
Prepared for the U.S. Department of Energy under Contract DE-AC02-09CH11466.

Princeton Plasma Physics Laboratory

PPPL- 

gczechow
Typewritten Text

phampton

phampton
Text Box
Addressing the Challenges of Plasma-Surface Interactions
 in NSTX-U


phampton
Typewritten Text
5059

phampton
Typewritten Text

phampton
Typewritten Text

phampton
Typewritten Text
PPPL-5059

phampton
Text Box

phampton
Text Box
R. Kaita, T. Abrams, M. Jaworski, M. Lucia, J. Nichols, C. H. Skinner, 
D. Stotler, J-P. Alain, F. Bedoya, and the NSTX-U Team

phampton
Text Box
AUGUST, 2014



Princeton Plasma Physics Laboratory 
Report Disclaimers 

	
  
	
  
Full Legal Disclaimer 

	
  

This report was prepared as an account of work sponsored by an agency of the United 
States Government. Neither the United States Government nor any agency thereof, nor any of 
their employees, nor any of their contractors, subcontractors or their employees, makes any 
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, 
completeness, or any third party’s use or the results of such use of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe privately owned 
rights. Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof or its 
contractors or subcontractors. The views and opinions of authors expressed herein do not 
necessarily state or reflect those of the United States Government or any agency thereof. 
	
  

Trademark Disclaimer 
	
  

Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof or its 
contractors or subcontractors. 

	
  
	
  
	
  

PPPL Report Availability 
	
  

	
  

Princeton Plasma Physics Laboratory: 
	
  

http://www.pppl.gov/techreports.cfm 
	
  
Office of Scientific and Technical Information (OSTI): 

	
  

http://www.osti.gov/scitech/ 
	
  

	
  
	
  

Related Links: 
 
 U.S. Department of Energy 
 
 
 Office of Scientific and Technical Information 



Addressing the Challenges of Plasma-Surface 
Interactions in NSTX-U* 

 
R. Kaita, T. Abrams, M. Jaworski, M. Lucia, 

J. Nichols, C. H. Skinner, D. Stotler, 
and the NSTX-U Team 

Princeton Plasma Physics Laboratory 
Princeton, NJ, USA 

 

J-P. Alain and F. Bedoya 
Department of Nuclear, Plasma, and Radiological 

Engineering 
University of Illinois at Urbana-Champaign 

Urbana, IL, USA

 
 

Abstract— The importance of conditioning plasma-facing 
components (PFCs) has long been recognized as a critical 
element in obtaining high-performance plasmas in magnetic 
confinement devices. Lithium coatings, for example, have been 
used for decades for conditioning PFCs. Since the initial studies 
on the Tokamak Fusion Test Reactor, experiments on devices 
with different aspect ratios and magnetic geometries like the 
National Spherical Torus Experiment (NSTX) continue to show 
the relationship between lithium PFCs and good confinement and 
stability. While such results are promising, their empirical nature 
do not reflect the detailed relationship between PFCs and the 
dynamic conditions that occur in the tokamak environment. A 
first step developing an understanding such complexity will be 
taken in the upgrade to NSTX (NSTX-U) that is nearing 
completion. New measurement capabilities include the Materials 
Analysis and Particle Probe (MAPP) for in situ surface analysis 
of samples exposed to tokamak plasmas. The OEDGE suite of 
codes, for example, will provide a new way to model the 
underlying mechanisms for such material migration in NSTX-U. 
This will lead to a better understanding of how plasma-facing 
surfaces evolve during a shot, and how the composition of the 
plasma facing surface influences the discharge performance we 
observe. This paper will provide an overview of these 
capabilities, and highlight their importance for NSTX-U plans to 
transition from carbon to high-Z PFCs. 

Keywords—lithium, plasma confinement, magnetic 
confinement, materials science and technology 

I. INTRODUCTION 
The conditioning of plasma-facing components (PFCs) has 

long been recognized as key to achieving high-performance 
plasmas in magnetic confinement devices. The efficacy of 
lithium coatings, for example, has been well established for 
PFC conditioning. It has been demonstrated not only across 
devices of different sizes, but also PFCs. 

