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Recently establishment of self consistent nuclear fuel cycle has been required with respect to 
economical efficiency, safety and reduction of the load to the environment. Especially 135Cs included 
in spent fuel of nuclear power plants has extremely long half life (3.0×106y) and its water solubility 
leads to the anxiety of exudation into ground water for geologic disposal. 

The conventional methods for isotope separation based on the mass difference of isotopes could 
not gain large separation factors, which leads to the requirement of operational repetition and large 
equipment. Furthermore many elements of which the masses are near to that of the object isotope are 
included in spent fuel, which makes it difficult to expect high separation factor by the methods 
merely based on the mass difference. 

Recent technology development of laser e.g. dye laser or semi-conductor laser has come to make 
it possible in principle to excite a specific isotope and separate it from other isotopes making use of 
its intrinsic physical and chemical properties of the excited state. This laser isotope separation (LIS) 
technique is believed to be suitable for cesium because of its stable properties on light absorption 
and emission and many studies have come to be made.  

This document reviews the principle, application to the separation of 135Cs and current status of 
LIS and reports the subjects to be solved and suggestions; especially laser induced chemical 
reactions expected as a low-cost and simple equipment isotope separation method. 

The resulting extracted subjects are 1) the specification of the excited states of cesium i.e. 
extra-nuclear electron configuration, life (or duration) and transition probability, 2) the factors that 
may effect on the isotope shift of cesium; the mean square radius of the nucleus, electric quadrupole 
moment and extra nuclear electron wave function at the nucleus, 3) the factors that may cause the 
disturbance of the selectivity; resonant energy transference, charge transference, neighboring 
transition and Doppler effect, 4)the optimization of laser irradiation condition (the degree of vacuum 
and the temperature), 5) the hyperfine structure of cesium and its relation to selective excitation of 
135Cs, 6) confirmation of the feasibility of selective excitation of 135Cs and its chemical collection 
(the hydride formation and its reaction velocity)  

Hereafter we will research and evaluate the subjects mentioned above and confirming the 
feasibility of isotope separation of 135Cs by experiment. LIS can be roughly classified into two ways 
according to the sample form; atomic laser method and molecular laser method. It is atomic laser 
method that is in main progress; therefore this document mainly reports the former. 
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1.

Long life fission products LLFP 1
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CO2 10.6 m
NH3 12.6 m LIS HF-DF

2.7 4 m 780nm
900nm <1MHz

2.1 2 4),5)

1 2

1 2

5 6
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130 7p1/2 56(8) 137 6p3/2 147.4(2.5) 
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3-3 FS constant24)
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141 0.056  0.012 0.045  0.007
143 +0.136  0.015 
144 0.086  0.007 +0.172  0.014
145 +0.177  0.026 
146 0.063  0.011 +0.125  0.023

magic number (2,8,20,28,50,82 126 )
magic number
magic number magic 

number magic number magic 
number

magic number

28) magic 
number

FS

FS
FS

3-6
FS

133Cs 2
135Cs 137Cs

�������������������
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3-6 29)

Q (barn)
+0.40(2) 3/2 ABLS(1981) 81Rb

0.74(6) 86keV,9/2+ ABLS(1981) 

+0.23(4) 
+0.274(2) 
+0.273(2) 

5/2
5/2
5/2

ABLS(1981) 
OD(1973) 
MB(1971) 

85Rb

0.7(2) 514keV,9/2+ OP/RD(1991) 

+0.132(1) 
+0.127(1) 
+0.13(2) 

3/2
3/2
3/2

OD(1973) 
OD/R(1971) 
ABLS(1981) 

87Rb

0.00371(14) 
0.009(4) 

7/2+
7/2+

OL(1981) 
ABLS(1981) 133Cs 

0.33(2) 81keV,5/2+ ME(1977) 

+0.050(2) 
+0.03(2) 

7/2+
7/2+

OL,OD,R(1975) 
ABLS(1981) 135Cs 

+0.89(7) 1633keV,19/2 ABLS(1981) 

+0.051(1) 
+0.06(2) 
+0.03(4) 

7/2+
7/2+
7/2+

OL.OD,R(1975) 
CFBLS(1978) 
ABLS(1981) 

137Cs 

ABLS Atomic beam laser spectroscopy 
CFBLS Collinear fast beam laser spectroscopy  
MB Molecular Beam Magnetic Resonance 
ME Mössbauer effect 
OL Optical level crossing 
OD Optical double resonance 
OP/RD Optical Pumping with Radiative Detection 
R Re-evaluated by tabulator, usually because of change in reference standard 

