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Abstract High edge eefron te peratures (200 eV or greater) have been measured at the wall-
limited plasma bguadary 1 fge Lithium Tokamak Experiment (LTX). Flat electron temperature
profiles are a -predicted consequence of low recycling boundary conditions. Plasma density
in the outer s l;)lge)off layer is very low, 2-3 x 10" m™, consistent with a low recycling metallic
lithium botindary*Despite the high edge temperature, the core impurity content is low. Z is
estimated to_Be ~ 4. , with a very modest contribution (<0.1) from lithium. Experiments are
transi{(jjs ffing is used to increase the plasma density. After gas injection stops, the

gra

discharge der§ity is allowed to drop, and the edge is pumped by the low recycling lithium wall.
up o LTX — LTX-B — which includes a 35A, 20 kV neutral beam injector (on loan to
from Tri-Alph Energy)to provide core fueling to maintain constant density, as well as
heating, is underway. LTX-f is briefly described.
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1. Introduction

The Lithium Tokamak eXperiment (LTX) is a low aspect ratio tokamak with R=0.4 m, a=0.26
m, and «=1.5. Typical parameters are Biroidzat ~ 1.7 kG, Ip < 85 kA (60 kA in the discharges
considered here), and a discharge duration < 50 msec. LTX features a“egnformal 1 cm thick
copper shell or liner. The plasma-facing surface of the shell is cladywvith explosively bonded 1.5
mm thick 304 stainless steel. Prior to a day’s operations, the staimless“steel cladding is coated
with lithium to form the plasma-facing surface. The shell conforms.to the last closed flux surface
(LCFS) for a plasma with the nominal geometric parameters specified above, covers 80% of the
plasma surface area, and can be electrically heated #6-350<¢C. LTX was designed to investigate

modifications to tokamak equilibrium caused by lowweeycling lithium walls.

I1. Results with lithium walls after the termination of gas puff fueling

Discharges with high edge electron temperatures and flat radial electron temperature profiles —
an isothermal confined electron population = have now been achieved in LTX' with lithium
plasma-facing surfaces. Experiments tse a'lithium coating system which employs both electrical
heating of the shell system, and“additional electron beam heating to evaporate two lithium pools
in the lower shell structurgs The lithiim pools are heated to ~ 500 °C for 10 — 20 minutes. Each
heating cycle evaporates up to & few hundred milligrams of lithium, to produce 10 — 100 nm
thick coatings over, the entire plasma-facing surface. A more complete description of LTX and
the lithium coatigg systentdias been previously published.” Very low levels of residual water in
the device (partial\presstres in the mid to upper 10" Torr range) assist in maintaining lithium
surface conrditions, The surface composition of lithium coatings in LTX has been analyzed with
post-discharge X-ray photoelectron spectroscopy (XPS) using the MAPP (Materials Analysis
and Particle Brobe’), which indicates that the principal surface contaminant is oxygen. Initially
the lithium=exygen ratio in the surface is ~8:1; over a period of ~10 hours (longer than a run-day)
the ‘@xygen content of the surface increases until the lithium-oxygen ratio approaches 2:1, which
is indicative of the formation of lithium oxide.* XPS is a surface-localized diagnostic technique

which accesses the elemental composition to a depth of 3 nm. In order to oxidize the entire 100
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Publishimg coating of lithium which is typically applied to the LTX plasma-facing surfaces, several days

of exposure to background vacuum conditions would be required.

The only fueling approach available in LTX is gas puffing, with a gas nozzle located on the high
field side midplane of the centerstack assembly. In order to eliminate (/eutral fueling gas for part
of the LTX discharge, the plasma density is initially increased with atju to a line averaged

density of approximately 7 x 10"* m™. Gas injection is then terrr'n& tt =465 msec, and the
_—
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Figure 1. Time ev, '(Q?he line density (with the gas puffing intervals indicated),
the loop voltages the pla current, and the poloidal beta during the experiment.
The 55 dischZA‘ge sed ﬁor the experimental database were very reproducible.’

ith%ed to drop, while the remaining edge neutral population fuels the
turn pumped by the lithium wall over the following 3-5 msec. During this

discharge de
discharg anc‘lfis
periodsthe e nfutral gas pressure drops into the low 107 to upper 10 Torr range. Figure 1
shows ‘the ten§)0ral evolution of the line-averaged density (with gas puffing indicated), as well as
t :VOI tion of the plasma current, the loop voltage, and the poloidal beta during the

eriment. The plasma current is held as constant during the latter phase of the discharge as the

