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Abstract
Recent experiments in the lithium tokamak experiment-β (LTX-β) have extended the duration,
performance, operating conditions, and diagnosis of the flat-temperature profile, low-recycling
regime first observed in LTX. As expected, Li retains hydrogen and suppresses edge neutral
cooling, allowing increased edge electron temperature, roughly equal to the core Te. Flat
temperature profiles had been obtained transiently in LTX, as the plasma density decayed
following the cessation of edge gas puffing. Careful control over the fueling in LTX-β has now
been shown to sustain the flat Te profile and hot edge unique to the low-recycling regime for
multiple confinement times in high performance discharges with decaying or steady density.
With low density, the flat Te profile is also seen to extend into the scrape-off layer. Neutral beam
heating is observed in target discharges with relatively flat electron temperature profiles
(Tedge ∼ Tcore/2), though beam heating is stronger in discharges with higher fueling, higher
density, and depressed edge Te. Beam heating produces additional peaking of the Te profile,
without degradation of the energy confinement time. Neutral beam heating of target discharges
with relatively flat electron temperature profiles similarly results in broad beam heated
temperature profiles. Energy confinement in LTX-β generally compares favorably to ohmic and
H-mode scalings, frequently exceeding them by factors of 2–4. New and improved diagnostics
in LTX-β enable better characterization of this unique regime, including measurements of ion
temperature and high field side Thomson scattering profiles. As an initial step toward
characterizing turbulence with no Te gradient and roughly equal density and pressure gradient,
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core fluctuation spectra have been measured in peaked Te discharges using far-forward
scattering and fluctuation reflectometry.

Keywords: low-recycling, lithium, tokamak, plasma–surface interactions, ohmic confinement,
neutral beam injection

(Some figures may appear in colour only in the online journal)

1. Introduction

The use of lithium coatings as a plasma facing surface has
been observed to improve plasma performance in a number of
fusion devices [1–13], and lithium as a liquidmetal is a candid-
ate for plasma facing components in fusion reactors [1, 2, 14].
While lithium has many potentially beneficial properties as a
wall material, this work is mainly concerned with Li as a low-
recycling surface. Li retains hydrogen isotopes, whereas most
materials re-release virtually all incoming plasma ions as neut-
rals. Without a boundary condition of cold recycled gas, the
plasma can develop a hot edge and a flat temperature profile
with no gradient to drive transport or instabilities, potentially
allowing improved confinement. This fundamentally different
low-recycling regime has been long predicted [15–17] andwas
first demonstrated in the lithium tokamak experiment (LTX)
[18, 19]. However, as strong edge gas fueling can also cause
a cold boundary even with low-recycling surfaces, the initial
observation was transient.

This paper describes new experiments in the upgraded
LTX-β to extend the duration, performance, operating condi-
tions, and diagnosis of discharges with Li surfaces, especially
the low-recycling regime. Section 2 describes the configura-
tion of LTX-β and the application of lithium to the plasma
facing surfaces. Section 3 describes measurement and ana-
lysis of improved ohmic discharges, including low-recycling
discharges, using Thomson scattering and TRANSP. Neutral
beam heating and its effects on profiles and confinement are
described in section 4. As changes to the temperature and dens-
ity gradients are expected to impact turbulent fluctuations, far-
forward scattering (FFS) and fluctuation reflectometry meas-
urements are described in section 5. Section 6 summarizes and
discusses these results and future plans for LTX-β.

2. Configuration

The LTX-β is a low aspect ratio tokamak with major radius
R0 ∼ 0.4 m, minor radius a < 0.26 m, and elongation κ ∼ 1.5
[20, 21]. Typical parameters are toroidal field BT ∼ 3 kG,
plasma current IP < 140 kA (100–120 kA in the discharges
considered here), and a discharge duration ∼50 ms. LTX-
β has retained the 1 cm thick copper shell used in LTX
[22, 23], which approximately conforms to a flux surface for
a full-volume plasma. The shell is divided into four quadrants
and the plasma-facing surface is clad with explosively bon-
ded 1.5 mm thick 304 stainless-steel. Prior to a day’s opera-
tions, the stainless-steel cladding can be evaporatively coated
with lithium to form the plasma-facing surface. An elevation

Figure 1. Elevation of LTX-β. The upper and lower shells, which
are coated with lithium, are shown in gray on the interior of the
vacuum vessel. The shells are suspended within the vacuum vessel
to allow for thermal expansion when heated to 350 ◦C. Not shown
are the two toroidal gaps in the shells, located 180◦ toroidally apart.

diagram of LTX-β is shown in figure 1 while a top-view layout
of LTX-β is shown in figure 2.

