
NSTX Supported by   

College W&M
Colorado Sch Mines
Columbia U
CompX
General Atomics
INEL
Johns Hopkins U
LANL
LLNL
Lodestar
MIT
Nova Photonics
New York U
Old Dominion U
ORNL
PPPL
PSI
Princeton U
Purdue U
SNL
Think Tank, Inc.
UC Davis
UC Irvine
UCLA
UCSD
U Colorado
U Illinois
U Maryland
U Rochester
U Washington
U Wisconsin

Culham Sci Ctr
U St. Andrews

York U
Chubu U
Fukui U

Hiroshima U
Hyogo U
Kyoto U

Kyushu U
Kyushu Tokai U

NIFS
Niigata U
U Tokyo

JAEA
Hebrew U
Ioffe Inst

RRC Kurchatov Inst
TRINITI

KBSI
KAIST

POSTECH
ASIPP

ENEA, Frascati
CEA, Cadarache

IPP, Jülich
IPP, Garching

ASCR, Czech Rep
U Quebec

Scrape-Off Layer and Boundary Physics 
Research on NSTX with an Introduction to LTX

Travis K Gray (ORISE/ORNL),
J-W Ahn, TM Biewer (ORNL), DP Boyle (PPPL), JM Canik 

(ORNL), RJ Goldston, EM Granstedt, CJ Jacobson, MA Jaworski, 
R Kaita, BP LeBlanc (PPPL), R Maingi (ORNL), R Majeski (PPPL), 

AG McLean (LLNL), SF Paul, JC Schmitt, F Scotti, J Squire 
(PPPL), VA Soukhanovskii (LLNL)

and the NSTX and LTX Research Teams

ORNL Experimental Plasma Physics Seminar
January 18, 2012



NSTX ORNL Experimental Plasma Physics Seminar - NSTX SOL and Boundary Physics (TK Gray) Jan 18, 2012

Outline

• SOL width and scaling (inter-ELM)
- Summary of 2010 Joint Research Milestone Results 
- Comparison of D3D, CMOD and NSTX data + scaling

• Effects of Lithium on SOL width, heat flux and power 
accounting	

• Introduction to the Lithium Tokamak Experiment (LTX)
- Overview and Status of LTX (and why LTX is potentially exciting)
- ORNL diagnostics on LTX 
‣ and what physics we hope to observe!

- Results with and without evaporative lithium coating
- Preliminary passive "CHERS" measurements

• LTX Experimental plans
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NSTX-U will have Divertor Heat Flux Similar to ITER’s

•NSTX-U is scheduled to be online in April 2014 
- Well ahead of ITER
- Can provide a testbed for divertor physics and plasma-

material interactions

•Understanding how heat flux and SOL width, λq 
scale with engineering parameters is required

•Heat flux mitigation and control of divertor 
conditions will be required for NSTX-U
- NSTX-U: Ip = 2 MA, PNBI = 10 MW → qdep, pk ~ 24 MW/m2

‣ Assumes a balanced double null (DN) operation with fexp ~ 30
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Scrape-Off Layer (SOL) Physics

•Scrape-off Layer 
width, λq is set by 
parallel and 
perpendicular χ’s

•Competing, 
complex processes 
in the divertor
- Source plasma 

particle and energy
- Recycling
- Impurity generation 

and transport
- Radiation
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•Exponential: λq, 1/e

- Fit to the near-SOL region
•Full-Width, Half Max:       
λq, FWHM

•Integral: λq, int
- Introduced by A. Loarte, et al. J. 

Nucl. Mater. 366-269 (1999) 587 
- Numerical integration of radial heat 

flux profile

There are numerous definitions for the SOL width, λq
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Deposited Heat Flux profile
magnetically mapped to the midplane
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• Diffusive-Gaussian (D-G) Model
- Introduced in T. Eich, et al. Phys. Rev. Lett. 

accepted for publication (2012)
- Simple semi-empirical model
- Assumes λq is an exponential in the SOL 

before entering the divertor

- The exponential “diffuses” into the private 
flux region as it enters the divertor

- No mechanism for this diffusion is put forth
‣ But is clearly observed in all divertor footprints

- 5 free parameters which require nonlinear 
least squares fitting to determine

There are numerous definitions for the SOL width, λq
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s0 = Strike Point Location

q0 = peak heat flux
qBG = background heat flux
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S = Gaussian diffusion parameter
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The Dual-Band IR Camera Allows Measurement of Divertor 
Surface Temperature with Variable Surface Emissivity

• The addition of lithium complicates the 
measurement of divertor surface 
temperature, Tsurf

- Li emissivity (clean) ~ 0.1 
- Graphite ~ 0.8
- Lithium and Carbon are eroded and 

redeposited constantly through out the 
discharge

• 2 different IR wavelength bands are 
imaged simultaneously
- MWIR: 7 - 10 μm
- LWIR: 10 - 13 μm

• The ratio of the 2 bands yields 
temperature
- Assumes the surface emissivity is similar 

across both wavelength bands
- Not a bad assumption for a diffuse, grey 

body emitter
• Once Tsurf is known, heat flux can be 

calculated
- 2D finite difference calculation (THEODOR)
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Fast IR Camera
Santa Barbara Focal 

Plane
128x128 pixels

LN cooled
frame rate ≤ 16 kHz

Typical operation at 1.6 
kHz

AG Mclean, RSI. Submitted (2011)
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No Change is Observed in Heat Flux Profiles for 
Increasing Bt

• Have to be careful to 
compare profiles at similar 
times due to secular 
density rise in NSTX

