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Abstract
Several devices, e.g. CDX-U and NSTX, have shown the benefits of lithium as a plasma-facing component (PFC), 
including enhancement of energy confinement and suppression of edge localized modes [1, 2, 3].  Building on this 
success, the Lithium Tokamak Experiment (LTX) [4] was designed with a temperature-controlled metallic shell 
onto which lithium is evaporated, representing ~ 90% of the PFC surface area. The primary effect of lithium is to 
reduce the recycling at PFCs and edge neutral density; nearly all other effects follow from this. The ORNL 
collaborative boundary physics program on LTX aims to assess the effects of lithium on the edge power, 
momentum, and particle balance. A simple torque balance with momentum input from a neutral beam shows that 
the predicted toroidal rotation speed increases quickly with decreasing recycling coefficient or neutral density. To 
verify these basic predictions, a set of diagnostics is being implemented; the centerpiece is a dedicated Charge 
Exchange Recombination Spectroscopy (ChERS) system to quantify the poloidal and toroidal rotation speeds, ion 
temperatures, and radial electric fields. Filterscopes, calibrated Hα and lithium cameras, and medium resolution 
compact visible-range Czerny-Turner spectrometers will help quantify the change in edge recycling source with 
lithium, and dual-band thermography [5] will quantify the PFC response to plasma bombardment. Interpretive 
analysis of the effects of lithium will be accomplished through 2D fluid edge plasma and kinetic neutrals modeling 
with SOLPS package, which has already been used [6] to quantify the effects of lithium on the edge plasma in 
NSTX. 

1. Introduction
While the main line mission of the Lithium Tokamak Experiment (LTX) is to examine the effect of liquid lithium 
PFCs on core/global discharge characteristics, a wide body of tokamak research has demonstrated the 
dependence of the core parameters on the edge boundary conditions, e.g. as in high confinement modes (H-
modes) achieved in most major fusion devices. Lithium PFCs clearly alter the plasma-wall interactions and edge 
plasma characteristics, which then provides a different, more favorable boundary condition for the core plasma. 
Therefore, we have chosen to focus on edge plasma studies, because they are crucially important for unfolding 
the effect of lithium PFCs on core conditions. Furthermore ORNL staff have substantial edge plasma expertise in 
general, and a lead role on edge physics studies in the nearby NSTX device.
! Specifically our program is to lead the evaluation of the effect of liquid lithium plasma facing components 
(PFC) on the boundary plasma characteristics. This has two coupled components: (a) execution and analysis of 
experiments, including physics analysis support with detailed modeling with the SOLPS code, and (b) installation 
of new diagnostics needed for those experiments. The two main research goals are: 1) to evaluate the effect of 
reduced edge neutral density on core fueling, edge charge exchange momentum loss, and plasma kinetic 
profiles; and 2) to evaluate the generation and transport of impurities from plasma-wall interactions through 
spectroscopy and thermography.

