Observation of flat electron temperature profiles in the Lithium Tokamak Experiment
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It has been predicted for over a decade that low-recycling plasma facing components in fusion
devices would lead to high edge temperatures and flat or nearly flat temperature profiles. In recent
experiments with lithium wall-coatings in the Lithium Tokamak Experiment (LTX), a hot edge
(>200 eV) and flat electron temperature profiles have been measured following the termination
of external fueling. Reduced recycling was demonstrated by retention of ~60% of the injected
hydrogen in the walls following the discharge. Electron energy confinement followed typical ohmic
confinement scaling during fueling, but did not decrease with density after fueling terminated,
ultimately exceeding the scaling by ~200%. Achievement of the low-recycling, hot edge regime has
been an important goal of LTX and lithium plasma facing component research in general, as it has
potentially significant implications for the operation, design, and cost of fusion devices.

PACS numbers:

The use of lithium as a wall material in fusion devices
has the potential to enable a fundamentally different
operating regime [IH3] than the conventional approach
based on high-recycling, high-density, low-temperature
detached divertors. Chemical bonding of hydrogen iso-
topes by lithium (Li) can reduce wall-recycling and
edge neutral density, avoiding the low edge temperature
boundary condition imposed by the influx of cold neu-
trals. By severing the link from the cold wall to the hot
core, Li has been predicted to allow high edge tempera-
tures with flat or nearly flat temperature profiles, with
fusion production in the entire confined volume and sup-
pression of temperature gradient driven instabilities lead-
ing to improved confinement [IH3]. A regime with greatly
reduced neoclassical transport has also been predicted in
the absence of thermal gradients [4]. Even with thermal
gradients, a high edge temperature can greatly improve
fusion gain, with core temperature approximately pro-
portional to edge temperature in marginally ion temper-
ature gradient stable profiles [5l [6].

Improved confinement would enable more compact fu-
sion devices with lower capital cost, and risks of costly
downtime and repairs to the plasma facing components
(PFCs) could also be reduced by lithium walls. While
the conventional high-density, low-temperature divertor
concept is motivated by spreading heat loads to avoid
thermal damage to solid materials and reduce erosion
and impurity influx by sputtering [7], lithium would nat-
urally be liquid in a fusion device, making it robust to
damage with the ability to handle large heat loads. Suffi-
ciently thick Li PFCs could also prevent tritium retention
in solid materials where it is difficult to extract and can
require maintenance. Liquid Li PFCs would continuously
flow out of a reactor for fuel extraction (and possibly heat
removal, with fast flow) before being returned. Several

concepts for extraction of tritium from lithium have been
proposed [8,[9], though large scale extraction from liquids
remains an open challenge perhaps larger than trace re-
tention in solids [9HIT].

Lithium is also attractive because of its low first ioniza-
tion potential, meaning sputtered Li will ionize close to
the wall and redeposit rather than entering the confined
plasma as an impurity. Lithium’s low atomic number
Z=3 also means relatively large Li impurity concentra-
tions would be tolerable in a fusion device. In the conven-
tional, low-temperature edge regime, material sputtering
increases with edge temperature. However, sputtering
yield for Li peaks at T, ~ 200 eV and then decreases
with edge temperature [12], making a high-temperature,
low-density edge feasible with a lithium wall.

Experiments using lithium coatings have shown a va-
riety of performance improvements, mainly attributed to
reduced recycling. Improved density control and H/D ra-
tio were achieved in EAST due to pumping of the dom-
inant plasma species by Li [13]. NSTX demonstrated
higher edge rotation, likely because Li reduced neutrals
and therefore charge exchange drag [I4]. Li coatings also
led to greatly improved confinement in TFTR, CDX-
U, NSTX, and DIII-D [15HI8]. NSTX, EAST [I9], and
DIII-D [I8] also saw modification and suppression of
edge-localized modes (ELMs), explained in NSTX by the
change in recycling that modified and stabilized pedestal
profiles [I7, 20]. Methods to reduce edge neutrals with-
out Li can also cause beneficial changes to the pedestal,
reducing pedestal density and collisionality and chang-
ing the bootstrap current and density pedestal struc-
ture in C-Mod, JET, and AUG [2IH23]. In both NSTX
and the devices without Li, peeling-ballooning stability
improved, allowing a higher temperature and pressure
pedestal and improving confinement [24H26].
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FIG. 1. Electron temperature T, profiles from UEDGE sim-
ulations as a function of global wall recycling coefficient R,
(ratio of incoming wall neutrals to outgoing plasma ions). In
the simulations, core temperature and density were held fixed
at 200 eV and 5 x 10'® cm™3. Particle diffusivity was set at
0.5 m?/s and thermal diffusivities were 1 m?/s.

