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• Pressure balance achieved by many factors 

• C-X and elastic collisions with H0 

• Recombination at very low T, high n 

• Elastic collisions with Li vapor 

• Start with very conservative approach: ~1/2 of 
upstream pressure is balanced by Li vapor pressure  
    (Jaworski, PSI 2014) 

• Why 1/2? λint ~ λq + 1.64 S ~ 2 λq 

• Vapor must be well confined to divertor chamber.  

• Much easier with a condensing vapor than a gas.

Pressure Balance with Lithium Vapor



Differentially Pumped  
Li Vapor-Box Divertor

• Assume walls are coated with capillary porous material, 
soaked with liquid lithium, continually replenished. 

• Assume each vapor box is well-mixed, at local nvap and Tvap 

• Assume Langmuir-like evaporation / condensation at walls 

• Assume ideal-gas choked nozzle flow through apertures

ΓLi  (to wall) = nvap
kTvap
2πm

− neq Twall( ) kTwall
2πm

ΓLi  (thru nozzle) = 0.6288 ⋅nvap
kTvap
m



Particle and Power Balance

• Time-independent densities (particle balance) 

• Time-independent temperatures (enthalpy balance)  

• Two equations for two unknowns for box i in terms of box  
i - 1 (due to supersonic flow in choked nozzles).
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Solution without Plasma

• Vapor boxen are 0.4m x 0.4m, R0 = 6m 
• Apertures are 0.1m 
• Initial numerical calculations indicate need 

for reflecting surfaces to stimulate mixing 
(Hakim & Hammett)

and so solve for the vapor density and temperature in each box sequentially. From the solutions 
we can derive the mass, latent heat and enthalpy flow from box to box. 
 
    End box                                                              Main chamber → 

                                  
 
T (wall) (C) 950 787.5 625 462.5 300 
T (vapor) (C) 950 866 820 812 812 
n (vapor) (m-3) 1.51e23 3.25e22 4.17e21 4.33e20 4.38e19 
Mass flow (kg/s) 4.98 1.04  0.131  0.0135  0.00137 
Latent heat flow (W) 9.767e7 2.038e7  2.558e6  2.6464e5  2.678e4 
Enthalpy flow (W) 1.8254e7   3.549e6  4.270e5 4.3868e4 4.439e3 

 
The cooler lithium-coated surfaces function as efficient pumps for the hot dense lithium vapor, 
with the result that the drop in density from box to box is approximately given by the area of the 
slot divided by the surface area of the box. The mass efflux from the total system to the main 
plasma chamber is modest. The vapor densities are adequate to stop 20 keV ions and electrons in 
the highest density region. 
 Next we include a simple model for the plasma. We assume that the sheet of plasma in the 
center of the chain of boxes is a perfect absorber of vapor, at the thermal flow rate. All of the 
mass and enthalpy collected in the cooler boxes is released into the vapor in the hottest box. For 
an extreme case, we assume that 200 MW of plasma heat is also released into the vapor in this 
box, rather than radiated to the walls. The result of such assumptions, which is found after a few 
iterations, is 
 
T (wall) (C) 950 787.5 625 462.5 300 
T (vapor) (C) 1557.2 1174.7 1032.1 1007.3 1006.9 
n (vapor) (m-3) 1.33e23 1.98e22 1.88e21 1.30e20 1.00e19 
Mass flow (kg/s) 5.3605 0.7124 0.0643 0.0045 0.0003 
Latent heat flow (W) 1.05e8 1.40e7 1.26e6 8.81e4 5.89e3 
Enthalpy flow (W) 2.94e7 3.09e6 2.51e5 1.72e4 1.15e3 
Wall heat flux (W/m2) 1.16e6 2.22Ee6 2.94Ee5 2.66e4 1.86e3 
 
 We find that the average wall heat flux is quite acceptable, and the lithium escape rate is 
reduced to 300 mg/sec. Evidently much more detailed, at least 2-D calculations are required for 
the vapor and plasma conditions. Bench experiments should be undertaken, first with water and 
steam, and then with liquid lithium and lithium vapor. A key feature will be to determine the 
degree to which capillary pressure can be used to recirculate the fluid, as in conventional heat 
pipes, vs. active pumping. Some pumping to the exterior is desired to allow the removal of DT 
gas, helium ash and impurities at appropriate rates. With success on the bench, the “lithium vapor 
box divertor” concept should be tested with a plasma source and then on a tokamak.  

End Box Main Chamber →



Entrain Lithium Flux to Plasma Sheet 
and Eject with 200 MW into Bottom Box

As if all plasma heat were invested in ionization of 
lithium, and all recombination happened in bottom box.

and so solve for the vapor density and temperature in each box sequentially. From the solutions 
we can derive the mass, latent heat and enthalpy flow from box to box. 
 
