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• Li15.8Pb84.2 (Li17Pb83) eutectic alloy 
– High TBR (Tritium Breeding Ratio) 
– Low reactivity with N, C, O 
– Simplified blanket structure (low m.p.) 

• Tritium breeding blanket 
– Self-sufficient tritium cycle 
– High efficiency heat recovery 

ITER-TBM 

Inertial fusion reactor,  
KOYO-Fast 

HCLL-EU DCLL-US 
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Li Li0.17 Pb0.83 Flibe

vaporn pressure(800 K) 2.1Pa 0.37Pa 0.011Pa

latent heat 140kJ/mol 180kJ/mol 205kJ/mol

viscosity 3.6x10
-5

kgs/m
2

2.0x10
-4

kgs/m
2

1.5x10
-3

kgs/m
2

density 0.48g/cm
3

9.5g/cm
3

2.0g/cm
3

Tritium equilibrium pressure for Li, Li-Pb and  Flibe Vapor pressure for Li, Li-Pb and Flibe 

Comparison of T solubility and vapor pressure 
among Li, Li17Pb83 and Flibe (Li2BeF4) 
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Li-Pb is the most promising 

breeder judging from TBR, tritium 

recovery and het-transfer 

properties. 
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1.5MCi/day 

1GW 

6.5m3/s (12.8t/s) 

He (3.3 t/s) 

leak rate < 30Ci/day 

99.998% T removal 

recuperator 

D+T→He+n 

Li+n→He+T 

Leak/generation=30/1.5M=2x10-5 



Contents of experiment and design 
1. Determine solubility, diffusivity and permeability of 
H or D in Li17Pb83 
2. Determine isotope effects among H, D and T in 
Li17Pb83 
3. Clarify effects of composition differences in LiXPb1-X 
4. Design system to recover tritium from Li-Pb blanket 
loop of Laser fusion rector 
5. Evaluate tritium leakage through tube walls of Li-Pb 
blanket loop 
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(1) PDK data of Li-Pb 

Previous solubility data scatter in a wide range (max/min=103). No explanation is given. 
(1) Isotope effects among H, D, (T) and (2) Li activities in Li-Pb are clarified in this research. 

Comparison among previous solubility data of Li16Pb84-H (D) system 
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Large scattering 

Previous data were 
determined by a constant 
volume method, and its 
impurity effects are not 
clarified.  Solubility of 
single component H or D 
is determined. 



Solubility, diffusivity and permeability of hydrogen isotopes (H,D) in Li16Pb84 
are determined by means of a transient permeation method. 

 

 

 

 

 

 

 

 

 

 

 

A schematic diagram of the experimental apparatus 
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Mass flow meter
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2

or Ar

Single component H,D or dual component H+D permeation through Li16Pb84 

Experimental conditions 

Temperature 573-973 K 

H2 partial pressure 103-105 Pa 

D2 partial pressure 103-105 Pa 

H2, D2 flow rate  5 cm3/min  

Ar flow rate 5 cm3/min  
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H2 or D2 

Ar 

QMS 
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Transient H (or D) permeation 
through Li-Pb alloy  

A model of H (or D) permeation in Li16Pb84  
H2, D2 

Fe 

Li-Pb alloy 

Diffusion 

recombination 

Ar 

dissociation 

Upstream-side 

Downstream-side 

H, D 

 

µcH ,k

µt
=DH,kÐ

2cH,k

 

cH,Fe=KH,Fe pH2,up

x=0 

x 
x=LFe+LLiPb 

 

cH,LiPb=KH,LiPb pH2,down

For k=Fe and Li16Pb84 

pH2,up, pD2,up 

pH2,down, pHD,down, 

pD2,down 

Determine KH,LiPb and DH,LiPb from fitting 
between experiment and calculation 

8 

(1) PDK data of Li-Pb ICENES-15, San Francisco, CA, USA (May 16, 2011) 



Calculate two-dimensional H (D) diffusion 
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k=Li-Pb, sus304, a-Fe 

 

j H ,2-D =-DH ,LiPb

µcH ,LiPb

µz
z=L+dFe

j H ,1-D =
DH ,LiPbKH ,LiPb

L
pH2,up- pH2 ,down( )

j H ,2-D

j H ,1-D

 The ratio of 2-D/1-D permeation rate  is 
calculated. 

jH,1-D: Permeation flux under 1-D steady-state  
condition 

(1) PDK data of Li-Pb 

Permeation 
through side wall 
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Simultaneous H+D permeation run 
• Overall permeation is limited by diffusion in Li-Pb because of the following reasons: 

 

 

 

 

 

 

 

 

 

 

 

 

(1) The permeation rate through a-Fe only is hundred higher than through a-Fe+Li16Pb84. 