Among the earliest results with PFC conditioning using 
lithium were from the Tokamak Fusion Test Reactor (TFTR). 
A combination of techniques were used, including the injection 
of lithium pellets, ablation of lithium from a crucible inside the 
TFTR vacuum vessel with a high-power laser, and “spreading” 
lithium on the PFCs by operating successively larger plasmas 
(“painting”). An large enhancement of the fusion “triple 
product” (density x confinement time x temperature) was 

obtained (Fig. 1), with the highest stored energy ever achieved 
in TFTR.[1] 

TFTR experiments provided first evidence of 
effect of lithium conditioning on confinement 
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  Fusion power 
production ∝Density × 
Confinement time × 
Temperature!

  All three critical 
parameters were 
enhanced by the use of 
lithium wall coatings!

Tritium-only Supershot  - 4 Pellets + “Painting” - 
with progressively larger plasmas 

The image cannot be displayed. Your computer may not have enough 
memory to open the image, or the image may have been corrupted. Restart 
your computer, and then open the file again. If the red x still appears, you 
may have to delete the image and then insert it again.

0.0  0.2 0.4 0.6 0.8 0.0  0.2 0.4 0.6 0.8 

 1
0 2

0 m
 -3 

Central Density - n e (0) 

Confinement Time -  τ E 

 Ion Temperature - T i (0) 

n e  (0)  τ E  T i (0) * 

se
c 

ke
V
 

50 
40 
30 
20 
10 

0 

0.4 
0.3 
0.2 
0.1 
0.0 10

 21
  m

 -3 s
 k

eV
 

0.0 

1.0 

0.5 

0.0 

1.0 

0.5 

T-only  
with Li 

D-only  
no Li 

17 MW NBI 

Time (Sec) Time (Sec) 
 

Fig. 1 Comparison of TFTR discharges with (upper curve) 
and without lithium PFC conditioning (lower curves) 

The lithium PFC conditioning experiments were among the 
last conducted on TFTR, which was the largest fusion device in 
the US at that time. It had a major radius of 2.52 m and a minor 
radius of 0.87 m. It also had a maximum beam power of 39.5 
MW, injecting into a vacuum vessel with PFC that were 
entirely carbon. 

In contrast, the Current Drive Experiment-Upgrade (CDX-
U) was a much more modest device, with a major radius of 
0.34 m and a minor radius of 0.22 m. It also only had Ohmic 
heating for plasmas surrounded by stainless steel PFCs. The 
lithium in this device was in liquid form in a fully-toroidal 
“tray” limiter, centered at the 0.34 m major radius and having a 
width of 0.1 m. When heated to 350 C, the lithium from the 
tray also evaporated to coat about 50% of the plasma-
contacting area. Under these conditions, the measured 
confinement times exceeded expectations from ITER98P(y,1) 
by a factor of 2 two to 3, and represented the largest increase in 
energy confinement ever observed for an Ohmic tokamak 
plasma (Fig. 2).[2] 



terminated. In CDX-U, when lithium limiters and wall
coatings are not employed, the density decay rate is too
long to allow an estimate of !p!. Discharges which were
initiated within a few minutes of a lithium coating cycle
exhibited very rapid density pump-out after cessation of
gas fueling, with !p! as low as 2–3 ms. Operation with a
full lithium tray limiter at a temperature above 300 "C
produced similar values of !p!. Discharges operated with
older, chemically inactive lithium wall coatings exhibited
intermediate values of !p!. Values of !p! obtained under
various operating conditions are indicated in Fig. 3. The
deuterium pumping rate represented by the lowest values
of !p! shown in Fig. 3 is in the range of 2–3#
1021 particles=s.

Plasma equilibrium reconstructions were performed
with the Equilibrium and Stability Code (ESC) [18], which
has been modified to include the effects of vessel eddy
currents on the magnetic signals. The energy confinement
time !E is given by [19]

 !E $
Wkinetic

%&Ip d!edge

dt &
dWmag

dt &
dWkinetic
dt '

