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NSTX Recent Progress in the NSTX/NSTX-U Lithium Program and Prospects 
for Reactor-Relevant Liquid-Lithium Based Divertor Development  

M. Ono and NSTX-U Team  
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NSTX NSTX-U Fusion Nuclear 
Science Facility ST Pilot Plant 

Major Radius R0 [m] 0.86 0.94 1.3 2.2 
Aspect Ratio = R0 / a ≥ 1.3 ≥ 1.5 ≥ 1.6 ≥ 1.7 
Plasma Current  [MA] 1 2 4 à 10 10 à 20 
Toroidal Field [T] 0.5 1 2-3 2-3 
P/R, P/S [MW/m,m2] 10, 0.2* 20, 0.4* 30 à 60, 0.6 à 1.2 40 à 100, 0.3 à 1 
Div. heat flux [MW/
m2] 

10 40? 50? 60? 
* Includes 4MW of high-harmonic fast-wave (HHFW) heating 

power!

NSTX FNSF ST Pilot Plant 

NSTX Upgrade aiming to bridge the device  
and performance gaps toward FNSF


NSTX-U 
J. Menard NF 2010!
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Plasma-Material-Interaction: Highly Complex Issue 
Fusion divertor requirements greatly exceed material limit!  

Peak divertor heat 
flux for  

a 1 GW-electric 
tokamak power 

plant can be  
~ 60 MW /m2 

  
or  
 

~ 10 x the present 
tungsten based 

design limit!!! 

Liquid Lithium as Divertor PFC Material 
Handling heat flux and improve plasma performance
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 Liquid lithium is resilient against high heat flux!!
-  It can melt (at 180°C), vaporize, and ionize!
-  It can be collected, condensed!
-  It can be renewed and recycled!

Liquid lithium could protect solid surface 
from high heat flux!!

-  Heat of melting, vaporization, ionization!
-  Radiation could provide high heat 

dissipation!  Potentially very high in the 
divertor region due to low confinement.!

T. D. Rognlien and M. E. Rensink, Physics of Plasmas 9, 2120 (2002). 

Capillary-Porous Systems (CPS) developed in 
Russia utilizes similar principle to oil lamp.  Very 
high heat flux handling capability demonstrated! 
N. V. Antonov,, et al., Journal of Nuclear Materials 241-243,1190 (1997).  
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Closed RLLD Chamber: 
 Provides Electro-magnetic 

shielding from fast 
disruptive events.  

Provides particle partition and 
physical separation of LL 
from the main plasma.  

 Enables operating 
temperature differential from 
the main chamber. 

Facilitates Divertor Heat 
Removal  

 With Li coating of the entire 
divertor chamber, provides 
strong particle pumping.  

Lower RLLD Operating 
Temperature: 
Permit high efficiency power 

conversion with hot first wall. 
Prevent excessive Li 

vaporization pressure.  
Provides natural collection 

(pumping) surfaces for entire 
reactor chamber.  

Permits use of iron based 
material for substrates and 
structural material. 

Reduces Li corrosive issues. 
Provides safer for LL utilization.  

10-3 10-2 10-1
101

102

103

Tr
iti

um
 in

ve
nt

or
y 

sh
ow

n 
by

 b
ur

ni
ng

 d
ay

s  
n t
ot
al

Overall burning efficiency  ηoverall

	
 F1

Tritium!
 processing time:!

1 day!
1/2!
1/4!
1/8!

no Li system!
With cryo-pump!
!
ntotal = (0.09+0.09+0)/ηoverall + (4+30+5)!
        = 18(0.01/ηoverall) +39 :  (no Li system)!
ntotal = (9+100TLi)(0.01/ηoverall +39 : Li system!

M. Nishikawa, Kyushu University, Fukuoka, JAPAN 

Processing time for Tritium in Li divertor system Tli 
Highly Critical Parameter for Determining Tritium Inventory 

Since 2008, Dual Lithium Evaporators (LITERs) Are Used To Deposit 
Lithium Coatings On NSTX Lower Divertor 

for 10 minutes Between About 90% of Discharges 
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Photo of NSTX interior following 1.3 kg 
lithium deposition applied during 
2010-2011 experimental campaigns 
indicating extensive lithium coverage due 
to direct evaporation and plasma 
transpot!

Since 2008, Dual Lithium Evaporators (LITERs) Are Used 
to Deposit Lithium Coatings on NSTX Lower Divertor 

H.W. Kugel, FE&D 2011!

Radial profiles of electron 
temperature before (blue) and 
after 260 mg lithium deposition 
(red) in the NSTX H-mode 
discharges.
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Lithium Improved H-mode Performance in NSTX

Te Broadens, τE Increases, PH Reduces, ELMs Stablize 

Total and electron energy 
confinement time continued to 
increase with pre-discharge 
lithium evaporation.


Pre-discharge lithium evaporation (mg) 

Te broadening with lithium τE improves with lithium 

H. W. Kugel, PoP 2008 R. Maingi, PRL (2011) 

1.  Handling high divertor heat flux [Radiative Liquid Lithium Divertor 
(RLLD)] 

2.  Removal of deuterium, tritium, and impurities from liquid lithium 
(Lithium purification loop, IFMIF, tritium bleeding blanket) 

3.  Removal of high steady-state heat flux from divertor (RLLD) 

4.  Flowing of liquid lithium in magnetic fields (Minimize amount of flowing 
LL for purification) 

5.  Longer term corrosion of internal components by liquid lithium 
(Operate RLLD at lower temperature < 450 °C, IFMIF and tritium 
bleeding blanket),  

6.  Safety of flowing liquid lithium, (Minimize amount of LL, IFMIF, and 
tritium bleeding blanket) and  

7.  Compatibility with liquid lithium with a hot reactor first wall (Closed 
RLLD configuration permits operation at lower temperature< 450 °C).  

