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Figure 7. Total radiation distribution from foil bolometry in the
divertor at t = 2.2 s during the OS for discharge # 27100.

Figure 8. Temporal evolution of the radiative X-point fluctuations
measured by an AXUV diode (orange chord in figure 2(b)) of
discharge # 27100.

its maximum after !D+ and ne,t rolled over. As the spatial
extent of the Stark diagnostic in the outer divertor is limited to
"S < 15 cm (figure 2(a)) it cannot be verified if there exists
a high density front in the far outer SOL or X-point region
similar to the one in the inner divertor.

3.1.3. The complete detachment state. The beginning of
this state is defined when the X-point fluctuations disappear
(figure 5(d)). With the transition from the FS to the CDS, the
core plasma fuelling becomes more efficient again. This can be
seen in the time traces of the line-integrated plasma density and
the applied fuelling gas puff (figure 1(c), t ≈ 3 s). The plasma
density increases faster at this point while the fuelling rate
remains constant. In the following, the evolution of the divertor
plasma parameters are described in detail and the occurrence
of volume recombination will be discussed.

Inner divertor. With the start of this state ne,t , Te,t and !D+

at the strike point region are reduced by more than an order
of magnitude (figures 6(d), (f ) and (h)). Also the high
density front at the strike point region disappears and moves
along the field lines towards and even above the X-point.
With the horizontal and vertical ne,V measurements, the motion
of the high density front can be monitored. At the beginning,
the density front is located at "S = 15 cm (figure 6(b)) and

close to the target at "R = −14 cm (figure 6(a)). Then the
front moves in horizontal as well as in vertical direction until
it is close to the X-point at "R = −2 cm and "S = 38 cm
(which are the uppermost horizontal LOS, figure 2(a), being
above the X-point). The final position of the density front,
at t = 3.5 s, is consistent with the radiation distribution
(figure 12), which peaks well above the X-point. We call here
the situation when the target values ne,t , Te,t and !D+ and also
the electron density in the volume, ne,V, almost vanish at the
strike point region complete detachment2. Thus, the name for
this third detachment state. It should be noted here, that there
is a short increase in Te,t close to the strike point just after the
beginning of this state when the density front starts to move
towards the X-point (t ≈ 3 s, figure 6(f )). The uncertainty
in the determination of the strike point position is ≈1 cm. It
is therefore not possible to clarify if this short increase in Te,t

occurs in the SOL or in the private flux region. It is also
unlikely to be a measurement error of the LPs as this feature
is observed in every discharge of this density ramp series.

Outer divertor. At the transition from the FS to the CDS, #D+

in the outer divertor becomes smaller than the TPM scaling
and the DOD exceeds unity (figures 5(b) and 4(b)). At this
point, !D+ at the outer target is already strongly reduced by
two orders of magnitude with respect to its maximum value
(figure 6(i)). Also the density and the temperature at the target
close to the strike point region ("S < 5 cm) have reached low
values of ne,t ! 2 × 1019 m−3 and Te,t ! 5 eV. Moreover, the
high density front in the outer strike point region rapidly moves
out of the spectroscopic observation area ("S < 15 cm) at the
beginning of this state (figure 6(c)). In the observed region
the plasma is therefore completely detached from the outer
target, confirmed by the measurement of the total radiation
(figure 12), which peaks close to the X-point. It is remarkable
that the complete detachment starts simultaneously at the inner
and outer strike point regions. This has not yet been observed
elsewhere.

Evidence for volume recombination and low divertor tempera-
tures. The density in the divertor volume, the emissivity of
Dδ and the line ratio Dδ/Dϵ are shown in figure 13. First it
can be seen that the Dδ emission increases when the density
has decreased, in the inner as well as in the outer divertor.
In other words, when the density front has moved towards
the X-point (above the blue dashed line in figure 13(a)), the
line emission increases between the density front and the tar-
get (below the blue dashed line in figure 13(c)). The TEC,
shown in figure 3(c), increases with decreasing temperature
and reaches its maximum at Te ≈ 1.5 eV. This peak corre-
sponds to the transition from an ionization to a recombination
dominated plasma (section 2.3) and the temperature is approx-
imately ≈1.5 eV. Thereafter, when the emission decreases,
the line ratio of Dδ/Dϵ starts to increase (below the red dashed
line in figures 13(c)–(f )). From figure 3(d) it can be seen that
the line ratio increases when recombination becomes dominant
and the temperature is below 1 eV. This is consistent with the
drop in the TEC below Te = 1 eV (figure 3(c)). As these are
line-integrated measurements, we do not aim at deducing ab-
solute temperatures out of the Dδ/Dϵ ratio. However, we can
2 The reader should not be confused with the definition of total detachment
based on the DOD [32].
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Divertor Detachment Front  
Easily Runs up to the Main Plasma

�2

Potzel,	NF	2014,	AUG

Deleterious effect on H-Mode pedestal.
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Figure 9. Spectral power versus frequency for various AXUV diodes (black) and fit of an exponential function on the background (red) of
discharge # 27100. The positions of the diodes are shown in figures 2(b) and 10.

Figure 10. Intensity of the fluctuations for all AXUV channels of
discharge # 27100. The colour code represents the strength, and the
location of the fluctuations is indicated by the yellow circle.

assume that the radiation of Dδ and Dϵ is emitted from the
same region and draw qualitative conclusions. Namely that, in
the inner and outer divertor volume, recombination becomes
dominant and the electron temperature is Te < 1 eV at times
and regions below the red dashed lines in figure 13.

