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48CaF2(Eu), 11.4 g  
 T1/2

0 >21020 yr  

First experimental results 

96.59 % enriched 48Ca 

Isotope Separation Department 

Oak Ridge National Laboratory 





The industrial separator SU20 

Lesnoy, Sverdlovky region 

27 kg of Ca-40 (40CaCO3) 

is available now  

at EKP, Lesnoy 

Ca-48 < 0,001% 

V.N.Kornoukhov 



Electromagnet of the SU20 separator 
(5-floors building & 3000 ton magnet!) 

V.N.Kornoukhov 



SU20: Separation tank (2*2*5 = 20) 

U = 30 kV 

R = 90 cm 

V.N.Kornoukhov 



40Ca100MoO4 single crystal before annealing  
(m = 0,55 kg, D49 x 42 mm, Lcylinder = 53 mm 

grown 11/09/2009) 
V.N.Kornoukhov 

AMoRE (Advanced Mo-based Rare process Experiment)  



10.96 kg 

~1 kg 

~7 kg 

NEMO3 

36.55 g 

6.5 kg LXe 



Giorgio 

Gratta 



J.F. Wilkerson, NuMass 2013@Milano, Feb 2013 

320 kg 
将来 

800 ~ 1 ton 620 kg 



Isotope 

Criteria for the Best 0bb Isotope 

0bb 

Project Qbb  

(MeV) 

G0ν 

(y-1) 

T2bb
1/2  

(1020 y) 

Isotope Enrichment 

Abundance 
(%)  

Method 
Price 
Level  

130Te 2.533 1.70 6.8 33.8 → 95 GC 0.3 CUORE 

136Xe 2.462 1.81 8.9 → 90 GC 0.2  EXO 

76Ge 2.039 0.24 15 7.8 → 90 GC 
1  

($80/g)  

GERDA 

MAJORANA 

82Se 2.995 1.08 0.92 9.2 → 90 GC 1.5 SuperNEMO 

100Mo 3.034 1.75 0.07 9.6 → 90 GC 1 AMORE 

116Cd 2.802 1.89 0.28 7.5 → 90 GC 2.5   

48Ca 4.274 2.44 0.44 0.187 → 25 
EMIS 

ALSIS 
160 
< 5 

CANDLES 

150Nd 3.667 8.00 0.08 5.6 → 90 EMIS 170  

96Zr 3.350 2.24 0.23  2.8 → 60 EMIS 400  - 

Isotope enrichment Price Level 

Do-Young Jeong, KAERI 

B.A. Barabash, J. Phys. G: Nucl. Part. Phys. 39(2012)085103 



Method of isotopes separation 



Actual production capability 

USA: 

 Calutron production was stopped in 2004 

 Medium size ICR machine founded by DOE is installed at Theragenics 

  production is oriented to medicine application 

 New program for AVLIS founded at Livermore (very expensive) 

  it is unclear if this program will be completed 

Russia: 

 Few labs are able to produce isotopes with Ultracentrifuges 

  Only elements that have gas compounds can be produced 

  Prices of enriched isotopes are favorable (today) 

Europe and Japan: 

 There are some enrichment facilities based on Ultracentrifuges 

 Restart of an AVLIS machine in France is not yet established (150Nd)   

Actually practically only Russian labs can produce stable isotopes 

Aspera meeting on “R&D and Astroparticle Physics”, Lisbon 8 January 2008 



 ECP of Zelenogorsk supplied 
all the isotope for IGEX and 
HM 76Ge DBD experiments 

 ECP has quoted Ge prices to 
Majorana and recently sold Ge 
to GERDA 
 Quote 2001:  

 $55/g at low volumes 

 Sale to GERDA 2004:  

 $51/g for ~44kg (~2M$) 

 Sale to Majorana 2011:  

 $90/g at 42.5 kg (86%)  

 ECP also developed shipping 
and storage solutions 

 

• Angarsk Electrolytic Chemical Combine 
– (AEKhK) in Irkutsk, http://www.aecc.ru 

 Urals Electrochemical Combine (Sverdlovsk-44) 
– (UEKhK) in Novouralsk, http://www.ricon.e-burg.ru 

• Siberian Chemical Combine (Tomsk-7) 
– (SKhK) in Seversk, http://www.atomsib.ru 

 Electrochemical Plant or ECP (Krasnoyarsk-45) 
– (EKhZ) in Zelenogorsk http://www.ecp.ru 

UEKhK, Urals 

Two facilities have 

shown interest in 

providing DBD 

isotopes 

Chang-Hong Yu @ ORNL 





× 

for Ca 

× 

Find a cost-effective & efficient way of enrichment!!! 