3-1

0.02barn 0.58barn 0.68barn 1.45barn

�������������������
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3-1 29)

CsRb

Rb 37 Cs 55
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3.4

49)

Rb 52S1/2→52P1/2 794.7nm
Rb 52S1/2→52P3/2 780.0nm
Cs 62S1/2→62P1/2 894.3nm
Cs 62S1/2→62P3/2 852.1nm

0.4

J I F

IJ 1-IJ 2-IJ IJ
21)

A 0I
A Z 0I
A I

0I 27)

3-7

3-2,3-3,3-4 85Rb,87Rb 133Cs
3-5

1.70 3.36nm 0.51 3.92nm

�������������������
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3-7 29)

(nm) 
81Rb +2.0595(14) 

+5.598(2)
3/2
86keV,9/2+

ABLS(1981) 
ABLS(1981) 

85Rb +1.35298(10) 
+1.3533515(8) 
+1.353028(3) 
+1.35302(2) 
+1.357(1)
+6.043(5)
+6.046(10) 
+6.16(5) 
+1.3(4)

5/2
5/2
5/2
5/2
5/2
514keV,9/2+
514keV,9/2+
514keV,9/2+
2826keV,19/2

ABLS 1993
N 1954
AB/D 1968
OP 1968
ABLS 1981
OP/RD(1991) 
OP/RD(1984) 
TDPAD,SOPAD(1970) 
TDPAD(1990) 

87Rb +2.75131(12) 
+2.751818(2) 
+2.751235(3) 

3/2
3/2
3/2

ABLS(1993) 
N(1968) 
OP(1968) 

133Cs +2.582025(3) 
+2.5829128(15) 
+3.45(2) 
+2.0(2)

7/2+
7/2+
81keV,5/2+
161keV,5/2+

OP(1973) 
N(1967) 
ME(1968) 
IPAC(1979) 

135Cs +2.7324(2) 
+2.73(1) 
+2.18(1) 

7/2+
7/2+
19/2 ,1633keV

AB/D(1957) 
ABLS(1981) 
ABLS(1981) 

137Cs +2.8513(7) 
+2.838(7)
+2.84(1) 

7/2+
7/2+
7/2+

AB/D(1957) 
CFBLS(1978) 
ABLS(1981) 

AB/D Atomic beam magnetic resonance (direct moment measurement) 
ABLS Atomic beam laser spectroscopy 
CFBLS Collinear fast beam laser spectroscopy  
IPAC Integral perturbed angular correlation 
ME Mössbauer effect 
N Nuclear magnetic resonance 
OP/RD Optical pumping with radiative detection 
SOPAD Stroboscopic observation of perturbed angular distribution 
TDPAD Time dependent perturbed angular distribution 

�������������������
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3-2 85Rb 49)

85Rb, I=5/2 

5 2P3/2

5 2S1/2

5 2P1/2

D2
780.0nm

D1
794.7nm

MHz

150.88 

211.23 

1264.89 

1770.84 

F
4

3
2

1

3

2

3

2

100.98 
19.75 
84.67 
115.75 

f a

j i h

b a

d

g

c

�������������������
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3-3 87Rb 49)

87Rb, I=3/2 

5 2P3/2

5 2S1/2

5 2P1/2

D2
780.0nm

D1
794.7nm

MHz

306.75 

511.25 

2563.01 

4271.69 

F
3

2
1

0

2

1

2

1

195.00 
73.20 
233.00 
307.00 

f a

j i h

b a

d

g

c
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3-4 133Cs 49)

133Cs, I=7/2 

6 2P3/2

6 2S1/2

6 2P1/2

D2
852.1nm

D1
894.3nm

MHz

489.21 

628.99 

4021.78 

5170.86 

F
5

4
3

2

4

3

4

3

265.91 
12.88 

189.93 
342.27 

E F

A B C

b a

d

D

c
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3-5 29)

Cs
Rb

Rb 37 Cs 55

�������������������

����



24

4.

2.3

5 6
4)

1

4.1

85Rb*+H2→85Rb+H2*
85Rb*+H2*→85RbH+H 

85Rb*
Rb

52S1/2→52P3/2 D2

s p
2

4.2

ISTC A 635 
2002 2004

85Rb 87Rb
780nm; D2

52P3/2 ; 3-2,3-3
85RbH

300
85Rb: 87Rb = 3:1
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85Rb 6
133Cs 4-1

4-1 133Cs 2)

CsH
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5.