(2) The permeation rate is in reverse proportion to the thickness of Li16Pb84. 

(3) The overall permeation rate is well predicted by the diffusion equation in Li16Pb84 layer.  

experiment simulation 

10 

(1) PDK data of Li-Pb ICENES-15, San Francisco, CA, USA (May 16, 2011) 
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jLiPb-H =
PLiPb-H

L
pH2,upstream- pH2,downstream( )

 Dependences of pH2, upstream and L on jLiPb-H 

PLiPb-H : H permeability [mol/msPa0.5] 

j L
iP
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H
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ICENES-15, San Francisco, CA, USA (May 16, 2011) 
Richardson equation 



Comparison of solubility and diffusivity with previous data 
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Previous data of H diffusivity in Li-Pb are 
consistent within allowable errors.  

(1) PDK data of Li-Pb ICENES-15, San Francisco, CA, USA (May 16, 2011) 

H and D solubility in Li17Pb83 
No isotope effect is observed in solubility 

H and D diffusivity in Li17Pb83 
H diffusivity is 1.7 times larger than D one. 



Contents 

1. Determine solubility, diffusivity and permeability of 
H or D in Li17Pb83 

2. Determine isotope effects among H, D and T in 
Li17Pb83 

3. Clarify effects of composition differences in LiXPb1-X 

4. Design system to recover tritium from Li-Pb blanket 
loop of Laser fusion rector 
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Simultaneous permeation of H2, D2 and HD through Li17Pb83 
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The ratio of H and D permeability through Li17Pb83, PH, PD 

•H permeability is around 1.4 times larger than D one and the isotope effect is independent of 
the H:D composition ratio. 
•The isotope equilibrium of H2+D2=2HD is achieved at the downstream side. 

Permeability of H and D through Li16Pb84 

Equilibrium constant at the downstream 
side of Li16Pb84 layer, the line is theoretical 
value. 
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(2) isotope effect among H,D,T  
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Isotope effects of harmonic oscillation in interstitials 
surrounded by Li and Pb atoms 

Interface between gas and Li16Pb84 

Gas phase 

H-H 
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Saddle point 
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diffusion 
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Li16Pb84-H 

absorption heat activation energy of 
diffusion 

BH2, DH2, JH2, LH2; constant 

νH,0  Zero-point vibration energy in solution site 
νH,0

*
  Zero-point vibration energy at saddle point 

(2) isotope effect among H,D,T  
ICENES-15, San Francisco, CA, USA (May 16, 2011) 

Gas phase 
free energy Vibration in LiPb site 



Isotope effects of solubility and diffusivity 
in Li16Pb84 and Li 

Zero-pint energy of vibration for LiPb-H bond  

Li17Pb83 Li17Pb83 

Solution site 

Transition site 
0.47eV (45kJ/mol) 

0.3eV (29kJ/mol) 
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(2) isotope effect among H,D,T  ICENES-15, San Francisco, CA, USA (May 16, 2011) 
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1st principle numerical simulation for diffusion of H in PbLi 

• H behavior in Li17Pb83 can be understood 
by pure numerical calculation! 

Li 

Pb 

Pb 4 

Pb 3-Li 1 H 

H 
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calculation experiment 

Diffusion barrier 0.29+Ŭ eV 0.27 eV 

0.29 + α eV 
(0.29 » α) 

H 

H 

4 Pb atoms 3 Pb atoms, 1Li atoms 

-230.24 eV -229.95 eV > 

H atoms are present at 
positions near to Li than Pb. 

