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• Provide a localized cloud of  
Li vapor away from main plasma 

• Evaporation at ~ 700° C 

• Condensation at ~ 400° C 

• Return liquid lithium via 
capillary porous material. 

• An inside-out heat pipe – 
with the heat source inside the pipe! 

• Vapor gradient ⇒ resiliency to variable heat flux. 

• Cannot be done with gaseous impurities. 

• Use low-Z impurity to maximize radiation in SOL.

Continuous Lithium Vapor Shielding
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• Using SPARTA Monte-Carlo Direct Simulation code 

• Li collision model based on known viscosity vs. T. 

• Model evaporation and condensation based on  
known equilibrium Li pressure vs. T, and Langmuir 
fluxes from/to surfaces. 

• “Not bad” agreement with simple model based on 
choked flow and conservation of enthalpy. 

• Plasma absorption, however, is a very big effect, 
reducing vapor efflux from baffled region. 

• Assuming 100% absorption of lithium at plasma 
boundary. Recombination at plasma detachment 
point.

Lithium Modeling
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condensation by emitting particles and absorbing impacting particles, while baffle walls 
(not included in the UEDGE simulation of figure 1) are nominally held above the 
condensation temperature, and so are modeled as diffusely reflecting.  
 
The SPARTA code was modified with an axial weighting scheme to produce a relatively 
constant density of simulation particles despite the dramatic effects of the baffling 
scheme on the physical lithium density. This provided a factor of ten decrease in 
processing time while simultaneously improving statistics. In one set of studies, the 
lithium profile for a divertor without plasma computed with SPARTA was compared to 
that predicted by solving enthalpy and mass flow equations in a choked flow model [6]. 
The agreement between these models was acceptable. In another series of SPARTA 
studies, a toy model of a plasma modifies the lithium vapor transport. The plasma absorbs 
incident lithium and re-emits it in the center of the final, most dense box. We have 
simulated the open geometry of the present FNSF design, as well as begun studies using 
(so far) a single baffle. While the original open geometry allows 75% of the lithium 
absorption in the plasma to occur in the far SOL, distant from the divertor leg, this is 
reduced to 5% through the use of a single baffle. 

We have also studied much more 
strongly baffled configurations in a 
simple model geometry. The density 
distributions for a Demo case with 
and without plasma are shown in 
figure 2. For this case, including 
plasma absorption, we find the 
lithium exit rate can be optimized to 
be less than 30 mg/s, which should 
have negligible effect on the plasma.  

 
We have studied mass flow and lithium density within each chamber of example 
configurations in Magnum-PSI, and for a vapor transport experiment to be performed at 
PPPL, in preparation for detachment experiments at Magnum-PSI. We plan to examine 
more strongly baffled configurations in FNSF using both UEDGE and SPARTA. 
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A detached divertor will be necessary to handle the plasma heat flux from a demonstration fusion

power plant [1]. A key issue is control of the detachment location. The lithium vapor box divertor

has poloidal baffles to form distinct chambers and so localizes the dense lithium vapor needed

for detachment. The chambers are differentially pumped via condensation to reduce the lithium

flux into the core plasma while still providing robust detachment [2]. We provide a simulation of

the neutral lithium vapor flow in the divertor using the  Stochastic PArallel Rarefied-gas Time-

accurate Analyzer (SPARTA) Direct Simulation Monte Carlo (DSMC) code [3]. A Variable Hard

Sphere (VHS) model with velocity-dependent effective diameter is employed for neutral-neutral

collisions.  The  outer  walls  simulate  evaporation  and  condensation  by  emitting  particles  and

absorbing any impacting particles, while the baffle walls are diffusely reflecting. The code was

modified with an axial weighting scheme to have an even distribution of simulation particles.

The modified weighting achieved a factor of ten decrease in processing time and better statistics.