2.  Interpretive Modeling of Edge Plasmas in NSTX
Interpretation of the effect of lithium walls on the LTX edge plasma will be performed with the SOLPS code[7]. A 
toroidally symmetric limiter arrangement makes the LTX ideal for 2-D modeling. The fundamental approach is to 
use as many experimental constraints as available to determine the free parameters in the calculation; the final 2-
D solution consistent with those measurements can be used to quantify the source and sink terms associated with 
recycling, which are critical to the interpretation of the edge particle, momentum and energy balances.  
! SOLPS is a coupling[7] of the fluid code[8] B2 to solve the plasma equations, and the Monte Carlo code 
EIRENE[9] to treat the neutrals. The equations solved in the B2 part are based on the Braginskii equations[10], 
which include the ion and electron momentum, continuity, and internal ion and electron energy balance equations. 
The code has the capability to include classical cross-field drifts (e.g. ExB  drifts), although this ability is less 
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commonly used because of convergence problems. The ion fluxes onto solid surfaces as calculated by B2 are 
passed to EIRENE, which then calculates the neutral source terms (i.e. particle source due to ionization, and ion 
heat and momentum transfer due to charge exchange) are handled by EIRENE. These source terms are in turn 
passed back to B2 to be included in the balance equations, and this process is repeated until convergence of the 
main plasma parameters is achieved.
! Plasma transport in the direction parallel to the magnetic field is treated as classical in SOLPS, with 
corrections to account for kinetic effects (e.g. “free-streaming” limits).  Transport across flux surfaces is treated 
with user-specified transport coefficients to model the effects of anomalous transport. For a given set of these 
coefficients, SOLPS yields a prediction of the edge plasma and neutrals properties that are generally useful e.g. 
in designing new experiments.  On the other hand, these transport coefficients can be adjusted to provide a 
match to experimental data, so that the code is used in an interpretive sense[11, 12]. In principle these transport 
coefficients can have poloidal and radial variations as specified by a physics-based or empirical model; practically, 
the cross-field transport coefficients we employ are allowed to vary across the magnetic field as need to match 
data, but are constant along a flux surface.
! Recycling in SOLPS is treated with a dimensionless local recycling coefficient R at plasma facing surfaces, 
which specifies the ratio of ion flux onto targets to the neutral flux back into the plasma. Typically values near unity 
are used for R, since the near surface layers in most materials saturate with particle flux in steady state, such that 
nearly all of the incident ions are recycled as neutrals. However, this is not the case with strong pumping due to 
lithium PFCs, and so the proposed interpretive modeling of LTX will entail adjusting the recycling coefficient to 
best match measurements.
! An example of interpretive modeling of lithiated NSTX discharges using SOLPS is shown in Fig. 1 [6].  By 
using experimental measures of the midplane ne, Te and Ti to constrain the simulation as well as divertor 
measures of heat flux and particle allows the determination of the free parameters in the simulation such as the 
perpendicular electron thermal  and particle diffusivities, χ⊥e and D⊥e respectively as well as the recycling 
coefficient.

3.  Momentum and Energy Balance with Low Recycling Plasma Facing Components
The use of lithium in LTX is expected to substantially reduce the recycling flux and neutral density, based on basic 
considerations of lithium-deuterium interactions and the experimental evidence[1,13,14] from CDX-U and also 
from NSTX lithium coating experiments[2,3,15-17]. Consequently the charge exchange rate between ions and 
neutrals, which is proportional to the product of the ion and neutral density, should be reduced.
! While charge exchange events affect the particle balance in a subtle way, namely by enhancing neutral 
penetration as the neutrals come into thermal equilibrium with the edge ions through multiple charge exchange 
events, they affect the momentum and energy balance in a more direct way. Specifically much of the ion 
momentum along the field is lost in the charge exchange process as the incoming neutrals typically have a 
random velocity distribution. Hence charge exchange reactions effectively exert a large drag on the edge velocity, 
and reducing the charge exchange rate will enable the edge plasma to spin more rapidly. In a similar manner, the 
charge exchange events also represent a sink to the ion thermal energy, as incoming wall neutrals come into 
thermal equilibrium with the local Ti. Thus reducing charge exchange should enable higher edge ion temperatures 
as well. Because the edge values set a boundary condition upon which the core profiles are based, global energy 
confinement could also increase. Note that the charge exchange process does not impact the gross particle 
balance directly, in that the ion and neutral merely exchange identities. However the overall neutral density 
reduction does lead to reduced core fueling from recycling, and a change in the fueling profile, owing to a longer 
ionization mean free path.
! A simple 0-D model is use here to illustrate the anticipated strong dependence of neutral density, 
momentum drag, and the edge rotation speed on the global recycling coefficient. The global torque balance, 
assuming spatially constant toroidal rotation is given by:

where R0 is the plasma major radius, TNBI is the total torque from the neutral beam injection, and νn = n0〈σv〉 is 
the damping rate due to neutral friction, n0 is the neutral density and〈σv〉is the charge exchange reaction rate 
parameter. The neutral beam torque is computed for a 20 keV beam [18] with 3A of absorbed current and a 
tangency radius of 0.5 m, yielding a total torque input of ~ 0.05 N-m.  Using a reference LTX scenario[4] with an 
average density <ne> =1.0(10)19 m-3, a plasma volume of 1.7 m3, a particle inventory of 2.7(10)18, and an 
assumed momentum confinement time ~ reference energy confinement ~ 60 ms, a very high toroidal rotation 
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speed vϕ = 160 km/sec is predicted as R approaches 0 as shown in Fig. 2a. This assumes vϕ can be treated as 
an average speed; the vϕ radial profile is expected to be peaked in the center.
! Charge exchange will reduce this flow speed, and in this paragraph we crudely quantify the dependence of 
that drag on the global recycling coefficient, R. For the drag due to charge exchange friction, a simple fit
[19]! is used where〈σv〉= 10-14 Ti0.318 [m3/s].  The reference simulation[4] of LTX lists a central Ti up  to ~1.6 
keV, giving a〈σv〉rate coefficient of 10-13 m3/s. For an assumed average neutral density of 1016 m-3, a damping 
rate of 1050 s-1 is computed, which is strong enough to be dominant over the momentum transport rate. For 
simplicity, we assume that n0(R) ~ C0/(1-R) for now, with a value of C0 = 1016 m-3 at R  = 0.99. Thus using this 
relationship  and the torque balance above, the toroidal rotation speed is expected to increase strongly as the 
global recycling coefficient and neutral density are reduced with lithium wall pumping; see figure 2b  blue curve. 
Figure 2 also shows a calculation assuming a 50% reduction in the momentum confinement and central 
temperature, in case the experimental values turn out lower than the predictions. In either case, it is clear that the 
toroidal rotation speed should depend strongly on the recycling coefficient and neutral density. While other effects 
(e.g. the edge plasma becoming more transparent with reduced R and density) reduce the strength of the shown 
dependences, the simple calculation does illustrate the anticipated dominant impact of neutrals on plasma flow in 
LTX.  The expectation that the lithium in LTX will reduce recycling and profile peaking[20] is fully corroborated by 
the recent data from the CDX-U and NSTX devices, as well as data from several other toroidal facilities that use 
lithium wall coatings. 

4.  Conclusions
The ORNL/LTX collaboration is centered around the study of edge particle, energy and momentum transport in 
the extreme limit of near-zero recycling.  To help  accomplish this, measurements of visible line radiation from the 
heated shells are measured to estimate impurity efflux and recycling.  Measurements of the momentum balance 
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Figure 1: Measured values (red) and fits from SOLPS modeling (black) of a) ne, b) Te, c) Ti, and 
divertor e) heat and f) particle fluxes for an NSTX plasma without lithium coatings. Also shown (d) 
are the interpretive transport coefficients that fit the data. The definition of normalized poloidal flux 
for the x-axis in panels (a)-(d) is ψN=(ψ0 - ψ)/(ψ0 - ψsep),where ψ0 and ψsep are the poloidal flux 
values at the magnetic axis and separatrix respectively.

a) b) e)

f)d)c)



will require the installation of charge-exchange 
recombination spectroscopy system to measure Ti 
and vϕ.  ChERS data will not only compliment the 
mainline LTX mission of understanding core 
confinement and transport in the case of a low 
recycling wall, but will also provide measurements 
needed to evaluate edge particle and energy 
transport coeffieicents such as χ⊥e and D⊥e. Full 
implementation of the ChERS diagnostic awaits the 
installation of the diagnostic neutral beam expected in 
Spring 2012.  Interpretive modeling of LTX discharges 
will be carried out using the SOLPS code with 
experimental measurements used to constrain the 
simulations.  This will provide insight into how χ⊥e and 
D⊥e  vary in LTX as the recycling rate is reduced.
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Figure 2: Dependence of toroidal rotation speed on 
(a) global recycling coefficient, R, and (b) average 
neutral density. Two cases are shown: T=1.6 keV 
with τE =60ms (blue), and T=0.8 keV with τE = 30ms 
(red).
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