The shell covers 80% of the plasma surface area and can
be electrically heated to 350 ◦C to liquefy the lithium coat-
ings, although the results presented here were obtained with
solid coatings. For the results presented here, the shells have
been repeatedly coated with lithium over a period of 3–4 years,
so that without continuous fueling, rapid density pumpout is
always observed, and high recycling discharges can no longer
be obtained [24]. LTX-β is typically limited on the high field
side (HFS) shell surfaces, at a radius of R = 14 cm at mid-
plane. The outer shell surface maps to R = 66 cm at the low
field side midplane.

2.1. Lithium evaporators

The system of evaporators which are used to provide lithium
wall coatings is described by Maan et al [24], and the tor-
oidal positions of the two evaporators, when fully inserted into
the torus, are shown in figure 2. During initial operation of
the evaporator, part of the lithium evaporant dripped from the
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Figure 2. LTX-β, showing the neutral beam (see section 4) and locations of the lithium evaporators. The tangency radius for the beam is
R = 24 cm, well to the HFS of the plasma axis. The ports labeled ‘QCDM’ note the locations of the quartz crystal deposition monitors,
above the lithium evaporators.

Figure 3. Lithium evaporator. Two bellows-mounted evaporators
produce complete coverage of the stainless-steel plasma-facing shell
surfaces with lithium. The tantalum reflector is heated by proximity
to the tungsten heater and re-evaporates lithium toward the HFS
surfaces of the shells, where the plasma is limited.

bottom of the woven tantalum mesh basket, shown in figure 3.
Although lithium was found to wet the woven tantalum basket
well, wicking through the wovenmaterial resulted in the form-
ation of a pendant drop under the basket, which was prone to
dripping.

Dripping was eliminated with the installation of a felt-
metal liner for the basket, constructed from 60-micron 316L
stainless-steel filtration media. Pendant drops are not formed
on the bottom of the felt-metal liner. The bellows-mounted
evaporator head is shown in figure 3, prior to installation on
LTX-β. QCDM are located above the positions of the fully
inserted evaporators in order to monitor the thickness of the
lithium films. A model of the evaporator has been developed

to use this single location to benchmark the film thickness, and
project coating thickness over the entire shell inner surface.

3. Ohmic discharges

3.1. Sustained flat temperature profiles with steady or
decaying density

One of the key results from the LTX experiment was the
demonstration that the electron temperature profile in a toka-
mak could be flat, rather than centrally peaked, if recycling is
sufficiently low [18, 19]. However, the only well-diagnosed
LTX flat temperature profiles were obtained transiently, fol-
lowing the cessation of gas puffing, as the neutral fueling gas
pressure decayed. In experiments on LTX-β, careful control
over gas fueling has produced discharges with sustained flat
temperature profiles.

Even before flat temperature profiles were obtained in LTX,
the importance of efficient core fueling, so as not to simply
replace recycling with a similar low-efficiency neutral source
that equally cools the edge, was recognized by theory [15–17]
and motivated early LTX experiments. Initial fueling stud-
ies investigated a relatively distant and undirected puffer, a
more close-coupled directed tube, a re-entrant supersonic gas
injector (SGI), and a molecular-cluster injector, all on the
low-field side [25]. Finally, a HFS injector was used for the
flat temperature profile results. In LTX-β, the high-field side
injector was modified and provides good performance but can-
not be shut off quickly. The SGI can be shut off in a fraction
of a ms and has been moved to the top of the vessel where it is
inserted vertically through a shell penetration at R = 44.5 cm.
Waveforms from example discharges using HFS fueling for
steady density and SGI fueling for decaying density are shown
in figure 4.

3



Nucl. Fusion 63 (2023) 056020 D.P. Boyle et al

Figure 4. Discharge waveforms showing steady density with HFS fueling (left) and decaying density with SGI fueling (right). Top panels
show plasma current (black) and neutral pressure (blue) on left axes and loop voltage (red) on right axes. Bottom panels show line-averaged
density (black), Lyman-α emission on radial midplane [24] (red), and gate pulses for HFS fueling (blue) and SGI fueling (green).

Figure 5. Relatively flat temperature profiles (Tedge ∼ Tcore/2) with a hot edge are observed to remain for several milliseconds, even with
continuous fueling to maintain roughly constant density in LTX-β.