    End box                                                              Main chamber → 

                                  
 
T (wall) (C) 950 787.5 625 462.5 300 
T (vapor) (C) 950 866 820 812 812 
n (vapor) (m-3) 1.51e23 3.25e22 4.17e21 4.33e20 4.38e19 
Mass flow (kg/s) 4.98 1.04  0.131  0.0135  0.00137 
Latent heat flow (W) 9.767e7 2.038e7  2.558e6  2.6464e5  2.678e4 
Enthalpy flow (W) 1.8254e7   3.549e6  4.270e5 4.3868e4 4.439e3 

 
The cooler lithium-coated surfaces function as efficient pumps for the hot dense lithium vapor, 
with the result that the drop in density from box to box is approximately given by the area of the 
slot divided by the surface area of the box. The mass efflux from the total system to the main 
plasma chamber is modest. The vapor densities are adequate to stop 20 keV ions and electrons in 
the highest density region. 
 Next we include a simple model for the plasma. We assume that the sheet of plasma in the 
center of the chain of boxes is a perfect absorber of vapor, at the thermal flow rate. All of the 
mass and enthalpy collected in the cooler boxes is released into the vapor in the hottest box. For 
an extreme case, we assume that 200 MW of plasma heat is also released into the vapor in this 
box, rather than radiated to the walls. The result of such assumptions, which is found after a few 
iterations, is 
 
T (wall) (C) 950 787.5 625 462.5 300 
T (vapor) (C) 2443.9 1756.5 1533.9 1499.1 1498.6 
n (vapor) (m-3) 1.15E+23 1.80E+22 1.74E+21 1.23E+20 8.21E+18 
Mass flow (kg/s) 5.3605 0.7124 0.0643 0.0045 0.00037 
Latent heat flow (W) 1.05E+08 1.40E+07 1.26E+06 8.81E+04 5.89E+03 
Enthalpy flow (W) 3.92E+07 3.75E+06 2.95E+05 2.02E+04 1.35E+03 
Wall heat flux (W/m2) 9.85E+05 2.40E+06 3.06E+05 2.74E+04 1.91E+03 
 
 We find that the average wall heat flux is quite acceptable, and the lithium escape rate is 
reduced to 300 mg/sec. Evidently much more detailed, at least 2-D calculations are required for 
the vapor and plasma conditions. Bench experiments should be undertaken, first with water and 
steam, and then with liquid lithium and lithium vapor. A key feature will be to determine the 
degree to which capillary pressure can be used to recirculate the fluid, as in conventional heat 
pipes, vs. active pumping. Some pumping to the exterior is desired to allow the removal of DT 
gas, helium ash and impurities at appropriate rates. With success on the bench, the “lithium vapor 
box divertor” concept should be tested with a plasma source and then on a tokamak.  

End Box Main Chamber →

Note: NSTX thrives on 0.22g/sec from dropper
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just above it are 1 MW/m2 and 2.4 MW/m2 respectively, assuming that it is spread 
uniformly to the walls of the box (see section 5). A parallel heat flux of 20 GW/m2 has 
been mitigated by a factor of ~104.  
 
4. Power Balance including Plasma Cooling 
When lithium atoms are introduced into a plasma, energy is inevitably extracted from the 
free electrons. Most of the extracted energy we will find is committed to ionization of the 
lithium, but line and continuum radiation are also emitted. The resulting cooling is 
generally expressed in terms of LZ, defined by the equation for the volumetric cooling 
rate:  pcool = nenZLZ. For a collisional radiative model (as opposed to a coronal model), 
one takes into account nonlinear density effects such as multi-step ionization, three-body 
recombination and collisional de-excitation. In this case, LZ becomes a function of both 
Te and ne. In order to address the case where lithium has a finite residence time at fixed 
plasma temperature and density (as an approximation for transport effects), we introduce 
neutral atomic lithium as a source term in an equilibrium charge-state model that includes 
ionization and recombination as well as a loss term by which all states are depleted with 
time constant τz. We have evaluated
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Z( )using the ADAS database and collisional 

radiative model17, with the results shown in figure 3 for τz = 100 µsec. By comparison 
with more complete models including resolved metastable states18, we find that the 
ADAS model is satisfactory in the regime studied here.  
 

  
 
 
Figure 3. ADAS-based collisional radiative LZ vs. Te for τZ = 10-4 sec. Dotted lines are for 
radiation losses only, solid lines include power committed to ionization. 
 
If we take S to be the rate of particle introduction, in #/sec, we can relate nZ to S by 

   nz
= τ

z
S V , where V is the volume into which the particles are introduced. This allows 

the total energy loss per neutral particle introduced to be calculated as: 
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ADAS Collisional-Radiative Model 



Radiated Power @ 10 eV / Atom Injected 
(using solution above)

• Previous solution was very conservative, assuming 
upstream pressure balanced against Li vapor pressure.  

• Now considering that 100% radiated power implies 
recombination; H0 + Li0 flow balances upstream pressure. 

• Might not need the end 2 boxes; makes problem easier.

 
T (wall) (C) 950 787.5 625 462.5 300 
T (vapor) (C) 2443.9 1756.5 1533.9 1499.1 1498.6 
n (vapor) (m-3) 1.15E+23 1.80E+22 1.74E+21 1.23E+20 8.21E+18 
Radiated Power (W) 3.96E+09( 5.36E+08( 4.89E+07( 3.42E+06( 2.29E+05(
 

End Box Main Chamber →



To Do List

• Proper fluid mechanics calculations  
• Now started by Hakim and Hammett 

• Proper plasma calculations. 
• Thermal force? Flow reversal in outer layers? 
• Self consistent combination with fluid solution. 

• Concept for how to recirculate the lithium. 
• Can we use passive or active heat-pipe technology? 
• How to recover lithium that escapes? 

• Design and testing of a water/steam - based prototype? 

• Design and testing of a lithium-based prototype. 

• Add plasma in a test stand? 

• Install in a tokamak.
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