − (1 − 𝑅)𝑁
𝜏𝑝

(2)

for 𝛤𝑒𝑥𝑡 → 0, 𝑁 = 𝑁0 exp
𝑡
𝜏∗𝑝

(3)

𝜏∗𝑝 =
𝜏𝑝

1 − 𝑅
= − 𝑁

𝑑𝑁
𝑑𝑡

(4)

An average 𝜏∗𝑝 was estimated for the three discharges by fitting an
exponential decay function during the density decay, Fig. 3(b), between
468 ms to 473 ms, over many shots and then taking an average. It
was observed that 𝜏∗𝑝 reduces as more lithium is added to the machine,
with the lowest 𝜏∗𝑝 = 1.5 ms for 863 mg shots. Temporal evolution of
𝜏∗𝑝 is also tracked using Eq. (4), as shown in Fig. 3(c). It is observed
that 𝜏∗𝑝 remains relatively flat during the density decay.For smaller
ohmically heated tokamaks 𝜏𝑝 is expected to have a linear dependence
on density [29]. However, the trend in the reduction of 𝜏∗𝑝 even when
normalized to the peak averaged density persists, indicating that the
reduction in 𝜏∗𝑝 is an indication of reduction in recycling.

Most conventional tokamaks use high recycling PFCs, with a global
recycling coefficient anywhere between 0.9–1. At such high recycling
4

Fig. 5. (a) LTX-𝛽 Lyman-𝛼 array photo-diode sightline, poloidal view, (b) Lyman-𝛼
intensity as measured by the central diode aimed at the centerstack, the time stamp of
interest (468 ms) is indicated by a vertical dashed line, gas puffs from the HFS puffer
and the SGI are illustrated as in Fig. 3(c) Lyman-𝛼 signal across all photo-diodes in
the array at 468 ms and (d) Lyman-𝛼 diodes at 469.9 ms for old lithium, 469.51 ms
for 322 mg and 468 ms for 863 mg Li. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

𝜏∗𝑝 can be anywhere between 10 to 100 times 𝜏𝑝. However, that is likely
not the case with LTX and LTX-𝛽; the demonstration of flat temperature
profiles indicate that recycling is likely lower than those conventional
values.

After the density from the initial set of large SGI puffs decays, the
shots shown in Fig. 3 include a second, smaller set of puffs using both
the SGI and HFS puffer to prevent density from dropping too low during
the current ramp down. In the absence of the additional puffs, low
density sometimes resulted in instabilities, disruptions, and/or runaway
electrons. While no quantitative analysis of the second puffs has been
attempted due to the more variable and rapidly changing behavior of
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the plasma during ramp down, it is clear that the secondary density
peaks and decay rates follow the same trends as the main SGI puffs.

3.3. Flat temperature profiles and low density SOL

Thomson scattering (TS) data was collected at multiple time points
for these shots. Electron density and temperature profiles measured
using the TS diagnostic was used to constrain kinetic equilibria for
multiple time points per shot using PSI-TRI [30]. Across the three
run days, shots evolve in an identical manner, they fill most of the
volume at start-up and after 455 ms limit on the high field side. A
typical reconstruction of these shots is depicted in Fig. 5(a). Solid
contours in Fig. 5(a) represent region of confined plasma and dashed
contours, inside the PFC shell structure, depicted by the gray colored
solid boundary represent open field lines in the SOL. Each TS profile is
averaged over a handful of shots to improve statistics. Fig. 4(a) shows
the temperature profiles for the three run days at 468 ms, immediately
after the SGI stops puffing in the gas. Notably the temperature profile
with 863 mg lithium has relatively large temperature at the last closed
flux surface (LCFS) and relatively low temperature gradient, a clear sign
of the low recycling regime.