Energy differenceᵼ0.29 eV 

α eV(ḥ0.1 eV) 

Pb crystalᵼfcc stable 

at tetrahedral site 

crystal 

D. Masuyama, et al., Chem. Phys. Let., 483 (2009) 214-218 

saddle position trapped position 

(2) Isotope effects ICENES-15, San Francisco, CA, USA (May 16, 2011) 
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Li and H activity of LiXPb1-X-H2 eutectic alloy system  

• When xLi>0.5, electric charge of Li+ is not shielded by Pb atoms, and Li+-H- ionic 

binding is major in LiXPb1-X eutectic alloy.          Activity of Li is higher. 

• When xLi<0.5, electric charge of Li+ is shielded by Pb atoms, and Li+ and H- ions may 

not be combined directly.            Activity of Li is the lowest. 

Pb Pb 
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Li-Pb can constitute eutectic alloy system. 

Pure Pb 

When Li/Pb ratio is large, 

When Li/Pb ratio is small, 

(3) Li-Pb composition differences ICENES-15, San Francisco, CA, USA (May 16, 2011) 
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Tritium recovery and leakage in Inertial fusion reactor, KOYO-fast,  
to give proper liquid blanket design 

• Estimated tritium concentration  in Li16Pb84 flow is 5.9x10-11 g-T/g-Li17Pb83. 

Tritium recovery ratio  of 
99.998% is demanded!!  

T generation rate : 1.5MCi/day 

Overall tritium leak : 30Ci/day  
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LiPb flow

500oC Heat 
exchanger 

Tritium recovery 
system
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leak
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T recovery rate

T transfer
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LiPb flow

500oC Heat 
exchanger 

Tritium recovery 
system

Fueling 
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leak

leak

T recovery rate

T transfer

1GWt fusion power 

D2 addition 
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T 

T permeation 

Laser shot, implosion 

8.6x10-9 mol-T/mol-Li17Pb83 

LiPb wet wall 

high 

D-T reaction 

ICENES-15, San Francisco, CA, USA (May 16, 2011) 

(=1g/year) 



Li-Pb Liquid wall concept for inertial fusion reactor 

Reactor chamber of Koyo-first 
Wall structure to maintain stable liquid flow 

Wet wall of continuously-flowing Li-Pb is 
maintained to protect it from heavy neutron 
irradiation during D-T burning. 
Proper wall structures are designed to maintain 
sufficient residence time of wet wall Li-Pb flow. 

MFE/IFE system modeling workshop, Jan 31- Feb 1, 2011, Idaho Falls 

Reference: “Conceptual design of Koyo-fast” 

Residence 
time 

LiPb 

23 



Higher R=1-CT,LiPb.out/CT,LiPb,in can be achieved under larger WHe condition. 
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outlet condition 

T pressure in He 

McCabe-Thile 

graphical method 



T concentration He/LiPb counter-current extraction tower 

Column bottom 25 
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yA,S=KHenryxA,S(                                        ) 



      

LiPb in 

LiPb out 

He purge in 

He purge out 

WLiPb, CT,LiPb,in 

WLiPb, cT,LiPb,out 

WHe, pT,He,in 

N 

N-1 

i 

i-1 

1 

WHe, pT,He,out 

T extraction using counter-current LiPb-He flow 

Since the equilibrium line is concave, LiPb-He counter-current operation is not efficient. 
T concentration in LiPb and He is very low, the He flow rate is very large.   

T recovery ratio of 0.95 

(5) Blanket T recovery design 
ICENES-15, San Francisco, CA, USA (May 16, 2011) 
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Tritium extraction and Heat exchanger system 
for Koyo laser fusion reactor 