While no previous experiment has directly measured
the hot edge, flat temperature profile, low-recycling
regime, modeling of TFTR improved confinement dis-
charges was consistent with many of the key predictions
of the low-recycling theory [I, 2]. Modeling based on
gyrofluid and gyrokinetic turbulence simulations showed
that improved confinement in TFTR supershots could
be explained by higher temperatures in the outer part
of the plasma (attributed to reduced recycling; the edge
was not directly measured) leading to reduced ion tem-
perature gradient turbulence and improved confinement
Bl 27].

Predictive modeling studying variation of the global
wall recycling coeflicient has previously been performed
with the UEDGE multi-fluid edge code [28], using pa-
rameters relevant to the present work. The UEDGE
simulations are consistent with the low-recycling theory,
predicting a strong increase in edge temperature with
flattened temperature profiles when most escaping ions
do not return as cold neutrals (Figure . In this Letter,
we present the first experimental observation of flat elec-
tron temperature profiles with a hot edge in the Lithium
Tokamak Experiment (LTX), the first step in exploring
this promising regime.

The LTX device is a spherical tokamak [29] designed
and built specifically to study Li PFCs [30]. In early ex-
periments using neutral helium to disperse solid Li coat-
ings, significant improvement in performance was shown.
Neutral pressure and residual gas analyzer measurements
showed high pumping and retention of the fueling gas
[311 B2], and reduced recycling was inferred from Lyman-
a measurements and interpretive modeling with the DE-

4 0.18

B, @ 40 ¢ [T]
Smooth
o-Smooth |
o-Raw

JUlim

)1l
o
-1 |
-2 Wllmmn @ o017 ]
28 Lo [10* cm] ‘
0.8} < |
50 ‘©F Smooth
0.6l o-Smooth | [
40 o-Raw | |
30 0.4
20 o2 ‘
10 : g
0 0.0L__ &'{
440 450 460 470 480 440 450 460 470 480
Time [ms] Time [ms]

FIG. 2. Waveforms of (a) loop voltage Vioop, (b) toroidal field
Br, (c) plasma current I,, and (d) line-averaged density fic.
The red line is the median over the 55 discharges of the time-
smoothed waveforms, the black band is the standard deviation
of the smoothed waveforms, and the blue band is the standard
deviation of the raw waveforms. The gas puffing control signal
(cyan) is overlaid in (d). The vertical dashed lines indicate the
part of the discharge when Thomson scattering measurements
were made and TRANSP modelling performed.

GAS2 neutrals code [33} [34]. Later experiments with
electron-beam evaporation showed additional improve-
ments, including good performance using liquid lithium
coatings [35], B6]. Using the Materials Analysis and Par-
ticle Probe (MAPP) to make in vacuo measurements, it
was determined that while the surface was mostly oxi-
dized within a few hours, the solid lithium coatings were
still effective at pumping hydrogen [37H39].

In the LTX vacuum vessel, a close fitting shell sur-
rounds ~80% of the plasma surface, with toroidal and
poloidal breaks dividing the shell into 4 quadrants. The
shell is 1 c¢m thick copper with a 1.5 mm thick stain-
less steel liner providing a lithium-compatible PFC. For
the experiments described here, ~150-200 mg of Li was
evaporated from each side, giving coatings ~75-100 nm
thick assuming uniform coverage. The shell was allowed
to cool overnight and discharges were performed the fol-
lowing day [40].

A series of 55 reproducible discharges were repeated
with identical programming during a single run day (Fig-
ure [2). As the LTX Thomson scattering system [41} 42]
can measure electron density and temperature profiles
only once per discharge, repeated discharges were nec-
essary to measure time evolution of the plasma profiles.
The vessel was pre-filled with 8 x 10™® Torr of Hy, and
breakdown occurred at ¢ ~445 ms. The pre-programmed
waveform of the ohmic heating central solenoid induced
the plasma current (I,) with a peak value of ~60 kA
at 460 ms that decreased slightly over the next ~17 ms
before the discharge terminated. Additional fueling was
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FIG. 3. Neutral hydrogen atom inventory from fast ion gauge
(FIG) waveform without plasma (dark blue dot-dashed), with
plasma (yellow dashed), and the difference (purple dotted).
Electron inventory from interferometer and reconstructed
plasma geometry (pink), and scaled by a factor of 20 (pink
dashed). Fueling rate from high-field side gas puffer (cyan)
and integrated fueling (green).

provided from the high-field side puffer, including a large
puff beginning at the I, peak. There was no additional
fueling after the I, peak, allowing study of the plasma
with recycling as the only source of neutral gas.