• No real change seen in 
heat flux profiles
- 0.34 ≤ Bt ≤ 0.53 T
- Bt ≤ 1 T for NSTX-U

• No dependence on Bt has 
been measured on other 
tokamaks either

8

0.01 0 0.01 0.02 0.03 0.04 0.05

0

1

2

3

4

5

6

rmid  rpeak (m)

q de
p (M

W
/m

2 )

 

 

0.34 T
0.44 T
0.53 T

PNBI = 4 MW
fexp ~ 20 (high δ)

150 mg Li evaporation
t ~ 0.3 sec



NSTX ORNL Experimental Plasma Physics Seminar - NSTX SOL and Boundary Physics (TK Gray) Jan 18, 2012

0.5 0.6 0.7 0.8

5

10

15

q,
 F

W
H

M
m

id
 (m

m
)

 

 

0.5 0.6 0.7 0.8

5

10

15

q,
 in

t
m

id
 (m

m
)

0.4 0.5 0.6 0.7 0.8 0.9
0

5

10

15

ne/nG

q,
 E

ic
h

m
id

 (m
m

)

0.35 T 0.45 T 0.55 T

Secular Density Rise in NSTX Results in inter-ELM λq‘s 
that Contract Slightly as Density Increases

• Core density in NSTX rises 
during the discharge
- Lack of cryo-pumping in 

boronized discharges
- Carbon accumulation when Li 

is used
‣ Li + SGI fueling has been shown to provide 

constant D density during discharge

• In general, inter-ELM λq’s 
contract with density
- 12 < λq, int < 3 mm
- 12 < λq, Eich < 3 mm
- FWHM λq ~ constant

• Interestingly, λq ~ constant 
for low Bt 
- lacking low density data at Bt 

= 0.35 T
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Peak heat flux decreases inversely with flux expansion 
with roughly constant λqmid

• Increased fexp increases λqdiv 
(not shown)
- Increases the plasma wetted area

•qdiv,peak decreases as flux 
expansion increases
- Flux expansion is a viable way to 

reduce divertor heat flux

•λqmid stays approximately 
constant during the scan
- Does decrease slightly from 1.1 → 

0.9 cm
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Heat flux width λqmid largely independent of Ploss in 
attached plasmas

• Peak divertor heat flux increases with Ploss 

• Apparent change in slope near Ploss = 4 
MW in these conditions
- Divertor appears to transition from a radiative/

detached divertor to an attached divertor
- Similar to previous experiments suggesting a 

radiative detached divertor at low Ploss [Paul 
2005, Maingi 2007]

- No rigorous determination of divertor 
attachment/detachment has been done

• λqmid relatively independent of Ploss in high 
heat flux regime
- Ploss > 4 MW

• Apparent Ip or q95 effect at higher 
triangularity

• λqmid is reduced for higher δ, higher Ip 
discharges
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Heat flux width, λq, intmid contracts with Ip

•Combined data from dedicated 
Ip scans in low δ and high δ 
discharges (boronized)
- Different PNBI and fexp, but 

previous slides shows no Ploss or 
fexp effect on λq, intmid 

- q95, λ|| different 

•λqmid found to scale 
accordingly:
- α = -1.6 for NSTX
- α = -1 for D3D, C-MOD and JET
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Projections for NSTX-U Heat Flux Suggests Several 
Challenges

• For anticipated NSTX-U Parameters:
- Ip = 2 MA, Bt = 1 T
- PLOSS ~ 10 MW
- fexp ~ 30
- δ ~ 0.7
- 0.5 ≤ n/nG ≤ 1.0

• Assume λq ~ Ip-1.6 from experiment
• Peak heat flux can be estimated:

• qpeak ~ 24 MW/m2!
- fdiv ~ 0.5 (double null operation)

• Some form of heat flux mitigation will be necessary for the 
upgrade
- Snowflake (high flux expansion), divertor gas puffing
- Lithium might help, but the mechanism is still not understood
‣ Will discuss in more detail in a few slides
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qdiv,peak
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US Multi-Machine Scaling found λq ∝ Ip-1

• Found a weak dependence on Bt

• Square-root dependence on minor 
radius (a) 

• Similar dependence on Greenwald 
density (fG)
- Though with ~ 50% uncertainty
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λmid
q, int = C Iαp Bβ

t aγ fδ
G

• In agreement with EU work on AUG 
and JET
- Predicts ITER λq ~ 1-2 mm (T. 

Eich’s APS 2011 talk)

C-MOD data is for 
EDA H-mode, while 
D3D and NSTX are 
for ELMy H-modes
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The Heuristic Drift based Model Provides an Analytic 
Solution for the Power SOL width

• ∇B and curv B drifts carry ions 
across the LCFS
- <v∇B + curv B> = 2T/eZBR

• These drifts are balanced by parallel 
flows
- Flows that connect the top-bottom of 

the plasma (Pfirsch-Schülter flows)
- also parallel flows that leave the plasma 

towards the divertors
• Results an analytic solution of the 

power SOL width, λq approximately 
equal to the poloidal ion gyro-radius

• Assumptions:
- Parallel flow to the divertor ~ P-S flows
- Anomalous D⊥,e is adequate to ‘fill’ SOL 

flux tubes as defined by the SOL flows
- Low gas puff, attached divertor 

plasmas

15

Nucl. Fusion 52 (2012) 013009 R.J. Goldston

Figure 1. Pfirsch–Schlüter mass flows modified to include loss to
divertor on open field lines. For toroidal magnetic field directed out
of the page, and lower single-null divertor, magnetic drifts are
vertically downwards, Pfirsch–Schlüter parallel flows are upwards
near the midplane, and divertor parallel flows are downwards,
towards divertors.