fitrol system permits.
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Publishing the neutral gas in the edge is pumped, the electron temperature profile evolves from broad,
but still peaked on axis, with an edge temperature of ~50 eV at the LCFS (similar to earlier
discharges in LTX, which exhibited relatively flat core electron temperature profiles out to r/a
~0.7-0.8, dropping to 20-30 eV at the LCFS°), to a very flat profile with an edge temperature >
200 eV. Flat temperature profiles extending to the bounding wall hafe been predicted to be a
consequence of low recycling boundary conditions,® but have no n preyiously observed in

any magnetic confinement device. Temperature profiles in LTX qured in discharges with
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Figure 2. (Color) Contour plots of t ion of the electron density, temperature, and pressure
profiles in LTX. Gas puffing i t465 msec. 3-5 msec are required to clear hydrogen

gas from the feedlines, at Wthh e is neither puffed gas nor a significant recycled gas
component in the plasma edge. Low ycling and the lack of cold gas leads to nearly complete
flattening of the electro erm%ture profile by 474 msec in the discharge. At the same time, the

edge plasma density in thescrap-off layer drops to 2-3 x 10'” m™ The pressure profile broadens,
despite peaking in the de/nsit

multipoint, si Lejj\s\Thomson scattering. The evolution of the electron temperature profile

was determine

rofile. Note that the plasma is initiated at 445 msec.

stepping the measurement time through the discharge, and averaging the data
over several discharges for each time point (especially for the low density edge), using a set of
55 idehtical diseliarges obtained within a single run day, following a fresh lithium coating cycle.
T e&&“@l of the electron temperature, density, and pressure is shown in Figure 2.

)

‘ﬂaﬁ temporal evolution of the edge and core electron temperature and density are shown in
«

igure 3. The core temperature rises gradually once gas puffing is terminated, from 150 eV to
>200 eV. However, the edge temperature increases by nearly a factor of five from 470 to 474

msec. Four milliseconds is 2-3 confinement times for this discharge. The core and edge electron
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Publishiaghsity both drop after gas puffing is terminated, but whereas the core density drops by
approximately 40% over the last 8 msec of displayed data, the edge density drops by

approximately an order of magnitude.
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Figure 3. Evolution of the edge and core electron tgg%gatur‘e)nd density during the discharge. The
S

positions of the axis and LCFS are from spline fit Thomson-seattering profiles mapped onto the
equilibrium using the TRANSP code.

N
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A more detailed comparison of the ra }kﬁlec n temperature profiles just after gas puffing is

~
terminated (at t=464.9 msec), dur‘q& dge temperature rise at t=472.9 msec, and after the
hi

edge temperature has risen to n‘m\wo e temperature, at t = 474 msec, is shown in Figure 4.
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?igure ~Radial plots of the electron temperature near the end of gas puff fueling in LTX (464.9
msec) during the edge temperature rise at 472.9 msec, and after the temperature profile has
ned at 474.0 msec. The position of the last closed flux surface is determined by magnetic
S equilibrium reconstruction with the PSI-TRI code.” An alternate determination of the position of
the LCFS, from direct magnetic measurements,® would indicate that the position of the LCFS is

1 - 2 cm inboard of the position shown in the plots in Figure 4.
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Publishinghough the density profile remains peaked during the period when the electron temperature
profile flattens (see Figure 2), the combined effect of density and temperature profile evolution is

to slightly broaden the electron pressure profile, as can also be seen in Figure 2.

Analysis with the TRANSP code,’” supported by spectroscopic mea(sérements of impurity ion
temperatures, indicates that the ion temperature are 40 — 70 eV, an profiles are also flat. The
density profile decreases approximately linearly with the poloi ux, to a very low edge

density of 2-3 x 10'7 m™. The core impurity content, ev sity plasmas without

hydrogen fueling, and edge electron temperatures of 200 eV, 1s éstimated to be low, using visible

spectroscopy and a simple model for unmeasured charg%;e:}] off 18 approximately 1.2, with
most of the increase from oxygen, followed by carbon. The llest fraction of the Z.s increase,
especially in the core, is from lithium. The ¢ ‘igfmtio‘rbto Zeftective for lithium, carbon, and
oxygen is shown in Figure 5. Low lithium 05:\;%?&1; core plasma has also been observed

with lithium coatings in NSTX'' and irﬁ1 t partial lithium coverage of the graphite

walls

0.10
472
o 468 0.06
£ 466
462 0.02
460k : ; 0.00
0 02 0. Y \ 170 02 04 06 08 10 02 04 06 08 1

1/2 1/2
Wn Wn

Figute 5. (Color)‘Contour plots of the evolution of the contribution of lithium, carbon, and
theAischarge Zctiective I LTX. The lithium atomic concentration was 2-4%,
0, and oxygen ~0.7%.