The langmuir probe is used to estimate ion flux, plasma density and
temperature beyond the LCFS. Fig. 3(d), (e), (f) show probe data for
the three cases where the probe was flush with the PFCs. The probe
density is shown to track with the interferometer density as a function
of time and lithiumization. However, there is no indication of increased
plasma temperature for the 863 mg shot ensemble. This could be due
to the inability of the probes to measure plasma temperatures beyond
∼30eV. A new edge TS system is planned to better diagnose the SOL
plasma for future campaigns.

Hot edge plasma temperatures, as seen in the TS data, has important
implications for heat load at the strike points. Assuming the ion tem-
perature is > 𝑇𝑒∕3, the ion collisionality near the LCFS is low enough
or a ion trapped fraction as high as 0.8 as estimated in TRANSP runs
or these shot ensembles. As ion banana orbits immediately outside the
CFS are not collisionaly destroyed, the plasma is expected to develop
potential along open field lines to retain electrons to maintain quasi-
eutrality [20]. Such a hot collisionless SOL can increase the SOL power

ecay length 𝜆𝑞 by a factor of ∼
√

𝑇ℎ𝑜𝑡,𝐿𝐶𝐹𝑆
𝑇𝑐𝑜𝑙𝑑,𝐿𝐶𝐹𝑆

[31].

3.4. Reduced neutral influx

Lyman-𝛼 array was used to record the Lyman-𝛼 intensity along
chords that view the high field side limiting surface. A consistent
reduction in Lyman-𝛼 intensity is seen as more lithium is evaporated
into the machine. As seen in Fig. 5(b), the central diode D11 (sightline
shown in Fig. 5(a)) of the array shows a line integrated emission
intensity that is the lowest for 863 mg Li. The Lyman-𝛼 intensity decay
ate is the sharpest for 863 mg as well, indicating a quicker pumpout of
ydrogen neutrals. Comparing the signal across the entire array at peak
ensity (468 ms), also reveals a similar trend, where overall emission
s the lowest for 863 mg Li and highest for the old lithium case,
ig. 5(c). Since Lyman-𝛼 intensity has a plasma density dependence, we
lso compare the measured Lyman-𝛼 intensity across all photo-diodes
t time points of similar line averaged density. Fig. 5(d) depicts line
ntegrated Lyman-𝛼 intensity measured by all diodes at 468 ms for 863
g lithium, at 469.51 for 322 mg and at 469.9 ms for the old lithium

ase. Even for similar density the Lyman-𝛼 array shows a trend where
he 863 mg shots have the lowest Lyman-𝛼 signal intensity, indicating
educed neutral density.
5

4. Discussion and conclusions

Various operational and diagnostic upgrades on LTX-𝛽 have made
t possible to systematically study the effect of progressively adding
ore lithium to the tokamak’s PFCs. By comparing discharges with
ifferent amounts of evaporated lithium, multiple independent obser-
ations indicate a reduction in fuel recycling with progressively more
ithiumization. Plasma current and shot duration are shown to improve,
emperature profiles are shown to flatten, Lyman-𝛼 intensity is shown
o reduce as more lithium is evaporatively deposited on LTX-𝛽 PFCs.
mproved density pumping as indicated by a reduction in peak density
nd 𝜏∗𝑝 is also observed with increased lithiumization.

To further quantify recycling, careful SOL analysis is needed for
realistic estimate of ion fluxes to the PFCs and interpretation of

yman-𝛼 data. As indicated by the TS and probe data, at least the
lasma immediately outside the LCFS, for the hot edge case is likely
ollisionless, which would need kinetic solvers to model. As a first step
e are implementing 1x2v open field lines with LTX-𝛽 geometry in the

ull-f kinetic solver, GKEYLL [32]. The model should be able to quantify
rapping along open field lines and estimate ion fluxes to the wall in

low collisionality SOL. The kinetic model for GKEYLL will then be
sed along with TS data to account for neutral particle population in
hese plasma using DEGAS2 [33]. A numerical recycling coefficient can
e tuned in DEGAS2 to match the experimentally measured Lyman-
profiles, thereby estimating any change in recycling for these three

ases.
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