Consider now the separatrix at the edge of an H-mode
tokamak plasma, shown in figure 1. Here the grad B and curv
B drifts (downward-directed arrows crossing the separatrix,
near top and bottom) carry ions across the last closed magnetic
surface onto open field lines in the SOL, with Maxwellian-
averaged velocity 〈vgradB+curvB〉 = 2T/eZBR. (We use here
SI units, with T expressed in joules. Thus T/e is numerically
equal to the temperature expressed in electron-volts.) In this
region drift flows can be balanced not only by parallel flows
that connect the bottom of the plasma to the top (upward-
directed arrows in and along the SOL, near midplane), but
also by parallel flows that leave the plasma region in the
direction of the divertors (downward-directed arrows in and
along the SOL, pointing into divertor region). The first
fundamental assumption of this heuristic model is that the
parallel flow along B to the divertor competes at order unity
with the usual Pfirsch–Schlüter parallel flow to the opposite
side of the plasma. This assumption is consistent with the
measured parallel mass flow patterns [1, 7–11], where flows
∼0.5cs are found to be moving upwards at the midplane and
downwards near the divertor throat, implying flow reversal
in the lower outer quadrant of the SOL, for lower-single-null
configurations with grad B drift downwards. Thus of order
one half of the magnetic drift flux is entrained in the direction
towards the divertor, and one half in the opposite direction.
These data were only for L-mode plasmas. More recent flow
measurements in ASDEX-Upgrade and TCV confirm these
indications for ohmic, L-mode and H-mode plasmas [12–14],
including measurement of v‖/cs ≈ 0.5 in the divertor entrance
region of a low-power ‘natural density’ H-mode, ∼1 cm from
the low-field-side separatrix in ASDEX-Upgrade.

We anticipate that our model is relevant only at zero or
very low-gas-puff rates, with outgassed walls, where it can
be assumed that volumetric sources in the near-plasma SOL
are small, the plasma is well attached to the divertor, and the
divertor acts as a significant sink of particles.

We can make a heuristic estimate of the drift-based SOL
width that should result from this model by multiplying a
typical residence time in the SOL, L‖/v‖, by the time-averaged
positive grad B and curv B drift velocities perpendicular to
the separatrix. We take an average parallel fluid velocity of
cs/2, consistent with the experimental data discussed above,
and Ti = Te = Tsep. Recognizing that the time-averaged
radial drift velocity multiplied by the residence time is just the
time-integrated radial displacement, and integrating from the
midplane to the bottom of the plasma, we calculate

!ψp =
∫ X−pt

MP

('vgc · '∇ψp)
dl‖

cs/2

= 2
cs

∫ X−pt

MP

('vgc · '∇ψp)
B

Bp
dlp; Bp =

| '∇ψp|
R

!ψp = 2
cs

∫ X−pt

MP

(

'vgc ·
'∇ψp

| '∇ψp|

)

RB dlp

= 2
cs

∫ X−pt

MP

2Tsep

Z̄eBr
RBẑ · ϕ̂ × d'lp

=
4Tsep

Z̄ecs

∫ X−pt

MP

ẑ × ϕ̂ · d'lp =
4Tsepa

Z̄ecs

λ =
!ψp

|∇ψp|
=

4Tsepa

Z̄eBpRcs
; cs =

[
(1 + Z̄)Tsep

Āmp

]1/2

;

Z̄ ≡ ne∑
i ni

; Ā ≡
∑

i niAi∑
i ni

λ = 4a

Z̄eBpR

(
ĀmpTsep

(1 + Z̄)

)1/2

ion drift

or

4a

eBpR

(
ĀmpTsep

(1 + Z̄)

)1/2

electron drift

≈ 2a

R
ρp (1)

where in the first case we consider the ion magnetic drift speed,
weighted by the ion charge, so in effect the average ambipolar
speed, assuming that radial particle transport is determined by
the ion drift motion. In the second case the radial transport
is assumed to be set by the electron magnetic drift speed. As
discussed in section 5, the self-consistent electric fields in the
SOL need to be calculated to select between these two options,
and to provide an accurate numerical coefficient for the result.

As an initial ‘sanity check’, evaluating equation (1) for
typical JET and C-Mod parameters, e.g. a = 0.95, 0.22 m,
R = 2.95, 0.69 m, Ip = 2, 1 MA, Tsep = 100, 75 eV and
Bp = µ0Ip/{π [2(1 + κ2)]1/2} with κ = 1.7, we do find results
that are reasonably consistent with experimental measurements
of the power scrape-off width projected to the outer midplane
[15, 16]: λ = 4.4, 1.7 mm. Evidently the power scrape-off
width in low-gas-puff H-mode tokamaks cannot be assumed
to exceed the ion poloidal gyro-radius by a large factor.