In one study, vapor densities for a divertor without plasma computed with SPARTA are compared

to densities predicted by solving enthalpy and mass flow equations in a choked flow model. The

agreement between these models is acceptable. In another series of SPARTA studies, a toy model

of a plasma modifies the lithium vapor transport. The plasma absorbs incident lithium and re-

emits  it  in  the  center  of  the  hottest  box,  with  a  temperature  of  1  eV  and  directed  speed

corresponding to 1 eV for hydrogen. The density distributions for a Demo case with and without

plasma are shown in the figure.  The plasma absorption effect  causes a  significant  reduction

(greater than 90%) in the lithium exiting the vapor box. Lithium mass flow and density within

each chamber are given for example configurations in Demo, FNSF, Magnum-PSI, and a vapor

cylinder similarity experiment to be performed

at  PPPL.  For  the  Demo  case  we  find  the

lithium exit  rate  can  be optimized to  be less

than 30 mg/s. This should be an acceptable in

terms of effects on the plasma since NSTX has

successfully operated with a 0.22 g/s injection

with increased plasma performance [4]. 
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Figure 2: Effect of plasma on lithium density.  



• UEDGE has very different, diffusive model for 
lithium transport, and very different geometry. 

• Based on collisions of lithium atoms with residual 
plasma in SOL, far SOL. 

• Short divertor leg, no baffling or vapor box yet. 

• Transports lithium and calculates radiation self-
consistently. 

• Issues with thermal force model at high impurity 
fraction. 

• Achieves detached plasma in FNSF with nearly 
100% lithium radiated power. 

• About 60 eV radiated per lithium ionization,  
but 1/2 of ionization is in far SOL. 

UEDGE Modeling
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Topic: FIP 
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A lithium vapor-box configuration [1] has been proposed to provide volumetric radiative 
dissipation in the divertor region of tokamak plasmas. While recent experiments have 
achieved continuous vapor shielding in close proximity to a lithium coated target in 
Magnum-PSI [2], this approach seeks to provide controlled detachment far from the 
divertor target, in a lithium vapor cloud maintained through controlled evaporation and 
kept away from the main plasma through baffling and recondensation.  

First we present results of edge-plasma simulations with the geometry and parameters of 
the recent FNSF study [3]. A set of calculations are performed with the 2D UEDGE 
plasma model and a simple diffusive neutral model [4]. Equations are solved for the 
density and momentum of a DT species and all three charge states of Li, in addition to 
separate ion and electron energy equations. To mimic a crude vapor-box, Li vapor is 
injected near the divertor plate from the private-flux and outer divertor leg regions and is 
removed assuming a wall albedo of 0.5 on both PF and outer walls, which allows steady 
state solutions. The hydrogenic (DT) fuel ions and accompanying electrons transport the 
core exhaust power into the scrape-off layer.  Hydrogen ions recombine into neutral gas 

within the divertor volume, though the impact of 
this gas component is assumed negligible. For a 
range of Li vapor input, steady-state, detached-
plasma solutions are shown where well over 90% 
of the exhaust power is radiated by Li, resulting in 

peak surface heat fluxes ≤ 2 MW/m2 on the 
divertor plate, outer wall, and private-flux wall. 
Figure 1 shows the electron temperature contours 
in the outer leg for a detached divertor-plasma 
solution where high-density Li neutral and ion 
populations surround the plasma along 
the boundary of the blue, low Te region. While Li 
ions dominate in the divertor leg, their density is 
much less than the DT density at the midplane. The 
collisional parallel thermal force plays a key role in 

determining the midplane ion Li density, and sensitivity of results to different model 
assumptions are discussed. Here the key issue is possible dilution of the core DT fuel.  

In parallel with the UEDGE analysis, we have also developed a simulation of the neutral 
lithium vapor flow in the divertor using the Stochastic PArallel Rarefied-gas Time- 
accurate Analyzer (SPARTA) Direct Simulation Monte Carlo (DSMC) code [5]. A 
Variable Hard Sphere (VHS) model with velocity-dependent effective diameter is 
employed for neutral-neutral collisions. The outer walls simulate evaporation and 

