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Abstract— LTX-β, the upgraded Lithium Tokamak Experiment, recently began its first campaign with a goal to study
the transport properties of gradient-free electron temperature
profile equilibria with increased toroidal field and neutral beam
injection. The temperature-gradient-free equilibria in LTX were
enabled by the lithium plasma-facing surface. To make the
lithium surface conditions more consistent for LTX-β, a new,
faster lithium evaporator system has been developed. The toroidal
magnetic field has been nearly doubled to ≥0.3 T. Auxiliary
heating and fueling with a high flux (35 A, 20 kV) neutral beam
has begun. The beam provides core fueling without cold edge
neutrals, to test whether flat temperature profiles can be sustained, and makes possible core ion temperature measurements
via charge exchange recombination spectroscopy. Neutral beam
fueling has been demonstrated with increases in line-integrated
density. The coupling of the beam matches well with NUBEAM
predictions for shine through. Improved performance has been
observed following lithium evaporative coatings and an increase
in field strength.
Index Terms— Fusion, lithium, Lithium Tokamak Experiment
(LTX), LTX-beta, neutral beam injection (NBI), spherical toakamak, tokamak.
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I. I NTRODUCTION

T

HE upgrade to Lithium Tokamak Experiment (LTX)-β
includes the integration of neutral beam injection (NBI),
new lithium evaporation systems, increased magnetic field, and
increased diagnostic and modeling capability. These upgrades
will more fully explore and better characterize the new lithium
enabled regime [1].
Liquid metal walls are a proposed solution to many longstanding difficulties with fusion reactors [2]–[5]. Liquid metals, especially lithium and tin, have been shown to have
very high power handling capabilities [6], [7]. Introduction
of lithium coatings and granules has increased confinement
on a wide array of devices [8]–[11]. Fully coated lithium
walls on the LTX tokamak enabled a unique plasma equilibrium with increased confinement and a flattened temperature
profile. The flat temperature measurements support previous theoretical predictions of the effects of lithium coated
plasma-facing components (PFCs) would have on tokamak
plasmas [2], [12], [13].
LTX-β utilizes the same vessel as LTX with increased
magnetic fields and heating systems. The plasma major radius
is typically 35–40 cm, with a minor radius of 21–26 cm. NBI
has provided over 500 kW of extracted, neutralized power,
and core fuelling. The beam upgrade and performance are
discussed more thoroughly in Section II. The power supplies
to the toroidal field coils have been upgraded, and the lithium
evaporator system has been redesigned. The improvements to
these systems and the resulting plasma performance increases
are discussed in Section III. Section IV covers the upgrades
to several diagnostic systems and describes their relationship
to the goals of LTX-β.
II. N EUTRAL B EAM I NJECTION

The LTX-β neutral beam was previously used on TAE
Technology’s C2 device [14]. It is designed to inject up to
700 kW of neutralized beam power into the plasma, with
35 A of neutralized beam current at 20-kV particle energies
for 5 ms [15]. The maximum neutralization fraction for 20-kV
H+ ions through sufficiently dense H2 gas is ∼86%, which
is the ratio assumed between extracted and neutralized NBI
currents. The beam is relatively low energy and high current
compared to those in use on other tokamaks [16], [17],
which is appropriate for LTX-β due to the machine size and
plasma parameters. The beam is also well-suited for core fueling, torque injection, and the charge exchange recombination
spectroscopy (CHERS) diagnostic [18] due to its high flux.
The beam is focused at ∼180 cm from the source location
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Fig. 2. Several beam characteristic measurements as measured by the beam
electronics during a typical beam shot. (a) Performance parameters of the
beam, perveance, and neutralized power. The optimal perveance range 15–17
is designated with black dashed lines. (b) Extracted total beam current
(neutralized and un-neutralized) and voltage/energy. (c) Arc current and
voltage.

Fig. 1. Characteristic spectra of NBI into gas. Plots (a) and (b) are from the
parallel view. Plots (c) and (d) are from the 55◦ view. In each pair, the top
plot is the emission spectrum and the bottom is the energy spectrum, the shot
number is designated next to the timing, and the energy of the H+ component
is denoted on the energy spectrum plots.