It is interesting to note that the derivation of equation (1)
parallels the derivation of the orbit shift of a passing ion.
Conservation of canonical angular momentum underlies the

2

Grad B and curv B drifts

RJ Goldston, NF.  52 (2012) 013009

Parallel 
Pfirsch-Schülter 

SOL flows
(~ 0.5 Cs)

λq =
4a

eBpR

�
ĀmpTsep

(1 + Z̄)

�1/2

≈ 2a

R
ρp

electron drift

Parallel flows to the divertor
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Comparison with the Heuristic Drift based λq Model 
Shows Promise but not Fully Understood Yet

•Multi-machine 
comparison with 
Goldston’s model works 
surprisingly well
- JET and AUG data are 

also in good agreement
‣ Goldston’s APS 2011 Poster

•Some tendency for the 
Heuristic Drift model to 
slightly over-predict λq

- Of order few mm
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Lithium Evaporation is shown to Reduce λq and Peak 
Heat Flux

• Difficult to make direct 
comparisons with 
boronized dataset
- Data is all before 2010
- Mix of plasma shapes, PNBI, 

etc 
‣ e.g. - no high δ, low Ip boronized data

• λq contracts with addition 
of lithium

• With sufficient Li, heat flux 
also appears reduced
- Measurements made with 

DBIR camera
- DBIR data is averaged to 50 

frames ~ 30 Hz
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Divertor Power Accounting with Heavy Lithium 
Evaporation is Reduced

• If λq contracts, you’d 
expect heat flux to 
increase for similar PSOL to 
conserve power

•Pdiv/PSOL is similar for 0 
and 150 mg of Li

•However, measured heat 
flux is reduced for 300 mg 
Li
- Results in Pdiv/PSOL dropping 

to ~ 12-20%
- Wider range of PSOL shots still 

to be analyzed for 300 mg 

18

Data are shot averaged
 for ne/nG ≤ 0.6
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Integral λq contracts with increasing Li deposition at low 
Ip

•λq, int contracts between 
0 and 150 mg of Li at 
low Ip
- A lot of spread in the data 

due to density variations
•300 mg data tends to 

have much less variation
•λq, int at Ip > 1 MA very 

similar regardless of 
lithium amount
- Results in a shallower      
λq, int ~ Ipα scaling
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Eich λq Contracts mainly for discharges with 300 mg of 
Li deposition

•Diffusive-Gaussian 
analysis shows similar 
trends for 0 and 150 mg 
data
- Suggests SOL width is the 

same between 0 and 150 
mg data

- λq is broadened in the 
divertor in boronized 
discharges

•300 mg data is still 
contracted
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Similar level of diffusion into the PFR for 0 and 300 mg 
data, but not 150 mg of Li

• There appears to be less 
diffusion for the 150 mg 
data compared to 0 mg
- Confirms λq, Eich analysis

• However, S for the 300 mg 
data is comparable to the 0 
mg dataset at low Ip

• Interesting that S is 
reduced for 150, but not 
300 mg
- Though, at high Ip S’s are all 

similar
- Possibly higher with 300 mg 

Li, but limited data 
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Comparing shots that are identical, other than lithium 
coverage, provides a means to study the lithium effects

•2 identical shots
- Ip = 0.8 MA
‣ No ELMs

- Pnbi ~ 4 MW
‣ Some pre-heating used in 

141255

- high δ, fexp ~ 20
•Not including 0 mg 

data since there’s no 
directly comparable 
shot
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Clear reduction in divertor surface temperature and 
heat flux with increased lithium evaporation

•No ELMs in either 
discharge

•Tsurf at the outer strike 
point stays below 400 
C for 300 mg of Li
- Peaks around 800 C for 

150 mg
•Results in a heat flux 

that never peaks 
above 3 MW/m2 with 
heavy lithium 
evaporation
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Divertor Bolometers provide a complicated picture of 
divertor radiation profile
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• Not all divertor bolometer 
channels work from shot to shot
- USXR had varying filters and 

apertures
- Difficult to make direct 

comparisons shot-to-shot
• Ch 1 shows an increase in div. 

radiation with less lithium
- Could be due to ISP reattaching 

with lithium [Scotti, PSI 2010]
- Radiation is shifting downwards?

• If we compare Ch. 12 and 13, 
300mg lithium has much higher 
radiation
- Ch 12 wasn’t working for 141255
- Ch 13 wasn’t working for 138240

• Modeling is necessary to sort 
out the divertor radiation
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Increase in Dα and C II radiation at OSP with higher Li 
evaporation

• Minimal if any increase in 
lithium emission with 
increased Li evaporation

• Factor of 4-5 increase in Dα
• Roughly 30% increase in C 

II emission at OSP
• Analysis of divertor 

Langmuir probes is still 
underway
- Only 1 probe near OSP in high 
δ shape

- Preliminary analysis doesn’t 
show much difference with 
increased Li
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The result is a Decrease in Peak Divertor Heat Flux 
when 300 mg of Li Evaporation is Used

• Limited set of 300 mg DBIR 
measurements
- Currently working to add to the 

dataset
- Signal to Noise Ratio increases 

as surface emissivity is reduced
• Challenging picture when 

the divertor bolometers and 
visible measurements are 
considered

• SOLPS modeling is needed 
to fully understand what’s 
going on
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ne/nG ≤ 0.6
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Summary of NSTX SOL/Boundary Physics

•Find λq, int ~ Ipα for boronized discharges
- This trend is shallower with lithium

•Heat flux in NSTX-U ~ 24 MW/m2

- Require some kind of method to mitigate the heat flux
- Flux expansion, DN operation, maybe Li

•Lithium causes a contraction in λq at low Ip
- λq’s are similar at high Ip regardless of lithium
- Appears to be due to increased diffusion into the PFR for 0 

mg compared to 150 mg
- However, at 300 mg of Li, there is a similar amount of 

diffusion in the divertor as for boronized discharges
•Reduced heat flux when heavy Li evaporation is used

- Heat flux at 0 and 150 mg is similar
- Need modeling to fully understand the divertor physics
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NSTX-U Plans

• Implement Dual Band technique on all IR cameras
- Fast, Lower Divertor (wide angle), Upper Divertor and CS
- Will be challenging since the DBIR analysis is very time intensive

• Install fast eroding thermocouples on the upper and 
lower divertors 
- Diagnostic already implemented on C-MOD
- Real-time divertor Tsurf measurements
- Control magnetic balance to maintain double null configuration
- Real-time heat flux mitigation (gas puffing, etc)

• Try to determine why increasing Li coverage leads to 
better performance (UTK proposal)
- Upper divertor spectroscopy coverage for DN operation

• Possibility of pellet injection for fueling and ELM 
pacing???