; (1)

whereWkinetic is the stored plasma kinetic energy, and  edge

is the edge poloidal flux, which yields the surface voltage
Vedge $ %d edge=dt'. Since the CDX-U Ohmic transformer
is driven by capacitor banks, the discharge is not stationary,
and so the time derivative of the stored magnetic energy
Wmag, and the time derivative of the stored kinetic energy
Wkinetic must be included in Eq. (1). We evaluate !E when
%dWmag=dt' $ 0 from the ESC reconstructions, which cor-
responds closely to the peak in the plasma current. A
compensated [20] diamagnetic loop is used in combination
with magnetic reconstruction of the plasma boundary to
measure the stored plasma kinetic energy. ESC also is used
to determine the poloidal flux and hence the surface volt-
age near the time of peak plasma current. The plasma

current is measured with a Rogowski coil internal to the
vacuum vessel. A plot of the measured values of confine-
ment time versus ITER98P%y; 1' [21] is shown in Fig. 4.
This scaling was the first to incorporate data from the
START low aspect ratio tokamak [22], which was similar
in size to CDX-U. Prior to the introduction of lithium
plasma-facing components to CDX-U, the measured con-
finement time fell in the range of 0.7–1.1 ms [10].
Although this estimate was derived from measurements
of the electron temperature and density rather than from
magnetic reconstructions, it is in agreement with the pas-
sivated lithium results shown in Fig. 4. However, the
confinement time during active lithium operation exceeds
previous results by up to a factor of 6 or more, and
ITER98P%y; 1' ELMy H-mode scaling by a factor of 2–
3. Note that other than the incorporation of the lithium tray
limiter and lithium wall coatings, and additional fueling
capability (a second gas puffing system), no other changes
in the CDX-U configuration were made in order to obtain
this improvement in confinement. The plasma current and
toroidal magnetic field, as well as the size of the plasma
(determined by the limiter positions) were identical for the
pre- and postlithium discharges. The discharge electron
density was similar, although in many cases the lithium
discharges ran at somewhat lower density. The operating
gas (deuterium) was the same in both cases. A transition
back to lowered confinement could be reliably produced by
allowing the lithium surfaces to passivate (collect back-
ground gases and acquire a high recycling coating) over
days or weeks.

The error estimate is provided by a second calculation of
!E when %dWkinetic=dt' $ 0, which occurs earlier in the
discharge than the peak in magnetic stored energy. The
time interval between the peak in kinetic stored energy and
the peak in magnetic stored energy generally increases as
the confinement time increases, which may contribute to
the increase in the error estimate for discharges with active
lithium evaporation and long confinement times. The larg-

FIG. 3. Effective particle confinement time !p! versus total
number of deuterons injected for discharges with varying levels
of lithium wall conditioning. The triangles denote results with
the full lithium tray liquefied (2000 cm2), squares denote elec-
tron beam evaporation and a 600 cm2 liquid lithium area, and
circles denote operation with passivated lithium (no active
evaporation or heating).
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FIG. 4. Measured energy confinement time versus
ITER98P%y; 1' confinement scaling. Discharges with passivated
lithium walls are denoted by circles. Discharges with active
lithium evaporation are denoted by squares.
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Fig. 2 Experimental energy confinement times compared to 

values expected from ITER98P(y,1) confinement scaling. 
Plasmas with passivated lithium PFCs (circles) have lower 
confinement times than discharges with active lithium PFCs 
(squares.) 

 

Improvement in plasma performance was also obtained in 
the National Spherical Torus Experiment (NSTX) with lithium 
surface conditioning. Like TFTR, NSTX PFCs are almost 
entirely carbon. It has a much smaller major radius (0.85 m). 
As a spherical torus or tokamak (ST), however, it has a 
comparable minor radius (0.65), and a similar plasma cross 
sectional area if the elongation (1.7 to 2.7) is considered. It has 
neutral beam heating as well, with a maximum injected power 
of over 7 MW. Unlike either TFTR or CDX-U, however, 
NSTX is a divertor tokamak. 

The main method of lithium PFC conditioning on NSTX 
involved the evaporation from two LIThium EvaporatoRs 
(LITERs). These were mounted at two locations on the upper 
dome of NSTX, and aimed toward the lower divertor region. 
By located the LITERs approximately 180 degrees apart, full 
toroidal coverage of the lower divertor is possible. 
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Figure 4. Total stored energy from EFIT analysis and electron stored energy from volume
integration of Thomson scattering measurements of ne, Te for similar discharges with and without
lithium coating of the lower divertor.