Thomson scattering profiles from an ensemble of repeated
discharges that used a modest gas pulse from the HFS injector
to achieve relatively steady and flat Te profiles are shown in
figure 5. While a quantitative understanding of the profiles
and neutrals requires additional analysis [26], for the present
we theorize that a low-density edge allows sufficient neutral
penetration for core fueling while electron cooling from neut-
rals and ions is not excessive in the hot, low-collisionality
edge. Note that both fueling efficiency and core penetration
are higher with directed HFS puffing than with recycling.

In figure 6, a discharge with rapid density decay following
termination of a large SGI puff is shown. Here, the Thomson
scattering data extends into the scrape-off layer (SOL); the last
closed flux surface (LCFS) and magnetic axis from equilib-
rium reconstructions are shown in the contour plots as black
and white dashed lines. Electron temperatures in the SOL
become comparable to the core values, after the central dens-
ity drops to ∼1019 m−3. Since Thomson scattering on LTX-β
employs a single-pulse ruby laser, it is necessary to scan the
laser firing time through repeated discharges in order to obtain
a temporal evolution of temperature and density profiles. In

addition, the data from Thomson scattering is averaged over
several discharges, so the data shown in figure 6, and in all sim-
ilar figures in this paper, is representative of a large ensemble
of discharges.

Time dependent TRANSP analyses for the discharges
shown in figure 6 are shown in figure 7.

TRANSP is a 1.5D equilibrium and transport solver for
interpretation and prediction of tokamak discharges [27, 28],
and is used here in a similar way to [18, 29]. TRANSP
evolves the magnetic diffusion equations to match Ip, BT, and
V loop from magnetic measurements, neL from the interfero-
meter, equilibrium reconstructions from PSI-Tri, and ne and
Te profiles from Thomson scattering (with constant profile
shapes extrapolated beyond the TS measurement window),
with all data averaged over the ensemble of repeated shots.
This TRANSP analysis assumes a fixed Zeff = 1.3 due solely to
Li, but none of the conclusions are strongly dependent on this
assumption. Previous studies in LTX and CDX-U using sim-
ilarly extensive Li coatings found low Zeff < 1.3 using bolo-
metry and by measuring/modeling profiles of the most import-
ant impurity species, Li, C, and O [29].
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Figure 6. Flattening of the electron temperature profile is consistently observed with lithium coated walls, in the interval following a gas
puff. Here flat temperature profiles persist for several milliseconds. In this case flat temperatures are observed into the scrape-off layer, past
the last closed flux surface (dashed lines in contour plots) at R ∼ 60 cm.

Figure 7. TRANSP modeling for the discharges shown in figure 6. Plots show plasma current Ip and modeled Ohmic heating power POH;
peak values of electron and ion temperature Te and T i; stored energyW tot and line-averaged density <ne>; energy confinement time as
modeled τE and as predicted with ohmic scaling τLOC, H-mode scaling τ 98y, and spherical tokamak (ST) H-mode scaling τST

22. Times of
Thomson scattering measurements are shown as + signs on thick lines in the Te, W tot, and τE plots, while unconstrained extrapolations by
TRANSP are shown as thin lines.
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Figure 8. Evolution of the electron density and temperature from an ensemble of discharges with an extended current flattop, with lithium
plasma facing surfaces. Squares or dashed black and white lines indicate the position of the axis and the low field side last closed flux
surface.

The 3–4 ms peak energy confinement time from TRANSP
modeling is ∼3 × neo-Alcator Linear Ohmic Confinement
scaling (LOC) [30, 31], which is the appropriate comparison
for an ohmic discharge. As LTX-β does not have a divertor and
plasmas are generally limited on the high-field side shell sur-
faces, it does not operate in H-mode. Nonetheless, energy con-
finement compares favorably to both the ITER H98y scaling
[31] and the Globus-M2 ST H-mode scaling (ST22) [32, 33].
The data was taken with two fresh lithium evaporations, one
before the start of tokamak operations (100 nm of lithium),
and the other midway through the run day (50 nm of lith-
ium), for a total evaporated mass of 0.86 g. To estimate recyc-
ling, hydrogen neutral flux from the wall was measured using
a hydrogen Lyman-alpha array [24], and hydrogen ion fluxes
to the walls were calculated using a simple, scaled 1D sheath
limited model [34, 35]. In comparison to older Li coatings
that are expected to have a higher recycling coefficient, these
discharges with fresh lithium surfaces had a DEGAS2 [36]
modeled recycling coefficient close to 0.5 [35].