28
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Introduction to the Lithium Tokamak Experiment (LTX)

29

The drop in the plasma temperature between core and edge 
— the temperature gradient seen in all present-day tokamaks — 
causes instabilities which reduce performance. The anomalous 
loss of plasma confinement caused by these instabilities might be 
eliminated in LTX. Furthermore, without recycling, researchers 
will have external control over how particles fuel the plasma. 
With recycling, most of the fueling occurs at the plasma edge, 
and cannot be controlled. With no recycling, the fueling will be 
due entirely to the injection of gas, or frozen hydrogen snow, 
or neutral beams of high energy hydrogen atoms, and will be 
under the control of the researchers.

Future Experiments
A neutral beam injector (NBI) will be added to LTX for the 

next phase of experiments, planned to begin in late 2011. The 
NBI is the same apparatus used in large fusion experiments to 
send a stream of energetic particles into plasmas to heat them. 
In LTX, the particles from the NBI will be able to penetrate 
and fuel the core of the discharge. This process is expected to 
create a plasma which, if surrounded by a liquid wall, will be 
hot from the center to the edge. The results of the neutral beam 
experiments should provide a first indication of just how small 
a future fusion reactor with a liquid lithium wall might be.

The LTX Team
Majeski is the Principal Investigator of the LTX project. 

Kozub is a co-investigator, as are Kaita and Leonid Zakharov. 
Starting in 2011, Oak Ridge National Laboratory has a major 
role in edge plasma investigations in LTX, with a team led by 
Rajesh Maingi. Tommy Thomas from Third Dimension, Inc. 
of Oak Ridge, Tennessee has developed the Digital Hologra-
phy diagnostic. Other corporate partners in the experiment 
include Plasma Processes of Huntsville, Alabama and Ultramet 
of Pacoima, California. A number of staff from PPPL, Johns 
Hopkins University, the University of California at Los Angeles, 

Lawrence Livermore National Laboratory, and the University 
of California at San Diego, also participate. In addition to the 
graduate students conducting thesis research on the machine, 
part of the Program in Plasma Physics in Princeton’s Depart-
ment of Astrophysical Sciences, numerous other graduate and 
undergraduate students from a number of institutions have 
participated in the program.

MARCH 2011

The Princeton Plasma Physics Laboratory is operated by Princeton University under contract to the U.S. Department of Energy. For 
additional information, please contact: Office of Communications, Princeton Plasma Physics Laboratory, P.O. Box 451, Princeton, 
NJ  08543; Tel. (609) 243-2750; e-mail: pppl_info@pppl.gov or visit our web site at: www.pppl.gov.

PPPL FACT SHEET  PAGE 4

Interior view of LTX during a vent to install diagnostics. 
Graduate student Laura Berzak can be seen looking 
through a rear port on the vacuum vessel. Laura has 
since defended her Ph D. thesis, and is presently an APS 
Congressional Fellow.
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Lithium Tokamak Experiment (LTX) is intended to explore 
the physics of plasmas with an ultra low recycling boundary

• Small, short pulse, limited 
spherical torus
- Upgrade of the CDX-U 

experiment

• PFC surface area ~ 90% 
liquid lithium
- No Carbon PFC’s
- Using 3/8” thick copper shells
‣ SS explosively bonded to prevent Li from 

attacking the copper

• ORNL has the lead in 
investigating edge physics 
on LTX

30
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!

Operation of CDX-U with Liquid Lithium PFC’s resulted 
in record confinement times for L-Mode Tokamaks 

•CDX-U was similar to LTX
- Lithium was confined to a 

toroidal tray
‣ Would operate tray hot to evaporate 

lithium

- Ip < 70 kA
- 15 ms discharge lifetime
- Paux < 0.3 MW

•With liquid tray + lithium 
evaporation, τE ~ 6 ms

•Well above ITER98P 
scaling for L-mode
- Factor of 2!
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R. Majeski, et al., PRL 97(7) (2006) 075002

1. Introduction

The search for suitable materials to be used as a first
wall is a major challenge for fusion reactors. Liquid met-
als have great potential as a solution to this problem for
several reasons [1]. First, liquid walls can eliminate ero-
sion as an issue, since they are continuously renewed.
This same characteristic will substantially reduce acti-
vated waste, and permit high heat handling. Further-
more, liquid lithium walls can result in significant
physics advantages by providing a low recycling plasma
boundary. Flat temperature profiles are expected under
such conditions, for example, and the resulting elimina-
tion of electron conduction losses will lead to novel, sta-
ble confinement regimes [2].