Simulations of a high-density, highly-radiating lithium divertor  
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Lithium has been proposed as a plasma-facing material to possibly improve core performance 
[1] and simultaneously manage the high heat-flux problem on surfaces by radiating most of 
the exhaust plasma power in the divertor region, where a vapor-box scheme [2] is one 
possibility. Here results of edge-plasma simulations are reported with the geometry and 
parameters of the recent FNSF study [3].   A set of calculations are performed with the 2D 
UEDGE plasma model and a simple diffusive neutral model [4].  Equations are solved for the 
density and momentum of a DT species and all three charge states of Li, in addition to 
separate ion and electron energy equations.   To mimic a crude vapor-box, Li gas is injected 
near the divertor plate from the private-flux and outer divertor leg regions and is removed 
assuming a wall albedo of 0.5 on both PF and outer walls, which allows steady state 
solutions. The hydrogenic (DT) fuel ions and accompanying electrons transport the core 
exhaust power into the scrape-off layer.  Because of the assumption of Li on surrounding 
surfaces, recycling of hydrogen ions into neutral gas is negligible. For a range of Li gas input, 
steady-state, detached-plasma solutions are shown where well over 90% of the exhaust power 
is radiated by Li, resulting in peak surface heat fluxes 
£ 2 MW/m2 on the divertor plate, outer wall, and 
private-flux wall. The figure shows the electron 
temperature contours in the outer leg for a detached 
divertor-plasma solution where a high-density Li neutral 
and ion populations surrounds the plasma along the 
boundary of the blue, low Te region.  While Li ions 
dominate in the divertor leg, their density is much less 
than the DT density at the midplane.  The collisional 
parallel thermal force plays a key role in determining the 
midplane ion Li density, and sensitivity of results to 
different model assumptions are discussed. Here the key 
issue is possible dilution of the core DT fuel. A more 
complete model of lithium neutral gas is also underway using the Monte-Carlo Direct 
Numerical Simulation SPARTA code both to simulate the gas behavior for the conditions 
studied here and also to analyze a more detail vapor-box geometry [5]. 
Work supported by the US Department of Energy under DE-AC52-07NA27344 at LLNL and 
DE-AC02-76CHO3073 at PPPL.  
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Figure 1. Detached FNSF plasma. 



• Using UEDGE plasma contours, have shown 
dramatic decrease in lithium to far SOL with baffles.

Lithium Modeling in UEDGE Geometry
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• Using UEDGE plasma contours, have found dramatic 
decrease in lithium to far SOL with baffles.
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Quantity Without Baffle 
(MA)

With 2 Baffles 
(MA)

Lithium Evaporated from 
the Walls

2.59 11.8

Lithium Condensed on 
the Walls

2.59 11.8

Ionization in Far SOL 0.56 0.003

Ionization in baffled 
region

0.25 1.07

Total Ionization 1.1 1.1

Lithium Modeling in UEDGE Geometry

x4

x4



Resilience
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• Moved UEDGE contours 
into and out of baffled 
region. 

• For fixed lithium 
evaporation rate, 
ionization in plasma 
increases dramatically 
as plasma penetrates 
highest density region. 

• Should provide very 
substantial robustness 
against variable power 
flux.



Simpler and More Complex Questions
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• Simpler question: How much energy is lost from 
upstream plasma due to Li influx? 

• ADAS answer for Li atoms 

• More Complex Question: What are the mechanisms of 
detachment with high Li content?

1120 R.J. Goldston et al. / Nuclear Materials and Energy 12 (2017) 1118–1121 

Fig. 3. εcool as a function of electron temperature and density. Dashed lines are 
radiation-only. (a): τ z = 10 µsec. (b): τ z = 100 µsec. (c): τ z = 1 msec. 

3.4 MW. It will be necessary, however, for the chamber walls to be 
operated at high enough temperature that lithium does not con- 
dense and accumulate on them over time, and so can be removed 
in a lower-temperature region. The typical planned operating point 
of tokamak first walls, ≥ 500 °C, should be more than adequate. 

From the point of view of power balance, it appears that a rel- 
atively compact lithium vapor box could be used to detach the 

Fig. 4. Vapor temperature as a function of required dissipation power, with result- 
ing mass efflux. 
plasma from a full power tokamak fusion reactor, with modest im- 
pact on the size of the system or on plasma performance. 
4. Upstream density for detachment 

We now examine the issue of force (or pressure) balance, which 
determines the upstream density required for detachment both 
with a lithium vapor box divertor and more generally. The physics 
of detachment is not fully understood, and even empirical scaling 
studies are not in hand to project the crucial dependence of the 
required upstream n/n GW on, inter alia, divertor power, machine 
size, and toroidal and poloidal field strengths for simple hydro- 
genic gas puffing (but see A.W. Leonard et al., this issue, for a good 
start). Here we resort to the tactic of assuming, based on observa- 
tion, that detachment takes place soon after the target temperature 
drops to T det ∼ 1/2 of the dominant species ionization potential, 
while still maintaining dynamic pressure balance to this point. We 
use the standard 2-point model, extended [4] to take into account 
εcool , to find the upstream density needed to reach T det . 