3.2. Detachment in hydrogen

To disentangle isotope effects, several discharges of the density
ramp series were performed with hydrogen as main ion species

Figure 11. Total radiation distribution from foil bolometry in the
divertor at t = 2.9 s during the fluctuating detachment state for
discharge # 27100. The estimated positions of the high-density
fronts in the inner divertor are indicated with the red circles.

(see table 1). The divertor plasma undergoes the same
three detachment states in hydrogen as in deuterium. The
characteristics of the different detachment states described
above qualitatively hold also for a hydrogen plasma with
the following main quantitative differences. The ratio of
the total ion flux to the inner and outer divertor before the
beginning of the fuelling ramp (t < 1.9 s) is #in

D+/#out
D+ =

1.6 (figures 14(a) and (b)), which is more symmetric
compared with the deuterium-fuelled case (#in

D+/#out
D+ = 1.9).

In addition, the radiative X-point fluctuations during the
fluctuating detachment state have a frequency of f ≈ 8 kHz in
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• Provide a localized cloud of Li vapor  
away from main plasma 

• Evaporation at ~ 750° C 

• Condensation at ~ 3-400° C 
(determines DT pumping) 

• Return liquid lithium to evaporator. 

• Creates strong vapor gradient. 

• Detachment front cannot run up to x-point. 

• Detachment front location is resilient to variable heat flux. 

• Cannot be achieved with gaseous impurities – pumping is too weak

Lithium Vapor Box Divertor Concept
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• UEDGE has a purely diffusive model for lithium vapor transport. 

• Based on collisions of lithium atoms with plasma ions.  
No Li-Li collisions. 

• Inaccurate in regions dominated by lithium convection/viscosity: 
Navier-Stokes regime. 

• Transports lithium in plasma, calculates radiation self-consistently. 

• Issues with thermal force model at high impurity fraction. 

• Achieves detached plasma in Fusion Nuclear Science Facility (FNSF) 
with nearly 100% lithium radiated power. In “real” world would 
include other (seed) impurities. 

• Upstream lithium fraction depends on upstream electron density.

UEDGE Model with Lithium
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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. 

EvaporaBon

UEDGE Predicts Detachment in FNSF 
with Lithium in Simplified Divertor
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Detachment	
Front
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Recombination roughly equals ionization at a given Z position. 
In effect, plasma acts like a mirror (with a cricket bat).

UEDGE Lithium Ionization &  
Recombination in Near Local Balance
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• Using SPARTA Monte-Carlo Direct Simulation code for lithium vapor 

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

• Model evaporation and condensation based on known  

equilibrium Li pressure vs. T, and Langmuir fluxes from surfaces. 

• Lithium – Plasma interaction 

• Assume absorption of lithium at Te = 0.2 eV 

• Recombination at the same point. 

• Lithium leaves along B with TLi = E||,Li = 0.2 eV

SPARTA Provides Alternative Model for  
Lithium Vapor, including Convection & Viscosity
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A Simplified Lithium Vapor Box Divertor 
Based on UEDGE Results

Allows more Li efflux, but needs less total evaporation 
Makes experimental implementation easier, 
including starting with a toroidal segment
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Lithium Accumulation on First Wall  
will be Very Low

• 140 g/s of lithium evaporated for Prad = 66 MW.  

• Assume all of this is deposited on first wall, Tw ~ 600 C. 

• Evaporation rate at 600 C = 2.66 g/s/m2 

• Area of first wall ~ 300 m2 

• Total evaporation rate with multi-monolayer surface 
coverage = 800 g/sec 

• Can’t even accumulate a few monolayers of Li 

• LiH decomposes in << 1 sec at 600 C.
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SPARTA Shows Strong Variation in  
Lithium Absorption with Detachment Vertical Position

Lithium evaporation from private flux side is much more efficient  
when leg is closer to evaporator. 

(Does not include radiative heating of evaporator.) �10
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SPARTA Gives Very High Positional Resilience
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x	6

Lithium injection from private flux side is much less efficient  
as leg moves away from evaporator → Positional resilience. 

(Does not include change in radiative heating of evaporator.)



Two-Sided Injection Has Low Resilience

Little variation in Li absorption as leg moves away from  
evaporators. Same low resilience with bottom evaporation.
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Lithium Return Flow is Determined by Balance 
between Capillary Pull & MHD Drag
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Sandwich Flow Channel Inserts Reduce ΔPMHD

Gap in Flow Channel Insert orients towards divertor surface. 
Works top and bottom, leaves margin for other effects.
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Conclusions

• UEDGE predicts detachment in FNSF with Li alone,  
shows lithium dynamics at detachment front. 

• This provides a preliminary physics basis to  
optimize Lithium Vapor Box Divertor using SPARTA. 

• A divertor with private-flux-side lithium evaporation near the 
bottom of the divertor leg – 

• Provides adequate lithium for detachment. 

• Provides strong positional resilience of the detachment front, 
without baffles. No issue of Li accumulation on 600 C surfaces. 

• Sandwich Flow Channel Inserts facilitate capillary force to return  
140 g/s of lithium across 7T magnetic field. 

• Integrated modeling, design, & experiments are needed.
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