To explore the issues related to liquid lithium sur-
faces in a magnetic confinement device, experiments
were first performed with a toroidally-local limiter [3,4]
on the Current Drive Experiment-Upgrade (CDX-U)
at the Princeton Plasma Physics Laboratory. The
CDX-U device is a spherical torus with a major radius
of 34cm and a minor radius of 22cm. The toroidal field
on axis is 2.2kG. Central electron temperatures are
about 100eV, and central densities are approximately
6 · 1019m!3. The toroidally-local limiter provided infor-
mation about the conditioning requirements of liquid
lithium surfaces and the behavior of liquid lithium in
the presence of spherical torus fields. Its limited surface
area (30cm2), however, did not have a significant effect
on CDX-U plasma performance.

To investigate the feasibility of large area liquid lith-
ium surfaces, a fully-toroidal liquid lithium limiter was
installed in CDX-U. This increased the liquid lithium
plasma-facing surface area to 2000cm2 on the fully-
toroidal limiter. The toroidal limiter tray is shown in

Fig. 1. It consists of two 10cm wide, 0.64cm deep stain-
less steel halves that are centered at a radius of 34cm.
Each half is isolated from the vacuum vessel with boron
nitride insulators on top of adjustable supports. An
insulator also provides a break in the toroidal current
path across the two halves. Electrical feedthroughs per-
mit the tray to be externally grounded, or used as an
electrode during glow discharge cleaning (GDC). Heat-
ers beneath the tray provide temperature control up to
500 !C, and heat shields protect the center stack and
the bottom of the vacuum vessel.

2. Liquid lithium effects on plasma fueling and recycling

Past attempts at tray filling in CDX-U involved plac-
ing solid cylinders of lithium at several toroidal locations
using a vacuum transfer apparatus. The tray tempera-
ture was then raised above the melting point of the lith-
ium. Uniform distribution was not achieved, as the
cylinders deformed but did not lose the coatings that still
formed during the loading process. Enough molten lith-
ium did emerge from the cylinders, however, to cover
about half of the toroidal limiter tray. Even with such re-
stricted coverage, discharges limited on this surface
showed a reduction in the recycling of hydrogenic spe-
cies and a lowering of impurity levels [5].

An improved loading technique was developed by
collaborators at the University of California at San
Diego. The lithium was first liquefied in two reservoirs
attached to loading tubes that passed through the
CDX-U vacuum vessel. The limiter tray was heated to
500 !C under an argon atmosphere, and the lithium
was injected into the two halves of tray. The high tem-
perature was needed to dissolve any coatings on the
stainless steel tray surface at the point of contact with
the liquid lithium that might inhibit its flow. The argon
provided a buffer that limited the coating of windows
due to the evaporating lithium. The new filling method
resulted in nearly full coverage of the 2000cm2 tray sur-
face with liquid lithium. As shown in Fig. 2, the lithium
surface was highly reflective, and did not have the coat-
ing that was present during the tray loading with solid
lithium.

The liquid lithium limiter tray, which is grounded,
has a toroidal break to limit large circulating induced
currents. Total currents to ground of about 100A have
been typically measured during plasma operations.
These currents flow in the toroidal direction and are par-
allel to the magnetic field, since the limiter is located at a
plasma flux surface. The jxB force is thus negligible by
design, and this is confirmed by the absence of observed
liquid lithium motion.

With the increase in the liquid lithium limiter surface
area, a clear effect on the plasma density was observed.
While the discharge length is short, it still significantly

Fig. 1. Toroidal tray limiter in CDX-U vacuum vessel prior to
liquid lithium fill. Heat shields can be seen below the tray and
on the center stack.

R. Kaita et al. / Journal of Nuclear Materials 337–339 (2005) 872–876 873
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LTX was Designed to Further Explore Fusion Plasmas 
with Near Zero Recycling Boundaries

•ORNL Diagnostics 
include:
- Filterscopes (16 

channels)
- Visible spectroscopy
- VUV spectroscopy
- Charge Exchange 

Recombination 
Spectroscopy (ChERS) 
system

•Eventual SOLPS 
modeling of LTX 
plasmas

32

Major Radius, R 0.4 m
Minor Radius, a 0.26 m
Toroidal Magnetic Field, Bϕ 1.8 kG
Duration ~ 15 ms (100 ms)
Plasma Current, Ip 67 kA (100 kA)
core density, ne ~ 8(10)18 /m3

core Electron Temperature, Te 100 ⎯ 150 eV

LTX Parameters achieved (designed)

• LTX upgrades to CDX-U include:
- Shells to allow for 90% of the surface 

area to be liquid lithium
- Improved IGBT based Ohmic and TF 

power supplies to increase the pulse 
length

- Eventually, a diagnostic neutral beam 
for auxiliary heating (20 kV, 5 A)
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Equilibrium Reconstructions are not yet Routine or 
Reliable

• Most recent (2010) equilibrium 
reconstructions use a modified 
LRDFIT
- Issues with convergence in G-S 

solver
- Doesn’t model shell eddy currents

• 2011 plasmas appear to have 
better plasma shaping -- but no 
reconstructions yet
- New post-doc hired to focus on 

equilibrium reconstruction
• Better model effects of eddy 

currents and inductive pick-up 
on the magnetic diagnostics
- Possibly use L. Zakarov’s code
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Thomson Scattering Measurements Show Outboard 
Peaked Profiles

•MPTS measurements 
aren’t routine yet
- Using a 30 Hz, CO2 laser
- Limited to 1 profile per shot

•MPTS shows Te and ne 
peaked outboard on the 
low field side
- 2011 data show higher Te ~ 

200 eV, still outboard peaked
•Additional edge TS 

channels coming online 
later this year

34

0.45 0.5 0.55 0.6 0.65
0

20

40

60

80

100

120

R (m)

T e (e
V)

CJ Jacobson, BP LeBlanc



NSTX ORNL Experimental Plasma Physics Seminar - NSTX SOL and Boundary Physics (TK Gray) Jan 18, 2012

0

20

40

60

80

I p (k
A

)

 

 

440 445 450 455 460
2

0

2

4

6

8

Time (ms)

V lo
op

 (V
)

Pre Li
Fresh Li
24 hr Pass.