in ose&ievices led to an accumulation of carbon in the core plasma. In NSTX, this was
%eq'glly true during the inter-ELM period in the discharge. In LTX, the substrate for the
lithium coating is metallic, and the carbon and oxygen content originates only from residual

background gases in the vacuum chamber. The contribution of carbon to Zeffective remains < 0.1.
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Other results from LTX include successful operation with full liquid lithium walls, 4 m? in area,
covering >80% of the plasma surface area, and forming all of the plasma-facing components
(PFCs), with wall temperatures up to 270 °C.> Similar impurity levels are seen in these
discharges, with Zegfeciive remaining below 1.5, which demonstrates the/compatibility of tokamak
operation with liquid lithium PFCs. It is important to note that wit edg ectron temperature

in the range of 200 — 300 eV, the wall sheath potential for a conen\l Debye sheath, and
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Figure 6. T cul ion of the sputtering yield for proton impact on lithium, at normal
incidence aks at somewhat below 1 keV energy.
hence the j ngpgt energy on the wall, will approach 1 kV. This is somewhat in excess of the

peak sputt g energy for hydrogen impact on lithium, shown in Figure 6, but still — for LTX
-
ge

Sputtering yield (atoms/ion)
o
o
[y

with high edgg electron temperatures - very near the peak in sputtering yield. Further increases in
ed ron temperature, and consequently the Debye sheath, should lead to a decrease in

lithiym )npurity influx. At very high edge temperatures (typical of a reactor), similar
\\iﬁtulatlons indicate that the sputtering yield for deuteron impact on lithium will be very small."
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PublishiDgcharges in LTX are limited on the lithium-coated high field side wall, and collisionality in the
outer, low field side SOL is very low, with v¥¢ < 0.1 from the half-radius out, and approaching
0.01 in the edge during the period when the temperature profiles are flattened. Collisionality as a

function of time through the discharge for ions and electrons is shown in Figure 7.
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Figure 7. (Color) Collisionality for ion .and eleetrons as a function of time in the
dlsgharge The ‘sohd llngs denote g%' between the banana and plateau
regimes. The discharge is almost entirely+n the banana regime for both electron and
ions during the period when on tgmperatures are flat.
There is a significant gap betw outboard last closed flux surface and the outer lithium-
coated shell surface, as i ed in re 8. These discharges were operated at moderately low
plasma current (~60 ttop, with q(a) ~ 5). Since the edge neutral pressure is in the
high 10 Torr ra r ea ee path for ion charge exchange is > 1 km. Since LTX is a low
aspect ratio tok 1rr0r ratio from the outboard LCFS to the high field side limiting
surface is ~ an increases further into the SOL. As a result, 80 — 90% of the particles in the
outboard L ar apped In the absence of charge exchange losses, and if radial transport is
neglec rlp&ple mechanism for particle loss from the outboard SOL plasma is pitch angle
scattering on passing orbits. The pitch angle scattering time for the relatively hot electron
p ulat1 n 1S ’cee ~ 400 psec, and for the cooler ions Tj; ~ 1 -2 msec. Since the connection length
om outboard midplane to the inboard limiting surface is L¢onn ~ 5 m, the pitch angle
J&tt‘e}ng times for either electrons or ions are longer than the flow time to the limiting surface
(Leonn/Cs), where Cs is the sound speed. The SOL plasma is therefore effectively mirror trapped,

and in order to ensure ambipolarity of losses, must develop a positive Pastukhov (ambipolar)
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Publishipgential ¢,, for the ion and electron loss rates to be equal. Since T. > Tj, this potential is
relatively modest,'* with ¢, approximately 0.6 — 08 kT.. Unlike the SOL sheath potential,
however, which is confined to a region very near the limiting surface in a limited tokamak, or to
the private flux region in a diverted tokamak, the Pastukhov potential should extend into the low

een measured with

field side equatorial region, and may have a role in ejecting low energ% uttered impurities from
the SOL in LTX. Note that although edge temperatures and densiti &&

Thomson scattering, adequate diagnostics to measure the otentlal and other SOL
parameters in LTX was not available. Greater emphasis is d n SOL diagnostics for
LTX-B.
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Figure §: Colo§ Equilibrium reconstruction of the LTX plasma with the PSI-TRI code, which includes
cofrections e magnetic field components produced by the eddy currents induced in the copper shell
ture by, time-varying poloidal fields. The distance between the outer LCFS and the shell-defined wall
imately 10 cm, at times late in the discharge when the electron temperature profile is fully flat.

The development of a broad low field side SOL is attributed in part to large ion orbit widths in
the low toroidal field, low Ohmic current LTX discharge. The ion poloidal gyroradius for 40 - 70
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Publishieg hydrogen is 2 - 3 cm. The observed gap between the LCFS and the outer lithium-coated shell
surface is 10 cm, or a few ion poloidal gyroradii (see Figure 8). High ion temperatures at the
edge of a low recycling lithium tokamak have strong implications for edge power flow in a

tokamak reactor.