As Li readily pumps hydrogen atoms and ions, but not
molecular hydrogen, one simple indicator of reduced re-
cycling due to the Li coatings was the reduction in vessel
neutral pressure after the discharges terminated, relative
to calibration shots taken throughout the day with iden-
tical gas fueling but no plasma [31] [32]. In Figure (3] the
dark blue dot-dashed curve shows the averaged neutral
pressure for the gas-only shots, as measured with a ves-
sel fast-ion gauge, while the yellow dashed curve shows
the averaged neutral pressure for the plasma discharges.
During the discharge, the neutral pressure was greatly
reduced as the particles were confined in the plasma vol-
ume and retained in the walls. When the discharge ter-
minated, the plasma recombined to molecular hydrogen,
and in the absence of wall retention, the vessel pressure
would return to the gas-only value. The difference in
vessel pressure between the gas-only and plasma shots,
shown in purple dots, gives the amount of hydrogen re-
tained in the walls, equivalent to 60% of the hydrogen
puffed to fuel the plasma.

Thomson scattering (TS) was the key diagnostic in the
present study. The LTX TS ruby laser fired a single 15-
20 J, ~35 ns pulse per discharge on a near-radial mid-
plane path [41] 42]. Light was imaged using downward
viewing optics onto an array of optical fibers, and 11
channels covering the radial midplane from the magnetic

axis outboard were measured with a spectrometer and in-
tensified camera. The TS measurement time was varied
over the 55 repeated discharges in 1 ms intervals covering
the period from 460-477 ms, with measurements at each
time point repeated several times. In order to improve
signal-to-noise, the raw spectra were averaged for all TS
measurements taken at the same time point, as well as
their nearest neighbors in time [40]. The measurement
time of averaged spectra was taken to be the average of
the the measurement times. The TS density (n.) profiles
were mapped to the high-field side of the magnetic axis,
fit with smoothing splines, numerically integrated, and
normalized to the line-averaged density 7. n. was mea-
sured with a 1 mm microwave interferometer [43] along
a radial midplane beam path that reflected off the cen-
ter stack. For an initial normalization, the mapping was
performed based on the plasma boundary as determined
directly with flux loops and mirnov coils [32, [44] and an
analytic formula for the Shafranov shift [45]. The TS
profiles of electron pressure p., and an assumption for
ion pressure p; = 0.3p. were used to constrain magnetic
equilibrium reconstructions using PSI-Tri. PSI-Tri is an
axisymmetric equilibrium code that includes a model for
eddy currents induced in the thick copper shell as well as
the vacuum vessel [46]. Final n. normalizations using the
magnetic reconstructions for mapping were only slightly
changed from the initial normalizations. The TS profiles
were also used to calculate ADAS [47] photo-emission
coefficients for visible spectroscopic measurements of im-
purity density profiles. Using a simple model for the un-
measured impurity charge states, these measurements in-
dicated fairly low impurity concentrations, with ~ 2—4%
lithium, ~ 0.6 — 2% carbon, ~ 0.4 — 0.7% oxygen, and
Zeps < 1.2 [0, 48]

Figure [4] shows ne, T, and p. profiles near the peak
density from the large gas puff (t = 465 ms, left) and
long after external gas fueling was terminated at (t = 474
ms, right). Though 11 radial points were measured, the
three farthest outboard were unreliable due to low count
rates and are not shown. The accuracy of the TS profiles
are corroborated by comparison of the n. profiles with
those measured with a profile reflectometer [49] [50]. The
major radii of magnetic axis and last closed flux surface
(LCFS) at the outer midplane are shown as vertical lines,
calculated using the PSI-Tri equilibria and the flux loop
measurements.