Application of lithium greatly improves Ip and discharge 
lifetime

• Operation on a bare SS 
shell results in meager 
discharges
- 5-8 kA
- discharges last < 5 ms

• With Li evaporation into He 
gas: 
- To achieve more uniform 

lithium coverage
- Ip > 50 kA (up to 67 kA)
- Discharges extended out to ~ 

15 ms 
• Lithium coating passivates 

and discharge quality 
subsequently suffers
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Visible Spectroscopy Shows Presence of Carbon 
Impurities

• Ocean Optics Visible 
Spectrometers
- Same set-up as on NSTX
- 380 - 590 nm
- ~ 1.5 nm resolution
- 3 views: Inboard and Outboard 

shells and Mo limiter
• Carbon is the dominate 

impurity
- Source is possibly from shells or 

a persistent vacuum leak
‣ Base vacuum is limited to 5(10)-7 T

• Iron is also present
- Suggests insufficient Li 

coverage of shells
• No Mo outflux measured on 

spectrometers or filterscopes
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Preliminary CHERS set-up on LTX was designed to 
Passively Measure Available Li III CER Light

• Sightlines:
- using optical “pucks” similar to 

those used on the test stand
- 6 toroidal
- 5, up/down symmetric poloidal
- 3, up/down symmetric poloidal 

(partially obstructed by 
magnetics) 

• Short focal length 
Spectrometer
- 5090 - 5200 Angstrom
- Coupled to 512x512 ProEM 

CCD camera
- On loan from ORNL
- Grating is borrowed from R. 

Bell
37

Toroidal Poloidal

20  Managed by UT-Battelle 
 for the U.S. Department of Energy 

T.M. Biewer, 53rd APS DPP Mtg., Salt Lake City, Nov. 16th 2011 

Hardware installed on LTX (Sept. 2011) 

20  Managed by UT-Battelle 
 for the U.S. Department of Energy 

T.M. Biewer, 53rd APS DPP Mtg., Salt Lake City, Nov. 16th 2011 

Hardware installed on LTX (Sept. 2011) 



NSTX ORNL Experimental Plasma Physics Seminar - NSTX SOL and Boundary Physics (TK Gray) Jan 18, 2012

Preliminary Passive Measurements Show Spectra 
Dominated by C but with Measurable Li CX light

• Li III CX emission at 5166.89 Ang
• Able to run at 2.25 ms frame rate

- 1.8 ms integration time
- Given the short pulse duration, fast 

frame rate is important
• Presence of carbon and iron 

emission in passive 
measurements
- Iron is likely from the shells

• Carbon may complicate analysis 
much like it does in NSTX
- C2 Swan Band from 5150 - 5165.25 

A
- C VI CX @ 5166.67 A 

‣ Probably not an issue for these passive 
measurements

‣ Possible issue when the DNB is added 
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Preliminary Passive CHERS Measurements Show 
Promise

•Flat toroidal Ti and vT

- Ti ~ 20 - 30 eV
- VT < 5 km/s

•Outboard peaked poloidal Ti

- Ti up to 70 eV
- Not using up/down matched 

optics for these measurements
- Further analysis is required

•Outboard peaked poloidal vp 
as well
- Vp ~ 20 km/s at the edge
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25  Managed by UT-Battelle 
 for the U.S. Department of Energy 

T.M. Biewer, 53rd APS DPP Mtg., Salt Lake City, Nov. 16th 2011 

Line-integrated LTX (Li III 5167) profiles 
•  This data is ~1 week 

old:  preliminary 
analysis! 
–  Line-integrated, plotted 

against r/a of sightline 
tangency. 

–  Must be inverted to get 
“local” values. 

Caveat:  need to apply ex-vessel and 
in-vessel efficiency and path length 
differences to enable inversions! 

Black = toroidal data 
Red = poloidal data 

•  Li III brightness qualitatively flat or central peaked. 

•  Ti(r) ~ 30 eV, “flat” 

•  vT(r)~ 0, “flat” 

•  vP increasing linear with r/a:  ωP(r) ~ 750 krad/s 

l.o.s. toroidal velocity 

l.o.s. poloidal velocity 

Li III ion temperature 

!P=750 krad/s 

Fe I 5165 Å 
Li III 5167 Å 

Intensity 

FWHM Ti 

l.o.s. toroidal velocity 
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Theoretically, reduced recycling could substantially 
increase Toroidal Velocity

•From momentum 
balance:

• If liquid lithium 
substantially reduces 
edge neutral density, 

• ion-neutral friction will be 
reduced

•Resulting in increased 
toroidal velocity with 
reduced recycling
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Summary of recent LTX results

• LTX is running after being down for almost a year
• Lithium evaporation increases Ip and discharge lifetime
• Measurements show the presence of many impurities

- Carbon
‣ Persistent vacuum leak
‣ Impurities on the shells

- Iron - likely from insufficient Li coverage of the shells
• Preliminary passive “CHERS” diagnostic is running 

reliably
• First results show poloidal Ti and velocity peaked on the 

LFS
- These measurements aren’t using up/down symmetric viewing 

chords.
- But are somewhat consistent with preliminary MPTS 

measurements
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Upcoming LTX plans
• Optimize IGBT Ohmic PS to 

increase pulse length
• Localized Li evaporation

- Similar to the tray of Li from CDX-U
• Liquid lithium “puddle”

- Hot shells (T > 400 C) to increase Li 
coverage (plasma ops at lower T)

- Increased Li Coverage
- What happens to the C and Fe?