Is lithium PFC viable in magnetic fusion reactors? 
Closed RLLD System Could Provide a Solution! 


First Lithium Symposium in 2010:  Hirooka. et al., Nucl. Fusion (2010) 
Second Lithium Symposium in 2011 : M. Ono, et al., Nuclear Fusion (2012) 

NSTX-like conditions 

1-D Cylindrical RLLD Model

Two Point Model with Given Lithium Profile 
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Assumptions:  R = 0.75 m, ΔR = 1 cm, cylinder, deuterium ions, Z = 23 cm, 

At the divertor entrance Te0 = Ti0 = 50 eV, 

ne0 = 2 x 1013cm-3, Two-Point Model, Constant BT

Given Li profile, Li radiation = 10-26 W/Li-electron 
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Simple 2-D Diffusion Model of Li Transport 

Li diffuses radially then axially back to divertor wall


Li parallel 
diffusion 
out 

Li source 
λII	



λ⊥	



Li parallel 
diffusion in 

λII	



λ⊥	



n-li (cm3) Linear lithium density 
profiles 

1-D Cylindrical RLLD Two Point Model

Heat Flux Reduction vs. Amount of Lithium
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“ELM” Heat Flux Mitigation by Li

ELM Heat Flux Can Be Mitigated by Small Increase in Li
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Progress in NSTX-U Lithium Program  
And Prospects for Reactor-Relevant  

Radiative Liquid Lithium Divertor 

Masayuki Ono and the NSTX-U Team 
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NSTX-U Supported by    

IAEA FTP / P 1-14!
Oct. 8 - 13, 2012!

l  Design studies focusing on thin, 
capillary-restrained liquid metal 
layers 
–  Combined flow-reservoir system 

in “soaker hose” concept 
–  Building from high-heat flux 

cooling schemes developed for 
solid PFCs 

–  Optimizing for size and coolant 
type (Helium vs. supercritical-CO2) 

l  Laboratory work establishing 
basic technical needs for PFC 
R&D 
–  Construction ongoing of liquid 

lithium loop at PPPL with internal 
funding 

–  Tests of lithium flow in PFC 
concepts in the next year 

–  Coolant loop for integrated testing 
proposed 

PPPL Liquid Metal R&D for Future PFCs


L
i 

Tmax = 720°C Steel 

Coolant 

M. Jaworski et al., PPPL!

The Li radiation power per one atom and one electron in coronal-quilibrium (net = 
infinity) and non-equilibrium regimes.


S. V. Mirnov, et al., Plasma Phys. Control. Fusion (2006) 

Coronal-Equilibrium Value  

Strong (~1000) lithium radiation Over Coronal Eq.

Expected in Divertor Due to Low Confinement


Facility Capabilities 
 
Major Radius 0.90 m 
 

Minor Radius 0.60 m 
 

Elongation 1.8 -  3.0 

 
Triangularity 0.2 - 0.8 

 
Plasma Current 
    2 MA  
Toroidal Field 
     1 T  
Heating and CD 
   14 MW NBI (2 sec) 
   10 MWNBI (5 sec) 
   6 MW HHFW (5 sec) 
   0.4 MA CHI  

 
Pulse Length 
   ~ 5 sec at 1 T 

NSTX-U is a 2 MA-class ST facility 
NSTX Upgrade Project is aiming for operation in 2014 
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2nd NBI 
located 

Neutral Beam #1 operating since 
Sept 2000  

NSTX Device operating since 
February 1999  

Closed RLLD Circulating LL-Loop Concept

LL to protect divertor surface, radiate away heat, and pump particles


LL 
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Pump 

LL 
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Removes 

T, D, H, N, C, 
and O to ~ 

0.1% level at 
500 °k 

Tritium 
Recycling  

Divertor Heat and 
Particle Flux  
T ~  1.5 g /s 

Flowing LLD Tray 

Tritium 
Separater 

Deuterium 
Other 

impurities 

Li Evap. / Ionization 

Li Radiative Mantle 

Heat 
Exchanger 

Condensed LL Surfaces 

• LL being provided to protect 
divertor strike point !

• LL evaporates, ionizes, and 
radiates, spreading divertor 
heat to chamber wall!

• Chamber wall cooled by a heat 
exchanger!

• Lithium condenses on the 
colder chamber wall surfaces!

• Colder temperature LL on 
chamber wall surface also acts 
as a strong particle pump for D, 
T, and impurities!

• LL collected, purified and 
reapplied to divertor strike poin!

T – 1.5 g/s!

Li-T – 5 g/s!

LL  !
1 l/s!

Fueling  

LL 7 g / s <<  1 l/s 

Pumping: LL ~ 1 l/s 

LL  1 l/s!
Imp. ~ 1%!

Note: An example for a 1 
GW-electric power plant 

Imp. ~ 0.1% 

FTP/P1-14 

Assumed 
radiation 
level in 

the 
modeling 
calculatio

n for 
RLLD 