The determination of the LCFS in LTX had some un-
certainties, but the observation that the T, profile re-
mained flat from the core to the edge after external fuel-
ing was terminated is robust to several different methods
of interpretation. Later in the discharge, the radius of the
outboard midplane LCFS determined solely using mag-
netics was ~5 cm less than that determined using the T'S-
constrained reconstruction. This difference means that
T, remained above 200 eV for ~3 cm beyond the plasma
edge at the LCFS determined using the magnetics-only
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FIG. 4. Thomson scattering (TS) ne, Te, and p. profiles dur-
ing the peak of the gas puff (left) and after fueling ceased
(right). The magnetic axis and last closed flux surface (LCFS)
from magnetic reconstructions are shown as vertical dashed
lines, while the LCFS from direct magnetic measurements
are shown as vertical dotted lines. Reflectometer n. profiles
(blue) are overlaid on the TS n. profiles.

measurement, while the farthest outboard point was
still ~2 cm inside the TS-constrained boundary mea-
surement. The TS and reflectometer both showed a
gradually decreasing n. profile, with no evidence of the
sharp edge density gradient seen in the standard high-
confinement regime (the H-mode pedestal). Based on
the TS-constrained LCFS measurement, a sharp temper-
ature drop inside the LCFS cannot be completely ex-
cluded. However, a hypothetical T, pedestal would imply
a transport barrier that confined energy but not particles
such as I-mode [51], which has not been previously ob-
served in a tokamak operating without auxiliary heating,
at low aspect ratio, or with a limiter rather than a diver-
tor.

The main transport mechanisms in LTX and the im-
portance of temperature gradient driven modes relative
to other effects are not presently well characterized. Fur-
thermore, analysis of the transport of these discharges
is difficult due to the transient nature of the discharges,
with large changes in density and temperature and small
but significant variations in loop voltage, toroidal field,
and plasma current (shown in Figure [2] (a-c)) as well as
reductions in major and minor radius (shown in Figure
4. Still, initial transport analysis using the TRANSP
code [40l B3] to calculate electron energy confinement
time 7g . is encouraging. Figure 5| shows the time evo-
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FIG. 5. Electron energy confinement time 7g,. from
TRANSP (black dashed) and the neo-Alcator Linear Ohmic
Confinement (LOC) scaling 75°¢ (red dotted) in units of ms;
line-averaged density 7. (blue) in units of 10'® cm™3. In cgs

units, 7£9¢ = 7.1 x 10_22ﬁ5aé‘}9ﬁR8'04q0'5 [52]. After fueling

was terminated and density decreased, TE,E/TEOC increased

to ~3 as the T. profile became flat at ¢ = 474 ms (vertical
dashed line).

lution of 75 . calculated by TRANSP over the interval
t = 460 — 475 ms based on the averaged TS profiles, PSI-
Tri equilibria, and measured magnetic coil waveforms.
As expected for an ohmic tokamak, 7z . increased pro-
portionally to density during the gas puff. However,
Ti,e then remained nearly constant even as density de-
creased below half of the peak value at the time the
flat T, profile was observed. During the initial den-
sity increase, electron confinement was well described
by the neo-Alcator Linear Ohmic Confinement (LOC)
scaling (cgs units) 759¢ = 7.1 x 107 %2ncalyf Ry 005
[52], though 7p . increased to 1.3759C at peak density.
Ry ~39 cm is the major radius of the magnetic axis,
aefyr ~27 cm is the effective minor radius of the elon-
gated torus, and ¢ ~7 is the edge magnetic field safety
factor. Curiously, though perhaps coincidentally, 7g .
began to exceed T59C ~ 107167, just after density ex-
ceeded the Saturated Ohmic Confinement critical density
scaling (n¢" ~ 5 x 10'2 em™3), which typically leads to
reduced confinement [54]. After fueling was terminated
and density decreased, 7g./759C further increased to
~3 as the T, profile became flat.

Given the longstanding predictions of flat temperature
profiles with low recycling PFCs from theory and mod-
eling, the experimental confirmation of the temperature
profile predictions is striking. The dramatic change in
the T, profile from peaked to flat following the termina-
tion of external fueling suggests that the PFCs did not
continue to provide a steady source of cold neutrals, but
rather retained hydrogen, as independently measured by
a fast ion gauge. The achievement of such flat T, pro-
files was a major goal of LTX and gives evidence for a
new, potentially high performance plasma regime for fu-
sion devices. This regime will be studied further in the



upcoming LTX-3 [48], which will include the addition
of a neutral beam and enhancements to enable longer
discharges. Core fueling with a neutral beam will pro-
vide auxiliary heating and allow the density to remain
stationary in the low recycling regime without edge fuel-
ing, enabling well-controlled studies of the effects of this
regime on confinement.
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