For these ohmic plasmas, the ion temperatures were
modeled by TRANSP assuming neoclassical ion confine-
ment. The discharges used for this analysis were rapidly
evolving, in part because the plasma current is not feed-
back controlled, and also because fueling was provided
by a combination of the HFS gas puffing system and the
SGI [24, 25]. The SGI produces a fast rising, fast falling
fueling gas pulse which, in a tokamak with low recycling
walls, produces a corresponding fast response in the plasma

density. The rapidly evolving nature of the discharges requires
that a time-dependent TRANSP analysis be performed and
produces a time-dependent estimate for the confinement
time.

3.2. Extended current flattop duration

Recently, the control software for the ohmic power supply was
upgraded, enabling discharges with long current flattops that
exhibit steady increases in confinement time. Electron density,
temperature, and pressure from a set of discharges with a long
current flattop and a moderate plasma density are shown in
figure 8. Prior to operations, a nominal 100 nm coating of fresh
lithium was evaporated onto the shells.

The electron temperature profile is hollow at the start of
the Ip flattop, then flattens and evolves to a broadly peaked Te

profile, with edge temperatures remaining in the 100–200 eV
range through the data record. Note that the plasma edge
moves inward to R ∼ 53 cm at the end of the current flattop.
The density rises moderately through the Ip flattop.

At higher densities the duration of the current flattop is
reduced. Figure 9 displays data from a more heavily fueled,
higher density version of the discharge shown in figure 8. The
peak electron density is increased from <2 × 1019 m−3 to
∼4 × 1019 m−3, and the contour plots show that peaking of
the density profile increases. The central electron temperat-
ure is reduced at higher density, but the electron pressure peak
increases overall.
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Figure 9. Evolution of the electron density and temperature from an ensemble of discharges with an extended current flattop, lithium
plasma facing surfaces, and increased density compared to the discharge displayed in figure 8. Squares or dashed black and white lines
indicate the position of the axis and the low field side last closed flux surface.

The TRANSP analysis for both sets of discharges is shown
in figure 10. The ion temperature in these ohmic discharges
is not experimentally measured, but rather calculated by
TRANSP assuming neoclassical ion confinement. Electron
temperature, stored energy, and confinement time rise through
the current flattop. In both the low and high density cases, the
peak confinement times are∼3–4× LOC and∼2×H98y and
ST22 confinement scalings [30–33]. The stored energy shown
in figure 10 is derived from the measured electron temperat-
ure and a TRANSP estimate of the ion temperature, assuming
neoclassical ion transport.

Although direct measurement of the ion temperature was
not available for these discharges, stored energy is also estim-
ated from PSI-Tri [37] magnetic equilibrium reconstructions
using a corrected diamagnetic loop. A significant number
of corrections are required to obtain the stored energy from
the magnetic measurement in LTX-β, due to large, rapidly-
evolving eddy currents and compression of various field com-
ponents between the plasma and the stainless-steel-faced cop-
per shell. For these discharges, with a longer plasma current
flat top, the magnetic and the kinetic estimates of the stored
energy agree for the latter part of the discharge, after the ini-
tial current ramp, as shown in figure 10.

4. Neutral beam heated discharges

The upgrade of LTX to LTX-β included the installation of
a short-pulse neutral beam (10–20 keV, up to 35 A injected

H neutrals) [20, 38, 39]. The available port geometry on the
vacuum vessel (see figure 2) limited the range of tangency
radius for neutral beam injection (NBI). Initially, the beamwas
installed with a tangency radius of R= 19 cm, with the option
of re-aiming the beam to larger radius (R = 27 cm) by swiv-
eling the source on its bellows mount. Over this range, opera-
tion at a smaller tangency radius produces a larger population
of fast ion first orbit losses, according to modeling with a full
ion orbit code [40]. When the beam source is oriented at the
largest available tangency radius, part of the beam footprint
is blocked by the vacuum vessel port. For this work, an inter-
mediate tangency radius of R = 24 cm was chosen. Operation
at this tangency radius does not eliminate first orbit fast ion
losses, so that injection at reduced energy (∼13 keV) is also
employed to reduce losses, although at the expense of redu-
cing heating power. Operation at lower injection energy also
reduces beam shine-through. However, since the neutral beam
is optimized for operation at 17–20 keV, the extracted current
and total power from the beam is significantly reduced at lower
acceleration voltages.