which is near the entrance of the beam housing to the main
vessel. Focusing near the entrance maximizes the beam power
into the main vessel given the narrow midplane gap between
the outer shells. The narrow entrance also helps to isolate the
plasma from the neutral gas in the beam tank. Optimization of
the beam is ongoing and a suite of diagnostics is being used
to help with optimization.
Beam performance has been tuned outside of plasma operation allowing the beam parameters to be more quickly adjusted
and independently measured. In the future, beam optimization
may benefit from injection into reproducible plasmas in order
to account for the small effects the discharge has on beam performance. LTX-β has an array of complementary diagnostics
used to determine beam energy, divergence, power, neutralization fraction, and species mix. These diagnostics include three
spectroscopic viewing arrays, two beam dumps equipped with
calorimetry, beam scrapers equipped with calorimetry, and the
power supply electronics of the beam grids and source.
Spectroscopic measurements of the neutral beam for the
determination of beam energy, beam species mix, divergence,
and neutralization fraction are obtained by firing the beam
into the vessel filled with neutral hydrogen gas and observing
the resultant H-alpha emission. Spectra are measured using
collection optics in three different viewing locations. One set

of views from near the beam dump is nearly parallel to the
beam pointing direction. The parallel views have the largest
Doppler shift, allowing for the most accurate beam energy
determination. Arrays of CHERS views intersect the beam at
angles between 50◦ and 81◦ . A viewing angle near 50◦ is used
for determination of the beam divergence. The third viewing
array is within the neutralizer tank and allows for the diagnosis
of the arc source itself as well as the preneutralized beam.
The third set will be more useful for monitoring of the source
during plasma operations than during beam optimization as
whether the beam is fired into gas or a plasma does not affect
the emission within the neutralizer tank. Example spectra from
one of the spectrometers [19] from a parallel view and a
transverse CHERS view at 55◦ from the beam are shown
in Fig. 1.
The H-alpha emission from the beam-into-gas measurements is Doppler shifted and broadened depending on the
energy of the beam particles and the divergence of their
trajectories, respectively. The furthest shifted line indicates
the full energy of the beam, from neutral H atoms which
were originally accelerated as H+ ions. Less shifted lines
correspond to the 1/2, 1/3, and 1/18 energy components, which
+
+
were accelerated as H+
2 , H3 , and H2 O ions, respectively.
The highest beam voltages observed are ∼18.5 keV. From the
integrated intensity of these lines, the beam species mix can
be determined. The beam species mix is expected to peak
with 82% of the beam current coming from the full energy
atoms. Beam divergence is expected to be minimized around
20 mrad but is generally measured at above 40 mrad. The
cameras that record the spectra were programed to collect
light for an exposure time of 2–2.5 ms, about half of the
beam interval. Because the beam does not stay within its
optimal perveance range for that entire interval, this causes
the measured divergence to be above the optimal 20 mrad.
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Fig. 3. Locations of upgraded components, especially those related to beam performance monitoring. (a) Geometry of various aspects of the beam diagnostics
as well as the lithium evaporators. (b) In-vessel dump. (c) Beam scrapers.

The neutral beam power supply electronics digitize total
beam current (neutralized and un-neutralized) and voltage,
beam arc-source current and voltage, and electron suppression
grid current and voltage every ∼0.1 ms. From the beam
current and voltage, perveance and beam power are calculated. The spectroscopically measured beam energy agrees
with the electronically measured beam acceleration voltage
within <5%, which verifies the calibration of the electronic
measurements. The electronic measurements are also the
least variable between plasma shots and beam-into-gas shots
as beam attenuation and vessel pressure do not affect the
parameters which the electronics measure. The electronic
diagnostics are primarily used to monitor the quantities shown
in Fig. 2.
Arrays of resistance temperature detectors (RTDs) and
thermocouples on specially designed calorimeter plates are
installed throughout LTX-β to help diagnose where the neutral beam power is deposited. Diagrams of the calorimeters
themselves and their locations in the machine are designated
in Fig. 3. These calorimeters include a retractable dump within
the neutralizer tank, vertical scrapers at the beam’s entrance
into the vessel, and a stationary dump at the far side of the
vessel where the beam is expected to impact the machine wall.
The retractable dump can measure the total beam energy (neutralized and un-neutralized) and allows for the most isolation
from the main vacuum chamber. This is useful during initial
operation but the final optimization of beam performance
requires an injection into the main vessel, as the vacuum
conditions of the main vessel affect beam performance. The
beam scrapers give information about the beam focus at the
entrance to the main vacuum vessel and the vertical aiming
of the beam. The measured energy on the in-vessel beam
dump is useful both in determining neutralization fraction
during beam-into-gas shots and in determining how much
of the beam is absorbed by the plasma during plasma
operation.
Beam optimization using the dumps can be characterized in
two different ways, as is shown in Fig. 4. The ratio between
beam energy onto the in-vessel dump and energy onto the
scrapers scales with the fraction of the beam energy which
makes it into the vessel. Fig. 4(b) shows that this value peaks
with an average perveance of around 17 μAV−3/2 , near the
expected ideal. The same peaking is not observed for the ratio