Total power 1 GWt 

Li 16Pb84 inlet temp. 300 oC 

Li 16Pb84 outlet temp. 500 oC 

Li 16Pb84 mass flow rate 18.4 t/s 

T generation rate 1.43 MCi/day 

T concentration in Li16Pb84 8.6x10-9  
T/Li 16Pb84 

T partial pressure in LiPb 1.8x10-3 Pa 

Heat transfer coefficient of heat 

exchanger 
5.0x103 W/m2K 

Surface area of het exchanger 690 m2 

Logarithmic temperature 

difference in heat exchanger 
290 K 

Estimated T leak rate 255 Ci/day 

Rate-determining step T permeation 

through tube wall 

~ steam turbine 

condenser 
Fusion reactor 
chamber 

heat exchanger 

pump 

tritium 
extraction 

Li16Pb84 

water 

generator 

500oC 

300oC 

D+T fuel injection 

fuel evacuation 

permeation 

pump 

Li16Pb84 loop for Laser fusion reactor and steam Rankine cycle 

cooling 
water 
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D2 addition 

(5) Blanket T recovery design 
ICENES-15, San Francisco, CA, USA (May 16, 2011) 



Tritium permeation rate through steam generator of laser fusion reactor 
system as a function of tritium concentration in LiPb 

Tritium is dissolved as an atomic form in 
LiPb as well as in sus 316 tube wall. 
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(5) Blanket T recovery design 
ICENES-15, San Francisco, CA, USA (May 16, 2011) 



Conclusions 
1. Permeability, diffusivity and solubility of H and D in Li16Pb84 alloy 

are determined. 
2. Isotope effects of solubility and diffusivity are correlated by 

harmonic oscillation model and vibration energy in solution site 
and transient site. 

3. The energy determined so is consistent with 1st principle 
numerical simulation for H behavior in Li16Pb84 eutectic alloy. 

4. When H and D mixtures are present simultaneously, their 
permeations are determined by the ideal solution model, and the 
solubility and diffusivity are determined in a similar way to the 
single component of H2 or D2.  

5. Li activity and H energy in trap site for solubility in arbitral 
composition of Li+Pb alloys are correlated by the linear addition 
rule of Li and Pb atoms. 

6. Hydrogen permeation through Li16Pb84 flow surrounded by solid 
walls is determined by the conjugated system of flow-wall-gas 
purge.   
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Summarize of researches on tritium permeation barrier 

Coating materials Coating method Thickness Substrate materials Temperature PRF Researcher Year Reference 

Al or oxidated Al electro- plating 76mm SUS- 304 65-- 870oC 1.2 E. A. Steigerward 1964 Corrosion 

Al or oxidated Al   30mm SUS- 304 550oC 100 J. C. McGuire 1980 Tritium conference in Ohio 

Al or oxidated Al   330mm SUS- 316   1000 K. S. Forcey 1991 Journal of Nuclear Materials 

Ni2Al3 aluminising 13mm steel 300- 500oC 50 D. A. Thomson 1988 CFFTP- G- 88084 

Al2O3 Al implantation 0.03mm SUS- 304 170oC 700 J. L. Mainenschein 1987 Appl. Phys. Rev. 

Al2O3 CVD 5mm Hastelloy- X 800oC 1000 A. Muhlratzer 1984 Nuclear Technology 

Au plating 20mm SUS- 316 400oC 10000 T. Norimatsu 1983 IEEE Nucl. Plasma Soc. 

Enamel enamelling 30mm aluminized steel   100- 1000 N. K. Vinogradova 1984 Russian Journal 

Sn ion- plating 1.2mm Fe- Ni- Co alloy 80- 550oC 10000 D. R. Beagel 1975 J. Vac Sci. Technol. 

TiC CVD 1mm Mo- Ti- Zr- C  240- 470oC 10 K. S. Forcey 1993 J. Nucl. Mater. 

TiB2 CVD 15mm Kovar 300- 400oC 50 R. A. Kerst 1985 J. Nucl. Mater. 

W sputter- ion- plating 25mm Martensite 250- 600oC 10 K. S. Forsey 1987 NET report 

Cr2O3 oxide growth 2mm Hastelloy X 658- 958oC 500 Van der Biest 1986 Thin Solid Films 

MnCr2O4 oxide growth   Incoloy800 285- 785oC 100 R. A. Strehlow 1974 Nucl. Technol. 

Fe- Ti oxide oxide growth 4mm SUS- 309 100- 450oC 100 W. A. Swansiger 1979 
J. Nucl. Mater. 
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Er2O3 Sol-gel 0.1-10mm SUS-316 400-600oC 2000 T. Terai, A. Suzuki  2009 J. Nucl. Mater. 
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