4.1. NBI heating with relatively peaked Te profiles

Figure 11 presents a summary of TRANSP analysis, with the
neutral beam heating analysis package NUBEAM [41], for a
relatively peaked Te profile discharge with neutral beam heat-
ing in LTX-β, compared to an otherwise identical ohmic dis-
charge. In this analysis, neoclassical ion transport coefficients
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Figure 10. TRANSP analysis for the discharges with extended
current flattops shown in figures 8 and 9. Stored energy from
magnetics only reconstructions is shown with error bars
representing the standard deviation of measurements from the
ensembles of repeated shots. The ohmic loop voltage is maintained
at approximately 1 V to maintain the flattop in the low-density case,
and ∼10% higher in the high-density case.

are scaled by TRANSP so the core ion temperature matches
peak T i measurements from C VI spectroscopy (see below).
The injected neutral beam power was 310 kW with <20 kW
of shine through. Direct losses of fast ions to the shell struc-
ture, from NUBEAM modeling, is significant; up to 70 kW,
with some additional losses due to charge exchange. As a res-
ult, the combined ohmic and coupled neutral beam power is
approximately 400 kW, compared to∼260 kW of ohmic heat-
ing in the comparison discharge. For NBI at low energy, with
a target electron temperature of 150–250 eV, beam coupling is
dominated by charge exchange, and the injected fast ions slow
down primarily on the plasma electrons. The slowing down
time on electrons τse ranges from a few to >10 ms, varying
as Te

3/2/ne. Since the beam duration is 5–8 ms, tests of beam
heating at present are limited to relatively cold, dense target
plasmas.

The peak ion temperature (upper right panel in figure 11,
measurements from C VI shown with error bars) indicates that
ion heating during beam injection is small (mainly seen at
472 ms), but the electron temperature increases in the neutral
beam heated discharge compared to the ohmically heated com-
parison discharge. The stored energy during the beam pulse is
approximately doubled in the beam heated discharge, while
the confinement time is similar for both the ohmic and beam
heated discharges.

Electron density, temperature, and pressure profiles for the
discharges compared in figure 11 are shown in figure 12, for
the time of peak measured electron heating (471 ms). Beam

Figure 11. TRANSP and NUBEAM analysis of high-density
discharges with low energy (13 keV) NBI (red), and comparable
ohmic discharges (black). Peak injected neutral beam power was
∼350 kW; the power PNBI indicated in the upper left panel (dotted
line) is beam power coupled to the plasma. The drop in peak
electron temperature shown in the upper right panel is a
consequence of strong fueling, just prior to beam injection, to
increase the target plasma density. Modeled ion temperature is
constrained to match measurements from C VI line broadening.

shine through at this time is calculated to be <2.5%, peaking
at∼5 kW. This is the estimate produced with NUBEAMmod-
eling with TRANSP; a direct measure of beam shine through
is not available on LTX-β. The electron temperature is not flat,
since strong gas puffing was employed to produce a high target
density. Strong puffing also reduces the target electron temper-
ature, and therefore the slowing down time of the fast injected
ions, to a few milliseconds, so that the fast ion slowing down
time on electrons τse is shorter than the modest beam pulse
length of ∼7 ms. Unfortunately, this present restriction lim-
its effective beam heating to lower electron temperature dis-
charges in LTX-β.

4.2. NBI heating with relatively flat Te profiles

Although discharges with flat temperature profiles are now
routinely obtained in LTX-β, such discharges typically require
reduced gas fueling, so that plasma density is lower and elec-
tron temperature higher than the other discharges used as neut-
ral beam targets (figures 11 and 12). Rapid fueling during the
current ramp can achieve moderately dense, cool, and flat tem-
perature profiles, though the plasmas tend to be more unstable
and shorter lived than discharges with more gradual fueling.
Beam shine-through is larger, fast ion losses to the surrounding
shells are larger, and the fast ion slowing down times are com-
parable to or longer than the beam pulse length. Under these

8
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Figure 12. Thomson scattering radial profiles of electron density,
temperature, and pressure at 471 ms for discharges in figure 11 with
low energy NBI (red), and comparable ohmic discharges (black).

conditions, neutral beam heating is weaker than for denser,
colder targets.

A comparison of the electron temperature, density, and
pressure profiles for relatively flat temperature discharges
(Tedge ∼ Tcore/2) with and without NBI is shown in figure 13,
which can be compared with the results for denser, colder dis-
charges with peaked electron temperatures in figure 12. These
profiles incorporate measurements from the new five chan-
nel polychromator-based high field side Thomson scattering
(HFSTS) [42], though it should be noted the HFSTS dens-
ity profile is presently uncalibrated, and some channels are
rescaled empirically to account for apparent viewing aperture
clipping of the scattered laser light. The line-integrated density
measuredwith interferometry is used as a constraint to normal-
ize the density profile. The HFSTS data confirms the relatively
flat temperature profile extends across the magnetic axis and
is modestly hotter with the addition of NBI.