Since the temperature is flat to the wall, the implied temperature decay, length in the SOL is very
long. Since the ion temperature at the edge is high, the density scrape-oft length, which must
exceed the ion poloidal gyroradius by at least a modest factoprmust be long (as is experimentally
observed in LTX). This implies that the divertor power footpriat iftadow recycling tokamak will
be much broader than for a high recycling machine, possibly eliminating the need for advanced
divertor configurations such as the snowflake @r ‘super<X-“divertors. In addition to SOL
broadening through increase of the temperature Scrape-off length and the poloidal ion
gyroradius, the SOL width may be significanfly increased by edge turbulence." In the case of a
collisionless SOL, e.g. for LTX, or for a future reactor, the plasma loss rate along field lines from
the SOL is determined not by simple flow, with a characteristic loss time (Lcon/Cs ~60 psec), but
by ion pitch angle scattering, withsa characteristic time Tj; ~ 1 -2 msec >> (L¢onn/Cs), for LTX.
The longer SOL confinement, timés Wwould significantly increase the efficacy of turbulent

broadening of the SOL, for a givendevekof turbulence.

Of course, maintenangé of awery/low recycling edge is incompatible with puffing a radiating gas
such as neon or nitfogen’ There are as yet no scalings for the power deposition profile in a low

recycling tokamak; future experiments in LTX-£ will investigate this for the first time.

I11. The upgrade to LTX: LTX-

In lateé 2015 L'TX was vented in preparation for an upgrade to LTX-B. LTX-3 will feature neutral
bgameinjeetiof, using one of two neutral beams loaned to the LTX group by Tri-Alpha Energy, a
private company investigating FRC-based fusion concepts in Foothills Ranch, CA. The planned
installation of the neutral beam on LTX- is shown in Figure 9. The neutral beam will be
operated at 17 - 20 kV, with up to 35 A in injected current, in hydrogen. The initial operating

pulse will be power supply limited to 8 msec, with a subsequent doubling of the pulse length,
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Publishithgough the use of both available neutral beam power supplies. Another doubling of the pulse

length is planned, with an expansion of the existing power supplies, to a total of 30 msec. The
beam will provide both heating and partial fueling of the core plasma, which will reduce the

need for gas-puff fueling. A collaboration with Oak Ridge National Laboratory will provide

Neutral
“beam

Fig 9@1‘ the neutral beam installation on LTX.

beam-based core/phsgi gnostics, in particular CHERS (Charge Exchange Recombination
CHE

S diagnostic will also provide measurements of the plasma rotation

profile, and to;,oid omentum transport in the absence of neutral drag. A collaboration with the

Célifornia at Los Angeles will upgrade the existing microwave profile

reflect eter&liagnostic to record core density fluctuations. A new edge detector array for the
ﬁ

omsorsscattering system will be completed, and, as stated previously, SOL diagnostics will be

. Additionally, the toroidal field is being doubled to 3.5 kG, and the plasma current will
increased to 150 — 200 KA.
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1V. Summary

Experiments in LTX have demonstrated several key features of the lithium tokamak.

1. The production of flat temperature profiles — an “Isothermald Tokamak” or “Isomak”

discharge.'® The absence of recycled gas (and significant radiativ ses)'n the edge removes

the mechanisms by which a confined plasma is cooled in the S{m\ edge. Confined particles
1f. “Fhe

which exit the plasma only lose energy in the lithium wall 4

ermal gradient, which

drives conduction losses, should be robustly eliminated, re t?msmf changes in the particle

S
transport, so long as another cooling mechanism is not i troducesd into the edge.

2. Core impurity control with low-Z walls. The Kg‘;i‘éhlm coatings which entirely overlay a
high-Z substrate results in modest core impurity content, despite very high ion impact energies,
produced by a hot SOL. High ion impact ner‘-‘;“\aeunacceptable with solid high-Z PFCs, such
as tungsten, since significant surface arme PFC would result, as well as sputtering of
high-Z impurities into the plasma., Th }face of a liquid cannot be damaged by ion impact.

With lithium walls, a transition to ervion energies would result in decreased transfer of

energy to surface atoms, and de%sk\d@uttering, as shown in simulations.

3. The development offa isionless scrape-off layer. The low edge density, the lack of charge
re
in

exchange losses ?e ecyﬂe gas, and the high mirror ratio in a low aspect ratio tokamak
imply that ion trap ¢ SOL is dominant. The time scale for pitch angle scattering of the
ions from tr
wall, whi Wpl S

SOL temper re,éradient, and the increased ion poloidal gyroradius, contribute to a significant

(€]

@0 passing orbits is long compared to the flow time (Csound/Leconnection) t0 the
ificantly modify the SOL in a lithium tokamak. In addition, the absence of a

broadening oiSthe SOL scale length for power deposition.

-
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