Fig. 4. Figures of merit for beam focusing as functions of perveance. Panel
(a) shows the ratio of beam energy to energy onto the in-vessel dump, and
(b) shows the ratio of the energy onto the in-vessel dump to energy onto the
beam scrapers. In (b), there is an obvious peak near 16 μA/V−3/2 , but such
a peak is not as clear in (a).

of total beam energy to energy deposited on the in-vessel
dump, shown in Fig. 4(a).
The beam has achieved extracted currents in excess of 40 A
(∼32 A neutralized) with neutralized power greater than
500 kW. Arc current, beam current, and the perveance drop
in the second half of many pulses are as shown in Fig. 2.
The drop in arc current is believed to be responsible for the
decrease in beam current, which then results in a decrease in
perveance. These drops in current are expected to be corrected
with further beam source and gas feed controls.
NBI effects on fueling and power deposition are shown
in Fig. 5. Beam fueling is a vital part of the LTX-β mission, as extending the low recycling regime [1] requires hot
core fueling as can only be supplied with NBI. The density
measurements in Fig. 5(b) are line-integrated measurements
from the interferometer [20], [21] and demonstrate that NBI
adds to the density, when compared to an equivalent gas
puff or no additional fueling, with field coil and gas feed
programming otherwise staying the same. The beam power
deposition fraction, shown in Fig. 5(c), matches well with the
predictions made by NUBEAM for deposited power fraction as
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Fig. 6.
LTX-β plasma current, line-integrated density, and approximate
plasma duration are shown to indicate plasma performance. Gray circles are
shots before lithium coatings and with roughly the same field strength as
LTX. Colored circles are shots performed after any lithium coating of the
walls. Red circles were the first coating of lithium, green circles were after
further lithium coatings and increased fields, and the blue circles were taken
last and have different ohmic heating power supply programming (to increase
the shot duration).

Fig. 5. Top two panels, (a) and (b), show how plasma density increases more
with NBI than with an equivalent gas injection. Bottom graph (c) shows the
fraction of the beam power which is deposited in the plasma.

a function of plasma density. The power deposition fraction is
determined by comparing the ratio of energy onto the in-vessel
dump and the beam extracted energy to that of a similar beaminto-gas shot, where the power deposition is near zero. With
further plasma operational performance improvements, LTX-β
is expected to achieve densities near 5 × 1019 m−3 , which
should result in greater beam power deposition fractions.
III. O PERATIONAL I MPROVEMENTS
Along with NBI, several other upgrades have been made in
order to improve the general performance and reproducibility
of plasmas made in LTX-β as compared to LTX. These
improvements include increased toroidal magnetic field and
a novel lithium evaporator system.
A. Increased Magnetic Fields
The power supply for the toroidal field magnets has been
changed from a 500 V, 20 kA supply to a 300 V, 5 kA and
500 V, 5 kA supply in series. Previously, the coils were voltage
limited at ∼500 V, ∼2.8 kA; the new effectively 800-V power
supply allows for an increase of over 50% of the supplied
current and resultant toroidal field. The previously used 500 V,
20 kA supply is now used to drive the main vertical field coils,
allowing for increased vertical fields as well.
These upgrades have lead to the operation of LTX-β with
a magnetic field on-axis of ≥0.3 T, up from 0.17 T which

was typical on LTX [22]. The increase of the toroidal field
beyond that expected from the power supply upgrade is due
to a slight shift inward of the magnetic axis. The improvements
in performance due to the increased field strength and lithium
deposition can be seen in Fig. 6. LTX-β uses feed-forward
vacuum magnet field and ohmic heating programming, so for
similar programming, plasma current and density are good
metrics for plasma performance. Without lithium deposition or increased fields, the plasma current remained below
60 kA. After the first two lithium coatings, plasma current
and density both increased modestly. After further lithium
coatings and increased toroidal and poloidal fields, the plasma
current was increased to over 90 kA, and with different ohmic
heating power supply programming the plasma duration was
increased while maintaining relatively high densities. The
lithium coatings combined with increased fields were able to
increase plasma current, density, and duration.
B. Lithium Evaporators
LTX had and LTX-β has its walls almost completely coated
in lithium. This is a unique feature of these devices and has
been shown to increase confinement [22] and even allow for
unique plasma profiles [1], [13]. In both machines, lithium was
applied to these surfaces via evaporation. In LTX, the most
successful evaporation technique was firing an electron beam
into pools of lithium on the bottom of the inner shells of
the device. In LTX-β, the evaporation is done with a pair
of dedicated evaporators, depicted in Fig. 7, positioned on
opposite sides of the machine midplane near the geometric
axis, which are then retracted after evaporation.
The new evaporators are made of a tungsten heating filament, two yttria supports, and a mesh basket for holding and
dispersing the lithium. The size of the mesh is chosen such
that liquid lithium can evaporate through the mesh while not
falling through the basket. The mesh basket retains the lithium
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Lithium evaporator system.