In order to determine ion temperatures, spectra from mul-
tiple species were measured with a high-throughput spectro-
meter with a fiber array [43] along twelve sightlines view-
ing away from the neutral beam path. The measured passive

Figure 13. Thomson scattering radial profiles of electron density,
temperature, and pressure during beam heating of discharges with
relatively flat temperature profiles (Tedge ∼ Tcore/2). Heating is less
pronounced than for discharges with denser, colder plasmas.

emission from the C III triplet near 465 nm, the Li III line at
450 nm, and the C VI line at 529 nm were used to reconstruct
an ion temperature profile using multiple matched plasma
discharges. A matrix inversion technique [44] was used to
obtain local values of emissivity and ion temperature from the
line-integrated measurements. In figure 14, the line-integrated
‘apparent’ ion temperatures (points with error bars), as well
as the inverted local temperature profiles (splines with error
bands) are shown alongwith the relatively flat electron temper-
ature profiles (red) from the ohmic and NBI-heated discharges
in figure 13. Figure 14 shows that while edge Te is high, edge
T i from C III can remain low, likely due to charge exchange
losses during the edge fueling found to be necessary for beam
coupling. In the core, calculated uncertainty in the inversion
of T i is high, though the close agreement between the Li III
and C VI inverted and line-integrated T i, as well as considera-
tion of the Thomson and emissivity profiles, gives reasonable
confidence in using the peak line-integrated T i measurements
to constrain TRANSP simulations. The various T i measure-
ments also agree in showing a modest T i increase in the NBI

9
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Figure 14. Line-integrated ‘apparent’ ion temperatures (points with error bars) from C VI (purple), Li III (green), and C III emission (blue);
inverted local T i profiles (splines with error bands); electron temperature profiles (red) from the (a) ohmic and (b) NBI-heated discharges in
figure 13.

Figure 15. TRANSP and NUBEAM analysis of relatively flat
temperature discharges in LTX-β with low energy (13 keV) neutral
beam injection (red), and a comparable ohmic discharge (black).
Peak injected neutral beam power was ∼290 kW; the power
indicated in the upper left panel (dotted line) is beam power coupled
to the plasma, which is much lower than in the case shown in
figure 11. Peak T i data is from Li III Doppler broadening
measurements.

heated discharge (right) relative to the ohmic discharge (left),
similar in scale to the Te increase. For the peaked Te profile
discharges, core T i from C VI was used for the TRANSP runs
in figure 11, while for the relatively flat Te profile discharges,
Li III was used in TRANSP for figure 15.

In figure 15 we show the results of TRANSP analysis for
beam heating of targets with flat temperature profiles. Note the
significant increase in the stored energy for beam heated dis-
charges, despite modest coupled NBI power. The beam input
power for these discharges was similar to the case shown in
figures 12, 290 kW, with 45 kW of shine through. The largest
loss of beam power is to the shell system, peaking initially at
175 kW, then dropping so that the power coupled to the plasma
is∼100 kW. As in figure 12, the TRANSP-calculated confine-
ment times for both the beam heated and ohmic comparison
discharges are notably similar.

5. Turbulence measurements

Theoretically, the use of lithium walls to produce high
edge temperatures, reduce temperature gradients to negligible
levels, and therefore eliminate thermal conduction, may limit
energy losses to simple particle diffusion [45]. Reduction or
elimination of the core temperature gradient could stabilize
temperature gradient driven instabilities like the microtearing,
electron temperature gradient, and ion temperature gradient
modes (MTM, ETG, and ITG respectively). The remaining
sources of instability drive include the density gradient and
velocity space anisotropies due to trapped particles. Gyrokin-
etic simulations with the GYRO code for LTX predicted robust
trapped electron mode (TEM) instability, and ITG was driven
unstable during a simulated gas puff [45]. The TEM is a major
contributor of the cross-field heat and particle transport [46],
and a clear understanding of the TEM is vital to control the
transport. Apart from the normalized ETG R/LTe, the TEM
threshold depends on several parameters such as the normal-
ized density gradient R/Ln, safety factor q, and magnetic shear
[47, 48]. Further, the TEM is predicted to be destabilized
by decreased collisionality [46]. Because temperature gradi-
ent driven instabilities are minimized in the low recycling
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Figure 16. Fluctuation spectra from ohmic long current flattop discharges, using interferometry and FFS. (a) Averaged spectra from the
low-density discharges in figure 8. Estimated δn/n from interferometry and FFS are ∼0.02 and ∼0.03, respectively. (b) Averaged spectra
from the high-density discharges in figure 9. δn/n from interferometry and FFS are ∼0.02 and ∼0.06, respectively.

regime, LTX-β offers a unique opportunity to document dens-
ity gradient driven instabilities like the TEM in the low colli-
sionality regime. To this end, the capability for electron density
fluctuation measurements has been enhanced by the addition
of two new diagnostics: the FFS diagnostic and the tunable
fluctuation reflectometer.