Figure 3 shows a comparison of the electron density and temperature and ion temperature
profiles close to the time of peak plasma stored energy for the two discharges compared
in figure 2. The broadening of both the electron and ion temperature profiles after lithium
coating is striking. The reduction in the edge electron density at the outside midplane apparent
in figure 3(b) was confirmed by a frequency-swept microwave reflectometer probing the outer
edge. Figure 4 compares the total plasma stored energy, determined by equilibrium analysis
with EFIT [17], and the electron stored energy obtained by volume integration of the Thomson
scattering data, for an ensemble of shots in similar conditions without and with >100 mg of
lithium applied. There is a 20% improvement in overall confinement and a 44% improvement
in electron confinement with lithium. The gain in ion energy with lithium is less because the
increase in ion temperature is offset by increasing ion dilution due to impurity accumulation.
The broadening in the electron temperature profile gives rise to a lower loop voltage and a
broader current density profile, evidenced by a lower internal inductance, li, during the current
flat-top, as shown in figure 5; both these attributes are beneficial for extending the pulse length
of NSTX discharges. As seen in figure 6, the improvement in global electron confinement
with increasing lithium deposition is reflected in a reduction in the electron thermal diffusivity
calculated by TRANSP [18] using the measured profiles of the temperatures and density and
assuming classical thermalization of the neutral beam heating.

In addition to using the LITERs, another method for introducing lithium into NSTX was
explored at the end of the 2008 experiments. Fine lithium powder (∼40 µm particle diameter)
was introduced during a discharge into the plasma scrape-off-layer on the outboard side. The
powder, which is a commercial product, is stabilized against rapid oxidation in air by a thin
coating of lithium carbonate (less than 0.1% Li2CO3 by mass relative to lithium). The powder
was loaded in a hopper inside a small vacuum chamber connected to a port at the top of the main
vacuum vessel. The bottom of the hopper was a disk of piezo-electric material with a small hole
in the center. By resonantly oscillating the disk at ∼2.2 kHz, a stream of lithium powder was
produced which fell through a guide tube, emerging through a gap in the PFCs. Powder flow
rates of 5–40 mg s−1 were well tolerated throughout standard NSTX plasmas with NBI heating.
This is in contrast to the lithium pellets originally used in NSTX which tended to terminate
the ohmically heated plasmas when they penetrated through the scrape-off-layer to the plasma
core. During the powder injection, toroidally localized plumes of Li I and Li II radiation were
seen in fast camera images extending along field lines from the powder impingement region
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Fig. 3 Plot showing increase in total stored energy for 

similar discharges in the presence of a lower divertor after 
lithium evaporation. 

 

The salient result with lithium evaporation on NSTX was 
the increase in stored energy, as shown in Fig. 3. It compares 
the total stored energy from MHD equilibrium (EFIT) analysis 
with the electron stored energy from volume integration of 
measurements of electron density and temperature (from the 
Thomson scattering diagnostic) for similar discharges with and 
without lithium evaporation onto the lower divertor.[3] The 
increase in the electron stored energy is particular significant in 
its implications for lithium coatings as a means to reduce 
anomalous electron transport. 

Lithium PFC conditioning thus appears to be effective in 
improving discharge performance across a broad range of 
plasma devices. The three representative machines described 
above include a large, conventional aspect ratio tokamak with 
carbon PFCs, and two ST that span size, PFC type, and 
magnetic configuration. This leads to the expectation that 
lithium conditioning will be effective with high-Z PFCs in 
NSTX-U, and the challenges related to their implementation 
are discussed in Section II. The development of novel 
diagnostics and new modeling capabilities that are needed to 
go beyond the empirical observations of the relationship 
between lithium PFC conditioning and plasma performance are 
described as well. 

Experiments with lithium PFCs are also consistent with the 
conclusion that the chemical reactivity of the lithium is more 
critical to its effectiveness than the particular substrate on 
which they are placed. Techniques like evaporation are not 
suitable for replenishing lithium surfaces during long 
discharges, and this motivates exploring the feasibility flowing 
liquid lithium PFCs. This is part of the long-term NSTX-U 
PFC program, and efforts in prototyping concepts are discussed 
in Section III. 