inventory via surface tension. The evaporation time using
these new evaporators is about 15 min. The only elements
which need to be heated and (passively) cooled are the
basket, lithium, and tungsten filament. The tungsten filament
is heated to 1800 ◦ C; while recessed portions of the basked
are measured to be 400–450 ◦ C the lithium is assumed to
be slightly higher due to the rate of evaporation. The new
evaporators allow for much faster evaporations, since using the
electron beam method required heating of the lower shells. The
shells are large metal structures (∼100 kg) and do not have
active cooling which meant every time evaporation occurred
several hours would be dedicated to heating and cooling of the
shell. The new method allows for multiple coatings to occur
in a single run day, if desired.
The coating thickness is monitored, with a pair of quartzcrystal microbalance (QCMs). This monitoring was unavailable in previous LTX campaigns and the thickness of the
coating was simply estimated based on the amount of lithium
evaporated. The deposition thickness measured by the QCMs
for one lithium deposition cycle has been measured to be
between 0.04 and 0.4 μm. There is also a sample exposure probe (SEP) which is coated during these evaporations,
exposed to plasma, and whose surface is later analyzed in order
to characterize the plasma-facing material and its evolution
through time [23].
IV. D IAGNOSTIC U PGRADES
The upgrade to LTX-β includes upgrades to diagnostics focused on the core ions and electrons, plasma material interactions, and the materials themselves. Many of the
new or upgraded diagnostics are designed to measure the
effects of the improved operational capabilities.
For example, NBI is expected to increase plasma temperatures and to apply an external torque which will result in
bulk plasma rotation. The addition of NBI allows for active
CHERS measurements of impurity ion velocity distributions,
giving radial profiles of ion temperature as well as bulk plasma
flow. For the CHERS diagnostic, a set of spectroscopic views
intended to sample the low field side of a full major radius have
been designed and installed. The views span machine radii
of 26–59 cm with a spatial resolution of 1–2.5 cm, ensuring

that the full outer minor radius will be sampled in almost all
LTX-β scenarios [24]. Z eff will be determined with this system
when the density of fully ionized lithium, the presumed major
impurity in LTX-β, is directly measured.
Two new Mirnov coil arrays have been installed, and the
existing poloidal Mirnov array has been enhanced for greater
resolution [25]. The new toroidal array of ten 1-D sensors
is capable of detecting magnetic perturbations with toroidal
mode numbers up to n = 4, and the poloidal array upgraded
to 20 2-D sensors can clearly resolve poloidal mode numbers
up to m = 9. The second new Mirnov array is a shell eddy
sensor array (SESA) mounted to the back of one upper shell.
The SESA array is designed to characterize the 3-D, timedependent eddy current patterns within the shells, which have
previously impeded good equilibrium reconstructions. Along
with improvements to the existing poloidal array, the SESA
array will be used to better constrain shell eddy currents
in equilibrium reconstructions performed using the PSI-Tri
code [26]. The toroidal array shows negligible signal attenuation up to 10 kHz, whereas the re-entrant poloidal array and
shell-mounted SESA are stable in response up to 6 and 3 kHz,
respectively. In addition to the poloidal array and SESA, there
are eight additional re-entrant sensors close to shell edges,
to further constrain the eddy currents within the shells [25].
There have been several high-speed cameras installed for
studying the plasma edge and plasma material interactions.
High speed, filtered cameras measure the intensity of various
impurity emission lines near the plasma-facing surface. This
allows for comparative measurements of lithium, oxygen, and
hydrogen neutral gas concentration.
V. D ISCUSSION
The LTX-β device in its first campaign has operated with
increased toroidal field, lithium coated walls, and NBI. The
NBI has been shown to achieve one of its major goals that
of fueling. With lithium coated plasma-facing surfaces and
increased magnetic fields, LTX-β achieved longer plasma
pulses and higher plasma current.
The characterization of LTX-β’s expanded operational
regime requires new diagnostics, most of which have been
installed and are beginning to generate data. The interferometer has already been used to show fueling from NBI,
as in Fig. 5(b). Profile measurements from the more advanced
spectroscopic diagnostics, Thomson scattering, and CHERS
are still being commissioned and calibrated.
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