• Status of Diagnostic Neutral Beam
- Currently tested up to 22 kV, 2.5 A for 

500 ms
- Requires modifications to the LTX 

pump duct for installation
- 12 month timeline?
- Nova Photonics was recently 

awarded a new Phase I SBIR to 
further develop the beam
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Lithium is AWESOME!!!!!!!!1

• Lithium has the possibility of providing large area 
pumping surfaces (near zero recycling) such as on LTX
- Pro: Not localized like a cryo-pump
- Con: not nearly as controllable as a cryo-pump

• Lithium has been shown to greatly improve confinement 
time, edge stability (ELMs), reduce PL→H, etc etc with 
little to no Li contamination in the core plasma on NSTX
- Possibly reduce divertor heat flux

• Lithium’s applicability to long pulse/steady state 
plasmas has not yet been demonstrated
- Can Li provide a low recycling surface indefinitely in long pulse 

tokamaks?
- Some promising early results from EAST
‣ Using lithium dropper (from PPPL) to access long H-modes
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Back-up Slides
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Calibration of DBIR is performed ex-situ and in-situ

•Ex-situ with a calibrated 
black body light source
- Up to 1200 C

• In-situ during:
- NSTX bake out prior to run 

campaigns
- LLD heating tests
‣ With and without Li on the LLD

•Frame averaging is 
generally needed due to 
low Signal/Noise ratio 
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Time evolution of Divertor Heat Flux for 1.2 MA 
Discharges with varying Lithium amounts
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NSTX Divertor Diagnostics
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1.3 MA Comparison of the effects of Lithium
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1.3 MA Heat Flux Divertor Visible Measurements
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Divertor Bolometry for 1.3 MA discharges
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No Evidence of Divertor Detachment with Heavy Lithium 
Evaporation

• No difference in divertor ne 
and Te from Langmuir probe
- Limited to 1 LP on the inboard 

divertor
• Current analysis uses a 

“classical” Langmuir probe 
interpretation of swept probes
- Assumes Maxwellian distribution
- Only utilizes data taken in ion 

saturation up to Vfloat

• Recent work (M. Jaworski, 
APS Invited 2011) that the 
electrons are Bi-Modal
- Te ~ 5 eV
- May also be affected by lithium
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LTX Diagnostic Neutral Beam

• Beam was 
developed by Nova 
Photonics
- Originally for NCSX
- 40 kV, 5 A DNB
- 5cm x 7cm square

• Will be placed 
where the pump 
duct currently 
resides
- Requires modification 

to the pump duct 
- Plus armor for shine 

through

52

If poloidal views are necessary,
there aren’t many ports on LTX 

available with a beam view

Current 
Toroidal 

View

Current 
Poloidal
Views



NSTX ORNL Experimental Plasma Physics Seminar - NSTX SOL and Boundary Physics (TK Gray) Jan 18, 2012

Contamination of Li III CX with Carbon is a possibility 
when the Neutral Beam comes online

•To estimate C VI CX line 
intensity, 
- NSTX used the carbon, 

poloidal CHERS system to 
estimate the density of the 
n = 7→5 state (5290 A) 

- collisional-radiative model 
to estimate the density of 
the n = 14 → 10 state 
(5166.67 A)

- Benchmarked the CR 
model with TFTR data
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Core lithium concentration measurements on NSTX 6

Figure 3. Example of spectrum measured by the Li-pCHERS system. (a) Spectrum

measured by a sightline intercepting the NB (active) and missing the NB (background).
The inset shows the inferred line-integrated temperature for Li III at 5167 Å as a

function of the relative amplitude between C VI and Li III brightnesses. Results are

consistent with the temperature measured for the C VI, n = 8 → 7 line assuming

that C VI, n = 14 → 10 constitutes ≈ 50% of the brightness measured at 5167 Å. (b)

Detail of the total spectrum around 5167 Å and of the spectrum after subtraction of

the background and of the charge-exchange (CX) contribution from C VI. The band for

the net Li III spectrum indicates the estimated uncertainties of ±25% . The shoulder

caused by the Swan band is visible in the spectra for wavelengths � 5165.25 Å.

looking at the same portion of the plasma, radially and toroidally, share the same optics.

The emission line used to infer lithium concentration is the Li III line at rest

wavelength in air of 5166.89 Å (n = 7 → 5 transition) [16]. Other prominent emission

lines in the same spectral range are a C II line at 5151.08 Å, a C VI line at 5166.89

Å and a molecular band of C2, called the Swan band [17], extending from ≈ 5150

Å up to 5165.25 Å (Fig. 3). The Swan band, and in particular its head-band lines,

partly overlaps the Li III line. Therefore, a simultaneous least-square fit of both lines

is required to infer the lithium emission from the measured spectra.

The major source of uncertainty in the accurate determination of the lithium

brightness is caused by the C VI line (n = 14 → 10 transition, λ = 5166.67 Å) located at

the same wavelength as the Li III line of interest. The result is a possible blend of up to

four lines contributing to the measured spectra at comparable wavelengths, namely the

M Podestà, et al. submitted to NF. (2012)