 

II. CHALLENGES FOR HIGH-Z PFCS IN NSTX-U 
Present plans for high-Z PFCs on NSTX-U are to use the 
molybdenum alloy TZM in the divertor. Its constituents are 
titanium (0.50%), zirconium (0.07-0.08%)  and carbon (0.02-
0.05%), with the remainder consisting of molybdenum. For 
PFC applications, the attractive properties of TZM include 
good thermal conductivity, low vapor pressure and ease of 
machining. A toroidal row of tiles with a TZM surface was 
originally installed in the divertor of NSTX.[4] A maximum 
power flux of 3.63 MW/m2 was assumed, based on NSTX-U 
design point for a “double-null divertor” plasma. Under these 
conditions, the goal was to keep the peak TZM temperature 
below 1000 C to avoid embrittlement from recrystallization, 
and the cyclical stress below 300 MPa to avoid low-cycle 
fatigue. 
 
Because of cost and schedule constraints, the rapid fabrication 
of TZM PFC tiles by first removing 10 mm from the plasma-
facing side of existing carbon tiles. A TZM plate of equivalent 
thickness was then attached to form the PFC. This approach 
allowed the design goal to be met, as long as the maximum 
pulse length was kept under 2 s and there was a minimum of 
ten minutes between shots. No active cooling of the carbon 



tiles was assumed in the analysis. The resulting geometry is 
illustrated in Fig. 4. 
 

!

~ 1” thick Moly (TZM) tiles 

~ 1” thick SS base 

New moly tiles 

ATJ graphite 
“end cap”  

SS “barrel” nuts with 
¼-20 screws  

 
Fig. 4 Scheme for PFC using TZM plate attached to stainless 
steel (SS) base. ATJ graphite “end cap” provides shield for SS 
base in CHI gap. 
 
 
A photograph of the row of tiles as installed on the NSTX 
center stack is shown in Fig. 5. The NSTX divertor region is 
separated into inboard (IBD) and outboard (OBD) sections by 
the gap required for coaxial helicity injection (CHI). The TZM 
tiles are at the edge of the inboard divertor, and retain the 
“bullnose” feature of the original graphite tiles to protect the 
sides of the CHI gap. 
 
 

 
 

Fig. 5 Photograph showing row of TZM PFC tiles on inboard 
lower divertor in NSTX. Gap for CHI can be seen to the left of 
the tiles. 
 
 
Machining existing graphite tiles and attaching TZM plates is 
an economical way of converting from carbon to high-Z PFCs, 
and a similar scheme based on coatings has been used in 
ASDEX-U. This is not suitable in the long term, however, as 
the NSTX-U design point includes power fluxes approaching 
7 MW/m2 for single-null plasmas, and pulse lengths in the 7 to 
10 s range. An alternative to PFCs where large areas are 
exposed directly to the plasmas is an approach that uses a 
castellated surface. In Alcator C-Mod, for example, each tile 
in the region of the divertor strike point was made up of eight 
small tungsten plates or lamellae, each 4 mm thick.[5] To 

prototype tiles for the ITER divertor, the JET version has 
lamellae that are 6 mm thick, for power fluxes up to 7 MW/m2 
for 10 s.[6] 
 
While existing lamellae designs thus satisfy the NSTX-U 
divertor power flux handling requirements, challenges remain 
that are related to the phased implementation of high-Z PFCs. 
Present plans call for a single row, or at most a few rows, of 
TZM tiles to be installed initially in the OBD region of 
NSTX-U. The choice of location is conservative, in that the 
strike points of the highest performance plasmas will be in the 
IBD region. This means, however, that not only the IBD tiles, 
but most of the NSTX-U PFCs will remain carbon. Erosion 
and redeposition of carbon has been an issue in NSTX, and are 
also expected in NSTX-U.[7] This would result in mixed 
materials at the location of the TZM tiles, and will make the 
assessment of high-Z PFCs difficult. 
 
The problem of mixed materials might be recognized, but the 
details of how plasma-surface interactions distributed them 
around the PFCs in NSTX were not known. This issue will be 
addressed in NSTX-U with improved modeling of material 
migration. The OEDGE suite of codes, which couples a 1D 
(“onion skin model”) plasma fluid code with simulations of 
neutrals and impurities, will be the basis of interpretive 
modeling with input from additional diagnostics.[8] Key 
among them is the Materials Analysis and Particle Probe 
(MAPP).[9] 
 
The MAPP is a system that enables in situ characterization of 
tokamak PFCs. It allows the insertion of up to four samples 
into the plasma chamber. After exposure to a discharge, it is 
possible to withdraw the samples into an analysis chamber 
without breaking vacuum. Fig. 6 shows the chamber on LTX, 
where MAPP is being tested prior to installation on NSTX-U.  
 