5.1. FFS measurements

The FFS diagnostic utilizes the same hardware as the 288 GHz
interferometer, and measures small-angle forward scattering
along a radial view through the plasma [49].While the interfer-
ometer is sensitive to 0⩽ ky < 0.7 cm−1, for FFS the e-folding
sensitivity is shifted to the range 0.4 < ky < 1.7 cm−1. Here
and below, ky is the turbulence wavenumber in the transverse
direction to the microwave beam axis. Future modifications
will increase the upper limit to ky ∼ 3 cm−1. An example and
comparison of both techniques is shown in figure 16, where the
spectra of the fluctuation level δn/n are shown for ohmic long
current flattop discharges previously shown in figures 8–10.
Here the spectra from multiple shots have been averaged for
two time periods (early and late), and the analysis begins at
t = 470 ms to avoid strong MHD. The raw signals are also
high-pass filtered (15 kHz cutoff) to further reduce contam-
ination from MHD and to emphasize the high frequency por-
tion of the signal. For both the low density (figure 16(a)) and
high density (figure 16(b)) cases, interferometry and FFS show
fluctuations throughout the observed portion of the discharge.
Fluctuation levels are smaller in the low density discharges,
while in both cases δn/n is lowest early on and increases later
in the discharge. The broader spectra for the FFS measure-
ments are an indication that this diagnostic is sensing higher-k
turbulence compared to interferometery. Chord-averaged fluc-
tuation levels from interferometry are δn/n∼ 0.02 for both the
low and high density cases, while the corresponding values
from FFS are δn/n ∼ 0.03 and ∼0.06.

5.2. Fluctuation reflectometry measurements

The tunable fluctuation reflectometer combines two fixed-
frequency reflectometer channels (Ku-band: 13.1–20.5 GHz,
Ka-band 20.3–40 GHz) with the vacuum interface for the
existing profile reflectometer (13.1–33.5 GHz) [50]. Density
coverage extends from 0.2 to 1.4 × 1013 cm−3 for the profile
reflectometer and to 2 × 1013 cm−3 for the fluctuation reflec-
tometer. The wavenumber sensitivity is centered at zero with
an e-folding width of<2.4 cm−1, corresponding to kyρs < 1.3
for a typical discharge. The presence of both diagnostics on the
same port allows for fluctuation measurements with wide tem-
poral bandwidth (5MHz), and high spatial resolution (<1 cm).
An example of this capability is shown in figures 17(a)–( f )
where reflectometer data from representative ohmic long cur-
rent discharges in figures 8–10 are presented. We note that
for the high-density case from figure 9, the density profiles
are steeper and the central portion of the reflectometer spec-
tra are broader. In addition, these spectra show strong spatial
variations and large asymmetries compared to the low-density
case. Spectral asymmetries are typically associated with the
Doppler effect due to turbulence propagation [51], while spec-
tral broadening can occur due to changes in the turbulence
characteristics such as fluctuation level, wavenumber spec-
trum, correlation length, etc [52]. Coupledwith the higher δn/n
measured by FFS and the steeper density gradient seen by the
profile reflectometer, these fluctuation reflectometer spectra
may indicate the destabilization of TEM-like turbulence dur-
ing the latter phase of the high-density long current discharges.
Future work will extend the gyrokinetic work from [45] to
LTX-β plasmas, utilizing full-wave codes for reflectometry
and beam propagation codes for FFS to quantify the diagnostic
response to turbulence. Finally, the variety and quantity of
fluctuation data motivates the exploration of data parametriza-
tion methods to generate a database that can be used with data
science techniques [53].
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Figure 17. (a)–(c) Profile and fluctuation reflectometer measurements during the flat Te phase for low density, long current discharges in
figure 8. (a) Density profile and cutoff locations, (b) frequency spectrum of the fluctuation reflectometer signal during the early part of the
flat Te phase, and (c) the same analysis for the late portion. (d)–( f ) Corresponding plots for high density, long current discharges in figure 9.
The vertical lines in the spectra indicate the median frequency.