LIS
Doppler

5.1

4)

5.2

62S1/2 72D5/2,72D3/2 767.2nm,767.82nm

6

1600 400fs 6),7)

5.3 Doppler

Doppler
Doppler 4)

Doppler
Doppler

1
Doppler

Doppler
4) Doppler free 

31) 35)

�������������������
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6.

135Cs LIS

i) 135Cs
85Rb

87Rb 52S1/2 52P3/2

62S1/2 62P3/2

ii) Mass shift
Field shift 2r

2
2)0(

iii)
Doppler

iv) )

v)

vi) 135Cs 85Rb
135Cs 62S1/2 62P3/2

133Cs
36.4MHz 1MHz

Doppler
135Cs
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7.
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1 LLFP

1. Se ( Selenium) 

 H2Se  H2SeO4

SeO4
2

SeO2 SeO3 SeO, Se2O3, Se3O4 SeO2
42),43

34
44) 78.96(3)  
44) 2, +4, +6 

44) 4.79g/cm3 20 4.4 25
45) 685
45) 220.2

45) 1 10 5

3P2 (L=1, S=1, J=2)  (1s)2(2s)2(2p)6(3s)2(3p)6(3d)10(4s)2(4p)4

44) 74Se(0.89 ),76Se(9.37 ), 77Se(7.63 ), 78Se(23.77 ), 80Se(49.61 ), 82Se(8.73 )

LLFP 79Se

44)  more than 6.5 104 years 
44) 75.917MeV 

44) 7/2+ 
44) max0.16MeV, no

29) 1.018(15) nm 
29)  +0.8(2) b  

A-1 39

74Se 76Se 77Se 78Se 79Se 80Se
233U 8.4251E-10 5.1800E-06 2.6151E-02 5.5162E-02 1.5116E-01 2.3938E-01
235U 8.9185E-12 1.9097E-07 8.4327E-03 2.1823E-02 4.5321E-02 1.3129E-01
239Pu 1.0921E-10 7.1743E-07 7.3361E-03 2.8532E-02 4.7042E-02 1.1358E-01
241Pu 6.1030E-13 1.3203E-08 1.9323E-03 9.4652E-03 1.5261E-02 2.9984E-02

82Se
233U 5.5112E-01 
235U 3.2724E-01 
239Pu 2.0233E-01 
241Pu 1.3158E-01 

�������������������
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2. Zr ( Zirconium) 

42),43)

40
44)  91.224(2)  
44)  +2, +3, +4 

44)  6.506 g/cm3 20
45) 2900
45)  1857

45) 0.02 

3F2 L=3, S= 1, J=2 (1s)2(2s)2(2p)6(3s)2(3p)6(3d)10(4s)2(4p)6(4d)2(5s)2

44) 90Zr(51.45 ), 91Zr(11.22 ), 92Zr(17.15 ), 94Zr(17.38 ), 96Zr(2.80 )

LLFP 93Zr

44)  more than 1.53 106 years 
44) 87.117MeV 

44) 5/2+ 
44) max0.06MeV 95

A-2 39

90Zr 91Zr 92Zr 93Zr 94Zr 96Zr
233U 6.8925E+00 6.5340E+00 6.5924E+00 7.0151E+00 6.8160E+00 5.6500E+00
235U 5.9045E+00 5.9187E+00 5.9738E+00 6.3902E+00 6.4395E+00 6.2641E+00
239Pu 2.1012E+00 2.5021E+00 3.0069E+00 3.8963E+00 4.4298E+00 5.0665E+00
241Pu 1.5713E+00 1.8866E+00 2.3660E+00 3.0940E+00 3.5417E+00 4.5935E+00

�������������������

����



31

3. Tc ( Technetium) 
6.2 99Tc

43), 45)

43
44)  98  

44) +2, +3, +4, +5, +6, +7 
44) 11.5 g/cm3 20
44 4877
45) 2140 20

45) 6.2

6S5/2 (L=0, S=5/2, J=5/2): (1s)2(2s)2(2p)6(3s)2(3p)6(3d)10(4s)2(4p)6(4d)5(5s)2

    

LLFP 99Tc 

44)  2.13 105 years 
44) 87.323MeV 

44)  9/2+ 
44) max0.29MeV, 0.0897MeV

29)