Liquid centrifuge? (mobility/viscosity with CaCl2 solution & almina) 

Gel electrophoresis (CaCl2 & HCl) 

Electro-migration 
B.A. Barabash, J. Phys. G: Nucl. Part. Phys. 39(2012)085103 
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HO 

Microchip 
Resin 

Benzo or Di-benzo  
or 
Di-cyclo or bare-18C6 

Total # of atoms in the ring 

  # of oxygen atoms in the ring 

DC18C6 

Held by electrostatic attraction between 

negatively charged O
-
 of the C-O dipoles & cation 

(Ca2+) 

How well the cation fits into the crown ring 

Liquid(aq-salt)-liquid(org-crown)/solid(resin) 

extraction in isotopic equilibrium 

O 

O O 
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O O 

C C 

C 
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C 
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C C 
Dicyclohexano  18-

crown-6 

Ca2+ 

- - 

- - 

- - 

Liquid Soild 

Ca2+ 

- - 

- - 
- - 



Ca 

isotope 

40Ca 42Ca 43Ca 44Ca 46Ca 48Ca 

abunda

nce（%） 
96.94 0.65 0.135 2.09 0.004 0.187 

Nd3+ 



A-type FH-type 

0.088 

0.0034 

0.000425 

-3.3716 

Solid./Liq. Increase Ca content   doesn’t change 

Liq./Liq. 

(α40
48)= ？？？ by pure organic solvent 

             =1.008 by water-alchohol mixture 

HCl aqueous solution: ε~1.003 

Jepson & DeWitt, J. Inorg.nucl.Chem38(1976)1175 (chloroform-methanol) 



  [クラウン - Ca2+ - 2X-] 
アニオン量に依存 

樹脂へのCa吸着量の向上 

   
硬い Cl-＜Br- 軟らかい 
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佐藤、大井＠上智大学＆野村＠東工大 

原子力学会2013年3月 



LLE by Microchannel/reactor 

 Fast & Highest 
conversion synthesis 

 Aqueous-organic multi-
phase flow & process 
amount  

Column chromatography using 
crown ether resins  

 Multi-stage process 

 Slow & low conversion 

Packed column 
(stationary phase) 

Ca solution: Analyte(mobile phase) 

Eichrom 
or IBC  
Resin 

= 

SuperLig樹脂 

40Ca2+(aq)+48CaL2+(org) 

48Ca2+(aq)+40CaL2+(org) 

Crown-chloroform 

organic 

CaCl2 aqueous phase 

40Ca 

48Ca 



Conventional  

Chemical  

Process 

Microchemical 

Process 

extraction 

separation enrichment 

mixing 

reaction 

heating 

 TAS 

(Micro Total 

Analysis System) 

       & 

Synthetic chemistry 

Lab-on-a-chip 

Chemistry 



Specific interfacial area 
（surface to volume ratio:S/V） 

 

S/V = dL/(wdL/2)= 2/ 

Diffusion time 
 

T=         /D 

    (D=10-9 m2/s  

  typical # for molecular in water) 

W=100m  S/V=200 ! 

W=100m  T=10s ! 

      (10μm  T=0.1s!) 

W 

W2 



Isotopic Analysis by Reaction-cell ICP@JAMSTEC 

48Ca/40Ca 

= 2   
44Ca/40Ca 

STD 

Open: 2 ℃ 

Filled: 20 ℃ 
α＝１．００７±０．００２ 

Ratio=０．０２１５４±０．０００１１ 

DC18C6 

Room temp. 20 ℃ 

DC18C6 

Low temp. 2 ℃ 

α＝１．００６±０．００２ 

Ratio=０．０２１５０±０．０００１１ 

R0=
44Ca/40Ca 

=０．０２１５７ 

α～１．０１２ 

 ～１．０１４ 



(α40
48)=1.003 

200m & 10 days 
 48Ca×1.34 

 Absorption of Ca 

depends on 
concentration of 
hydrochloric 
acid(9M HCl) 

(α40
48)=1.014:batch 

×2 (1.008 by Jepson) 

×1.34 requires ~20 
LLE (~2days) 

wide variety/option 

Ca concentration 

 one order improve! 
with ~1/6 time:13min 
by microreactor  

Liq./Liq. Solid./Liq. 