6. Summary, discussion, and future work

Careful control of the fueling of the discharge combined with
repeated deposition of fresh lithium on all plasma facing sur-
faces in LTX-β has produced flat electron temperature profiles
which persist for several energy confinement times. The toka-
mak has presently been under vacuum, without a vent, for over
4 years, and recycling coefficients R < 0.5 are consistently
obtained. At this point, high recycling discharges are no longer
available, even after extended periods without fresh lithium
deposition. Flattened electron temperature profiles have been
produced for central plasma densities up to 2 × 1019 m−3,
with peaked density profiles. In contrast, peaked temperature
profiles are still observed for the ions. The electron and ion
profiles are expected to be decoupled, since the electron-ion
energy exchange time for lower density discharges with flat
electron temperature profiles is∼5–10 ms, and the ions suffer
charge exchange with the edge neutral population even with
modest continuous edge fueling. For ohmic discharges, energy
confinement times range up to 7–8 ms, which is ⩾ 2× ITER
H98y and Globus ST22 scalings. Confinement improves
with density, as expected from Alcator LOC scaling for an
ohmic tokamak, noting that measured energy confinement

times can be up to 4 × greater than those predicted by the
scaling.

Initial results with neutral beam heated discharges have also
been obtained, with coupled beam power up to ∼220 kW, or
modestly higher than the ohmic heating power, into higher
density, strongly-fueled discharges with peaked electron tem-
perature profiles (figures 10 and 11). Peak electron temperat-
ure is increased by an approximate factor of two with neutral
beam heating. The edge temperature does not increase, so the
peaking of the temperature profile increases with neutral beam
heating in this case.

Discharges with relatively flat electron temperature profiles
(Tedge ∼ Tcore/2) have also been heated by neutral beam injec-
tion, although the lower density and increased electron tem-
perature in these discharges increase the slowing down time of
the injected ions on the electron population to 4–5 ms, com-
parable to the duration of neutral beam injection. For these dis-
charges the increase in electron temperature with beam injec-
tion occurs broadly across the electron temperature profile, and
the resultant temperature profile is broadened compared to the
ohmic target (figure 13).

For both more peaked and relatively flat electron tem-
perature profile scenarios, the energy confinement time with
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beam heating is similar to the confinement time for the tar-
get ohmic discharge even though the total absorbed heating
power approximately doubles. At the presently available levels
of coupled beam power, there is no degradation of confinement
time with auxiliary power.

Future modifications to the NBI system will enable
increased heating power for longer duration to extend these
confinement results toward regimes with dominant auxiliary
heating and higher electron temperatures. Plans are to modify
the vacuum vessel to increase the tangency radius of the neut-
ral beam to R = 33 cm in 2023, in order to reduce first orbit
fast ion losses on the close-fitting shells for injection energies
up to 17 keV. Higher injection energies will also allow the
beam to operate at higher injected current and significantly
higher power. Along with the re-aiming of the neutral beam,
we plan to extend the beam pulse length to 20 ms to enable
NBI heating of higher temperature plasmas with longer slow-
ing down times. These upgrades and further optimization of
beam and discharge parameters to improve fast ion confine-
ment will also benefit future NBI fueling studies on LTX-β.
NBI fueling is potentially attractive for the high efficiency core
fueling required for a low recycling fusion reactor [2, 15–17],
though it is especially challenging in a modest scale device
like LTX-β.

Both the far-forward scattering and fluctuation reflec-
tometry diagnostics are fully functional for monitoring
broadband electron density fluctuations. FFS provides a
chord-averaged view of fluctuations, while the measurement
locations for fluctuation reflectometry are specified by the
profile reflectometer. FFS and reflectometer measurements
show several properties consistent with TEM turbulence dur-
ing the latter portion of higher density gradient discharges.
The frequency spectra of the reflectometer signals show strong
variations in symmetry and width, indicating plasma flows
and changes in the turbulence characteristics. Future work
on LTX-β will utilize access to very low recycling regimes
in order to investigate the interplay between large variations
in the electron density and temperature gradients, and the
observed turbulence characteristics (e.g. ITG-like or TEM-
like). A more complete analysis will require additional meas-
urement capabilities (e.g. E × B toroidal rotation velocity
profiles from ion spectroscopy data—currently under devel-
opment), in addition to gyrokinetic simulations and synthetic
diagnostics.
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