 +5.6847(4) nm 
+4.48(15) or 3.6(9) or +4.4(9)nm 141keV 7/2+

0.205ns )
3.48(4) or +3.62(5) or +3.29(6)nm 181keV  5/2+ 

3.44ns
29)

0.129(6) b 

A-3 39

99Tc 
233U 4.8663E+00 
235U 6.1105E+00 
239Pu 6.1403E+00 
241Pu 6.2334E+00 

�������������������
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4. Pd Palladium
350 850 

42),43)

46
44) 106.42(1)  
44) +2, +3, +4 

44) 12.02 g/cm3 20
45) 2200 
45)  1555 

45) 1 10 6

1S0 (L=0, S=0, J=0): (1s)2(2s)2(2p)6(3s)2(3p)6(3d)10(4s)2(4p)6(4d)10

    44) 102Pd(1.02 ), 104Pd(11.14 ), 105Pd(22.33 ),
106Pd(27.33 ), 108Pd(26.46 ), 110Pd(11.72 )

LLFP 107Pd

44) 6.5 106 years 
44) 88.373MeV 

44) 5/2+ 
44) max0.04MeV, no

A-4 39

102Pd 104Pd 105Pd 106Pd 107Pd 108Pd
233U 6.8755E-11 5.3066E-07 4.8220E-01 2.5881E-01 1.1734E-01 6.3107E-02
235U 1.6252E-08 7.3690E-08 9.6384E-01 4.0232E-01 1.4028E-01 6.3938E-02
239Pu 9.5821E-11 1.8333E-06 5.3514E+00 4.2856E+00 3.3610E+00 2.1685E+00
241Pu 8.3183E-13 5.1010E-08 6.1074E+00 6.2505E+00 5.2011E+00 3.9253E+00

110Pd
233U 2.6150E-02 
235U 3.0432E-02 
239Pu 5.9972E-01 
241Pu 1.1777E+00 

�������������������
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5. Sn Tin

3

45)

 50 
44) 118.710(7)  
44) +2, +4 

44) Tin 5.75 g/cm3 20 , Tin 7.31 g/cm3 20
45)  2275
45)  231.84

3P0 (L=1, S= 1, J=0): 
 (1s)2(2s)2(2p)6(3s)2(3p)6(3d)10(4s)2(4p)6(4d)10(5s)2(5p)2

     44) 112Sn(0.97 ), 114Sn(0.66 ), 115Sn(0.34 ), 116Sn(14.54 ), 117Sn(7.68 ),
118Sn(24.22 ), 119Sn(8.59 ), 120Sn(32.58 ), 122Sn(4.63 ), 124Sn(5.79 )

LLFP 126Sn

44) 1 105 years 
44) 86.020MeV 

44) 0+
44) max0.25MeV;almost100 , 0.0886MeV;37 and others

A-5 39

112Sn 114Sn 115Sn 116Sn 117Sn 118Sn
233U no data 2.4242E-09 1.2210E-02 8.2589E-07 1.1404E-03 1.2239E-02
235U no data 1.1200E-10 1.1142E-02 7.3991E-08 1.0834E-02 1.0935E-02
239Pu no data 9.6655E-09 3.6893E-02 2.5414E-06 5.6314E-02 3.6417E-02
241Pu no data 1.3496E-10 4.3624E-02 3.9013E-08 2.5349E-02 2.3826E-02

119Sn 120Sn 122Sn 124Sn 126Sn
233U 1.2585E-05 1.3845E-02 1.4750E-02 2.4321E-02 2.4011E-01 
235U 1.2161E-02 1.2105E-02 1.5299E-02 2.5913E-02 5.4932E-02 
239Pu 3.9076E-02 3.6576E-02 5.0176E-02 8.7732E-02 2.6570E-01 
241Pu 2.3827E-02 2.3953E-02 2.3487E-02 2.9149E-02 7.5549E-02 

�������������������
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6. I Iodine
127I

2

45)

53
44) 126.90447(3)  
44) 1, +1, +3, +5, +7 

    44) 4.93 g/cm3 20
45) 184.5
45) 113.7

45)  3 10 5

2P3/2 (L=1, S=1/2, J=3/2): (1s)2(2s)2(2p)6(3s)2(3p)6(3d)10(4s)2(4p)6(4d)10(5s)2(5p)5

    38) 127I(100 )