 

Materials Analysis and Particle Probe – MAPP – 
addresses need for in situ PFC sample analysis 
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Fig. 6 MAPP analysis chamber installed on LTX 
 
 
The surface properties of the samples can be determined with 
a variety of techniques, including x-ray photoelectron 
spectroscopy (XPS), low-energy ion scattering spectroscopy 
(LEISS), direct recoil spectroscopy (DRS), and thermal 
desorption spectroscopy (TDS). Because the samples have 
separated heaters, they can be analyzed individually with 
TDS.[10,11] On NSTX-U, the MAPP samples will be inserted 
through a gap in the PFC tiles in the OBD region. Because the 



samples are close in major radius to the row of TZM tiles 
initially planned for NSTX-U, they are expected to provide 
data on how the tile surfaces evolve as a function of time. The 
information on erosion, redeposition, and material migration 
obtained with MAPP should provide useful input for modeling 
the characteristics of future TZM PFCs as NSTX-U proceeds 
with their implementation. 
 
Conditioning techniques also introduce complexities. Carbon 
continues to be a common PFC material in present-day 
tokamaks. The most common approaches to reduce impurities 
prior to plasma operations include high-temperature PFC 
bakeout and glow discharge cleaning (GDC). As observed in 
other tokamaks, GDC with a mixture of helium and boron (in 
the form of duterated trimethyl boron), or “boronization,” was 
effective in reducing oxygen in NSTX.[12] During the last 
years of NSTX operations, evaporating lithium on PFCs has 
been demonstrated as an effective surface conditioning 
technique.[13] Direct evaporation of lithium (“lithiumization”) 
was much more efficient in creating a PFC film than 
boronization, and substantially reduced the time needed lower 
impurities to levels that allowed plasma operations. 
 
The challenge lithiumization poses for lamellae PFCs is its 
potential for filling the spaces between the plates. This has the 
potential of reducing the surface area advantage of the 
lamellae concept for power handling. On the other hand, the 
lithium itself might be used to mitigate the effects of high 
power densities. Sputtering and evaporation could create a 
lithium vapor cloud in the scrapeoff layer (SOL), and provide 
radiative cooling (“vapor shielding”). There may be evidence 
that the conditions for this to occur were already achieved in 
the SOL in the vicinity of the NSTX Liquid Lithium Divertor 
(LLD), and they are expected to exist in NSTX-U. A lamellae 
approach for handing even higher power densities might 
actually require introducing more lithium into the structure, 
where liquid lithium would be drawn toward the plasma-
facing surface by capillary action from a reservoir at its 
base.[14] 
 

III. CHALLENGES FOR FLOWING LIQUID LITHIUM SYSTEM IN 
NSTX-U 

The ability to feed PFC structures with liquid lithium, as 
mentioned in the previous section, is not only promising for 
mitigating the effects of high power loads. The value of lithium 
as a low recycling PFC has also been demonstrated as a means 
of improving confinement in a variety of fusion devices. For 
long-pulse applications, however, an efficient means of 
maintaining the chemical reactivity (“active surface”) required 
of the lithium remains a challenge.  

A variety of approaches have already been developed for 
creating liquid lithium PFCs. Liquid lithium has been 
introduced from a reservoir into a porous “mesh” that served as 
a toroidally-local limiter surface.[15,16] In such “capillary 
porous system” (CPS) concepts, capillary action replenishes 
the lithium that ablates from the PFC surface. A reservoir 
external to the vacuum vessel was used to fill a fully-toroidal 

“tray” with liquid lithium to form a limiter for CDX-U 
plasmas.[2,17] 

The goal of the NSTX Liquid Lithium Divertor (LLD) was 
to extend the applicability of a liquid lithium PFC for lowering 
recycling to a divertor configuration. As with the CDX-U 
lithium tray limiter, the LLD was fully-toroidal. The original 
concept was not to create a large liquid lithium free surface as 
on CDX-U, but fill a structure created by chemical vapor 
deposition (CVD) of a refractory metal on substrate mesh 
(CVD mesh). This would restrain the lithium against MHD-
induced body forces arising from the currents flowing through 
the LLD. 