For power balance we require, 
˙ N e ( ε cool,eV + γ T det,eV ) = P di v (3) 

where ˙ N represents the total recycling source of hydrogenics or 
lithium and P div is the power flowing into the divertor leg. For par- 
ticle balance (assuming that the recycling source dominates, and 
M = 1 at the target) we require 
˙ N = n det (2 e T det,eV / m i ) 1 / 2 2 πR OMP λ&,OMP ( B p /B ) OMP (4) 

where λ& is the particle flux width mapped to the outer mid-plane 
and n det is the density at the target when T = T det . Substituting ˙ N 
from Eq. (4) into Eq. (3) , and solving for n det , we have 
n det = P di v 

e ( ε cool,eV + γ T det,eV ) 
(

m i 
2 e T det,eV 

)1 / 2 
×

[
2 πR OMP λ&,OMP ( B p /B ) OMP ]−1 

(5) 
Next we use the Heuristic Drift (HD) model [5] for the heat flux 

width, with a factor of 0.8 decrease to account for the best fit to 
the dataset reported by Eich [6] , and a factor of 2 increase for dif- 
fusive spreading (S) below the X-point, λint ∼ 2 λq , based on the 
same dataset. We then use Spitzer conductivity to determine the 

1120 R.J. Goldston et al. / Nuclear Materials and Energy 12 (2017) 1118–1121 

Fig. 3. εcool as a function of electron temperature and density. Dashed lines are 
radiation-only. (a): τ z = 10 µsec. (b): τ z = 100 µsec. (c): τ z = 1 msec. 

3.4 MW. It will be necessary, however, for the chamber walls to be 
operated at high enough temperature that lithium does not con- 
dense and accumulate on them over time, and so can be removed 
in a lower-temperature region. The typical planned operating point 
of tokamak first walls, ≥ 500 °C, should be more than adequate. 

From the point of view of power balance, it appears that a rel- 
atively compact lithium vapor box could be used to detach the 

Fig. 4. Vapor temperature as a function of required dissipation power, with result- 
ing mass efflux. 
plasma from a full power tokamak fusion reactor, with modest im- 
pact on the size of the system or on plasma performance. 
4. Upstream density for detachment 
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of detachment is not fully understood, and even empirical scaling 
studies are not in hand to project the crucial dependence of the 
required upstream n/n GW on, inter alia, divertor power, machine 
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m i 
2 e T det,eV 
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2 πR OMP λ&,OMP ( B p /B ) OMP ]−1 

(5) 
Next we use the Heuristic Drift (HD) model [5] for the heat flux 

width, with a factor of 0.8 decrease to account for the best fit to 
the dataset reported by Eich [6] , and a factor of 2 increase for dif- 
fusive spreading (S) below the X-point, λint ∼ 2 λq , based on the 
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From Paper by I. Murakami
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 H2     ?

 H2     ?

 H2     ?+

–

Need data down to energies ~ 0.1 eV (?).



What do We Need to Know?
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• Current model is that lithium is rapidly ionized at plasma 
edge, even in UEDGE. Many processes are not included, 
e.g., CX incl. Li, molecular interactions: H2, LH 

• A more detailed model is needed to understand how 
much upstream loss is needed (and how to get it) vs. 
dissipation in the detachment region. 

• As plasma recombines there should be much H, H2 and 
perhaps LH co-located with much Li vapor. CX effects? 

• How does Li in its various charge and excitation states 
interact with H atoms and with H2 and LH molecules in 
their various charge and excitation states, at energies 
down to ~ 0.1 eV? 

• Is photon opacity an issue?
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Figure 2.  Schmatic Illustration of Dynamic Gas Target Divertor.