LLFP 129I

44) 1.57 107years
44) 88.504MeV 

44)  7/2+ 
44) max0.15MeV, 0.0376MeV;7.5

29)  +2.6210(3) nm
                             +2.805(3) nm 28 keV 5/2+

16.8ns
29) 0.482(10) b 

                                  0.42(2)b or 0.598(13)b 28 keV
5/2+ 16.8ns

A-6 39

127I 129I
233U 5.6175E-01 1.5071E+00
235U 1.2466E-01 7.1785E-01
239Pu 4.8955E-01 1.3934E+00
241Pu 2.2853E-01 7.3582E-02

�������������������
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7. Cs Cesium
133Cs

45

    55
    44)  132.90545(2)  
    44)  +1 

44) 1.873 g/cm3 20
45)  760

    45) 28.5
    45) 7 10 4

2S1/2 (L=0, S=1/2, J=1/2): (1s)2(2s)2(2p)6(3s)2(3p)6(3d)10(4s)2(4p)6(4d)10(5s)2(5p)6(6s)1

44) 133Cs(100 )

LLFP 135Cs

44)  3.0 106years
44) 87.587MeV 

44)  7/2+ 
44) max0.21MeV, no

29)  +2.7324(2) nm or +2.73(1) nm
                              +2.18(1)nm 1633 keV 19/2

53m
29) +0.050(2) b or +0.03(2)b                              

+0.89(7) b 1633 keV 19/2
53m

A-7 39

133Cs 135Cs 137Cs
233U 6.0224E+00 6.2140E+00 6.8194E+00
235U 6.7019E+00 6.5337E+00 6.2685E+00
239Pu 6.9756E+00 7.6151E+00 6.7274E+00
241Pu 6.7696E+00 7.2865E+00 6.9346E+00

137Cs 30.0

�������������������
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2

1. 38),41),46),47)

80 100

235U

1 1.0043
3 1200

2. 38),46,),47)

238U 235U
30 1

10 1

3. 4),5),36),37),38)

1931  Urey 

Raoult

1p
0
1p X 47)

Xpp 0
11

0
2p p

45)

X
p
pp

0
2

0
2

2 1,2

)/(1 YY )/(1 XX

�������������������
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21 ppp
Y

pYp1 , )(12 Ypp
0
1p

0
2p

)(10
2

0
1

XX/
Y

p
p

)/(1 YY Y
0
2

0
1 /pp

13C  100m 
 1000 

B-1 NO
NO 2

B-1 5)

0
2

0
1 /pp K

3He/4He

36Ar/40Ar
H2/HD
H2/D2
14N2/14N15N
16O2/16O18O
12C16O/13C16O
12C16O/13C18O
14NH3/15NH3
14N16O/15N16O
14N16O/14N18O
H2

16O/H2
18O

H2
16O/D2

16O

70.37 
3.402 
1.0060 
1.079 
3.07 
1.0040 
1.0052 
1.0070 
1.0059 
1.002 
1.032 
1.0465 
1.0088 
1.154 

1.0
3.0
87.4 
20.0 
20.0 
77.0 
90.0 
81.1 
77.0 
240.0 
109.5 
109.6 
293.1 
293.1 

4. 4),5),36),37),38)

235U

99.9

�������������������
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5. 4),5)

A A' 2 AX A'Y

AX+ A'Y A'X+ AY 

A A'
1

Urey
15N

15NH3 +14NH4
+ 14NH3 +15NH4

+

298.1K 1.034

H2O +HDS HDO +H2S
10B 11B

10B
11BF3 SO2 +10BF3

10BF3 SO2 +11BF3

B-2

B-2 5)

K
1/2C16O2 +H2

18O
1/2C18O2 +H2

16O
1.046 273.1

15NH3 +14NH+

14NH3 +15NH+
1.034 298.1

15NO +14HNO3
14NO +H15NO3

1.065 298.1

H12CN +13CN
H13CN +12CN

1.029 295

13CO2 +12CO3
2

12CO2 +13CO3
2

1.017 273.1

1/3C16O3
2 +H2

18O
1/3C18O3

2 + H2
16O

1.036 273.1

34SO3 +H32SO3
32SO3 +H34SO3

1.019 298.1

HD + H2O
H2 + HDO

3.694
2.256

298.1
423.1

�������������������
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3

*1. 41)

X Y

)1/(
)1/(
XX
YY

Z

)1/(
)1/(
ZZ
YY

)1/(
)1/(

ZZ
XX

*2. 5),41)

*3. 45)

200

*4. 40)

*5. 6),7)

X

Y

Y
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