When time constraints prevented the development of the 
CVD mesh and a suitable liquid lithium filling method, an 
alternative similar to the close-fitting conducting shell in LTX 
was chosen.[18,19] As with the LTX shell, the bulk of the 
material was copper. Instead of a dynamically (“explosively”) 
bonding a stainless steel liner to protect the copper from the 
lithium in LTX, a much thinner (0.25 mm) liner was brazed to 
a 2.2 cm copper substrate. This insured that the mass of the 
copper determined the thermal response of the LLD, and this 
was demonstrated in tests of LLD samples under high heat 
loads.[20] To retain the liquid lithium on the LLD surface, a 
porous molybdenum layer approximately 0.15 mm thick was 
plasma-sprayed onto the stainless steel liner. No lithium 
ejection during was observed during NSTX plasma operations, 
consistent with MHD stability analysis for the pore size of the 
LLD surface.[14] 

In each of these systems, however, the lithium was not 
circulated in any form of “closed loop.” An active surface is 
maintained by capillary action in a CPS, but the evaporated 
lithium accumulates on the PFCs and is not recoverable. 
Evaporation of lithium onto the LLD was required between 
discharges to create an active surface, and this process puts a 
limit on how long such a surface can be maintained. Again, the 
lithium accumulates on the LLD surface, and is not 
recoverable. 

The limitations of existing liquid lithium PFCs motivate the 
development of a flowing liquid lithium system (FLLS), and 
the long-term plans for NSTX-U include the implementation of 
a flowing liquid lithium divertor. Such concepts, however, 
present new and difficult challenges. Liquid lithium propulsion 
in active systems has tended to involve mechanical devices like 
impellers. Their location within the flow path makes them 
subject to corrosion and are difficult to maintain. The options 
are limited, however, if heat transfer through conduction is the 
main focus and the high pressures associated with fast flows 
are needed.[21] 

More recently, slow flow alternatives are being 
investigated. For example, the creation of a lithium vapor cloud 
in the SOL means that the power handling is primarily through 
the vapor shielding it provides. In that case, the required 
lithium flow rate drops by an order of magnitude, as it would 
just need to be sufficient to maintain an active surface and 
replace any evaporated lithium. This enables the use of 
electromagnetic induction pumps (EMPs), where a set of 
rotating magnets drives the lithium within a coiled tube 



surrounding it. There are no mechanical parts inside the fluid 
path, making them readily serviceable.[22] 

Operation the FLLS at lower pressures potentially reduces 
safety risks due to the consequences liquid lithium leaks. The 
effects of leaks in any flowing liquid lithium system need to be 
mitigated, however, and ways to accomplish this are being 
developed in a prototype liquid lithium loop (LLL) at PPPL. 
This is shown schematically in Fig. 7.  It includes an EMP to 
circulate liquid lithium, and is nearing completion. The 
locations most prone to leaks are the joints in the tubes that 
make up the flow path. A copper “clamshell” surrounds each 
joint, and the resistance between the each clamshell and the 
tube is monitored. A leak would cause this resistance to drop 
rapidly, and power to the EMP and heaters that keep the 
liquefied would shut off.[23] 

 

 
Fig. 7 Schematic of prototype liquid lithium loop with 

permanent magnet electromagnetic induction pump 

 

Each LLL is intended to drive the liquid lithium flow in a 
toroidal divertor segment of a future FLLS. This approach 
simplifies fabrication and maintenance, and allows for phased 
implementation in NSTX-U. Because the divertor is modular, 
different designs can also be tested simultaneously by 
installing a variety of segment types. 

IV. SUMMARY 
The NSTX-U PFC research program builds on the 

extensive experience in the fusion community with surface 
conditioning techniques, particularly with lithium. It also draws 

heavily on work related to high-Z PFCs, motivated by their use 
in ITER and future fusion devices instead of the carbon PFCs 
still common at present. 

Among the main challenges will be in understanding the 
behavior of high-Z PFCs with lithium conditioning. To this 
end, data from unique diagnostics such as MAPP for in situ 
PFC sample analysis will be combined with the application of 
new interpretive modeling tools. 

Promising approaches for a flowing liquid lithium system 
are under development for eventual used in the NSTX-U 
divertor. The main challenges include safety and reliability, 
and prototype liquid lithium loop to address them is nearing 
completion. 
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