J. Inorg.nucl.Chem38(1976)1175 



KAERI, 

Daejeong, Korea 

@May, 2008 

Int. Conf. on  

Laser Application in Nucl. Eng. 

April 23 – 25, 2013@ Yokohama 

< 70W optical power of 528nm laser > 



LISOP of Ca-48  

<3-step photoionization> <ISOP followed by photoionization> 

A B A B 

Autoionization Autoionization (or to continuum)  

 AVLIS 

    - Multistep photoionization process : isotope selectivity and ionization (trade-off)      

 LISOP (laser isotope separation based-on optical pumping) 

    - ISOP (isotope selective optical pumping) provides excellent isotope selectivity.  

    - Non-selective ionization process provides good efficiency.       
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Group A:  big Isotope shift, autoionization states       

                 AVLIS 

Group B:  small isotope shift, lack of AIs.  

                 ISOP 

Hard to separate by AVLIS  

due to small IS 

Do-Young Jeong, KAERI 
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Application to Ca-48 

Ca-40 Ca-42 Ca-43 Ca-44 Ca-46 Ca-48
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 Natural

 Optical Pumping

96.9%

Simulation of Optical Pumping Process 

 

• Optical Pumping is effective for 
Ca. 

– Optical Pumping of Ca-48 
to >90% 

– Final enrichment higher than 
10 % feasible 

Do-Young Jeong, KAERI 



Pilot System 

70W 
544nm 

10W  
272nm 

<Laser> <Separation Chamber> 

20W 
535nm 

1070nm 

200W 
528nm 

1056nm 

200kHz 
5W 

200kHz 
5W 

70W 

400W 

500kHz 
20W 200W 

Atomic Beam Generator 

Tail Collector 

Extractor 

Beam delivery 

1089nm 
Freq. 
Lock 

 Fiber-based laser 

 Productivity : 1 kg/yr  for 20%-enriched 48Ca 

Do-Young Jeong, KAERI 



Fiber-based Laser Development  

Requirements Current status Remarks 

Optical pumping 

(272 nm) 

• 15 ns, 500 kHz   

• 10 W 

• D < 250 MHz 

• 15 ns, 500 kHz   

• 5 W 

• D < 250 MHz 

Being improved 

Excitation 

(535 nm) 

• 15ns, 150kHz   

• 20W 

• D < 5 GHz 

• 15ns, 150kHz   

• 20 W 

• D < 5 GHz 

Completed 

Ionization 

(528 nm) 

• 15ns, 150kHz   

• 200 W 

• D < 5 GHz 

• 15ns, 150kHz   

• 120 W 

• D < 5 GHz 

Being improved 

Do-Young Jeong, KAERI 



Prof. Niki @Univ. of Fukui 



Prof. Niki @Univ. of Fukui 



F. Piquemal, Neutrino 2012 @Kyoto 



  

Menphis (Menelas separator) facility 

Design : 2001 

Building : 2002 

1st test : early 2003 

1st full scale exp. : june 2003 

International collab. ‘150Nd’ created : 2007 SNO+, SuperNEMO 

Evaporator 

Dye laser chain 

Yag laser 

Copper vapor laser 

Pierrelatte, France • Production of 200 kg of enriched U at 
2.5 % 

• About 2000 kg natural U evaporated 



France has abandoned development of AVLIS 
 It has begun looking into the implementation of   
the technology on a commercial scale in 20 yrs 
    To get a producation level of kg/hour: 
      high power electron gun & high laser power 
  CEA wasted money by keeping research on AVLIS 

going after the technology’s lack of feasibility  
had become apparent  

 Nd has been enriched in 150Nd at 60% with a 
production yield of 40mg/h  ~100 yr for 40kg! 
  (Kurchatov Institute QE 35(10), 879 (2005) 

Productivity will be an issue!? 

Some plants are not flexible(MENPHIS can produce only150Nd) 

H. Park et al.(KAERI) : enriched 176Yb at > 97% with about 6mg/h 

                                                                 J. Korean Phys. Soc. 49(2006)382 


