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Review on alpha decay, beta decay… 

• Becquerel: discovery of natural radioactivity (1896)
• Rutherford: natural radioactivity α β γ (1903)Rutherford:  natural radioactivity, α, β, γ (1903)
• M. Curie:  new elements Po, Ra by strong radioactivity
• Pauli: existence of a new particle, neutrino (1930s)Pauli: existence of a new particle, neutrino (1930s)
• Fermi: Fermi’s  theory for the description of β decay (1934)
• Lee, Yang: parity violation in weak processes (1956)g p y p ( )
• Wu and collaborators: its confirmation by the β‐decay 

experiment with polarized 60Co (1957)
• Feynman, Gell‐Mann, Sudarshan, Marshak: vector and axial‐

vector theory of weak interactions for four fermions (1958)
• Weinberg Salam Glashow: unified theory of weak and• Weinberg, Salam, Glashow: unified theory of weak and 

electromagnetic interactions (1960s)
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Alpha cluster and alpha decay:
PRL 110 262501 (2013)PRL 110, 262501 (2013)….
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PRC2014：合成新核素205Ac



PRC2014：合成新核素205Ac

The calculated half‐life (15 ms) with the new Geiger‐Nuttall
law [16 17] agrees well with the measured data (20 +97

9ms)law [16,17] agrees well with the measured data (20  ‐9ms).



New isotope in China: 265Bh (Z=107)New isotope in China: 265Bh (Z=107)

Data of 265Bh agree with theory [12 13]Data of 265Bh agree with theory  [12,13]
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Double‐β decay in nucleiDouble β decay in nuclei 

β‐β‐ with higher probability
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β‐ β‐ transitionsβ β transitions

There are two different modes forThere are two different modes for 
β‐ β‐ transitions 

1) Two-Neutrino Double-β decay (2νmode)
Nucleus (A, Z) → Nucleus (A, Z+2) + e- + νe + e- + νe

Z+2
e-

e-

( , ) ( , ) e e
76Ge   → 76Se + e- + νe + e- + νe Z νe

νe

2) Neutrinoless Double-β decay (0νmode):
Nucleus (A, Z) → Nucleus (A, Z+2) + e- + e-

Z+2
e-

e-

( , ) → ( , )
76Ge   → 76Se + e- + e-

Z νe

νe
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Double β decay and neutrino physicsβ y p y

22 1( ) ( )T G Q Z Mν − =

The 2νmode is independent of a possible small neutrino mass.
1/2 2 2 2( ) ( , )T G Q Z Mν β ν=

The 0νmode violates lepton number conservation and requires 
the existence of massive Majorana

220 1
1/2 0 2 0( ) ( , )T G Q Z M mν

ν β ν ββ
− =

the existence of massive Majorana. 

Observation of 0ν double β decay could be used to determine 
the absolute scale of the neutrino masses, and can distinguish if 
neutrinos are Dirac or Majorana particlesneutrinos are Dirac or Majorana particles. 

Experimental data for two‐neutrino double‐β decay  to the 
ground state and excited states already exist for a group of 
nuclei. There are no confirmed experimental data so far for 
neutrinoless double β decayneutrinoless double‐β decay. 
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First theoretical estimation for double β decay [2νFirst theoretical estimation for double β decay [2ν
mode]: a half‐life of over 1017 years. 
M. Goeppert‐Mayer, Phys. Rev. 48 (1935) 512M. Goeppert Mayer, Phys. Rev. 48 (1935) 512
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Bardin, Gollon, Ullman, Wu, Phys. Lett. B 26 (1967) 112:  48Ca, , , , y ( )



First direct laboratory detection of double β decayFirst direct laboratory detection of double β decay 
[2νmode]: 82Se→82Kr+2e‐+2νe. Phys. Rev. Lett. 59 
(1987) 2020(1987) 2020

1987年核物理方法第一次观察到82Se的双β衰变1987年核物理方法第 次观察到 Se的双β衰变
Elliott, Hahn, Moe,   PRL 59 (1987) 2020
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k lR. Saakyan, Annu. Rev. Nucl. Part. Sci. 2013, 63: 503



Motivation

There are some simple and famous formulas for α‐decay 
half lives such as the Geiger Nuttall law the Viola Seaborghalf‐lives, such as the Geiger‐Nuttall law, the Viola‐Seaborg 
formula, and the new Geiger‐Nuttall law. However, there is 
not a simple and accurate formula for double‐β‐decay half‐not a simple and accurate formula for double β decay half
lives in publications.

After decades of researches, accumulation of double‐β‐
decay data provides a good opportunity to make a 
systematic analysis on the available double β decay datasystematic analysis on the available double‐β‐decay data.

The resulting formula could be very helpful for its simplicity. g y p p y
It can be conveniently used to analyze double‐β‐decay data 
and to predict half‐lives of double‐β candidates.
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REN:  new  law for double‐β decay: PRC 89, 064603 (2014)
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Tab. 1:  Experimental data for 2νβ‐β‐ decay of 11 isotopes

Nucl. T1/2(expt) (Ey) log10T1/2(expt) Q2β (MeV) [log10T1/2(expt)хQ2β]1/2
48Ca 44(+6 ‐5) 1.643 4.267 2.649Ca 44(+6  5) 1.643 4.267 2.649
76Ge 1840(+140 ‐100) 3.265 2.039 2.580
82Se 92(7) 1.964 2.996 2.424( )
96Zr 23.5(0.21) 1.371 3.349 2.143

100Mo 7.1(0.4) 0.851 3.034 1.606
116Cd 28(2) 1.447 2.813 2.017
128Te 1.9(0.4)х106 6.279 0.8665 2.333
130Te 700(140) 2.845 2.528 2.682
136Xe 2300(120) 3.362 2.458 2.876
150 ( )150Nd 9.11(0.68) 0.960 3.371 1.799
238U 2000(600) 3.301 1.144 1.944

10 1/2 2log (Ey) (MeV)T a Q β=
19



The effect from the Coulomb potentialThe effect from the Coulomb potential
2( , ) 2 (1 ) ,  with ( /137)( / )Z e Z cpπηρ ε πη η ε−= − = +

A correction to double‐β‐‐decay half‐lives log10T1/2
[ ]102 log (2 ) /137Zπ− [ ]

The leading effect of nuclear structure (shell effect) isThe leading effect of nuclear structure (shell effect) is 
simulated by introducing an addition quantity S: 
S=2 when neutron numbers of parent nuclei are magic,
S=0 when neutron numbers are nonmagic.  

[ ]10 1/2 10 2

parameter  is obtained as 5.84

log (Ey) 2log (2 /137) (M

3 by fitting 11 grou

eV),

nd-state data.

T a Z S Q

a
βπ= − +
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Comparison of the experimental and theoretical double‐β‐decayComparison of the experimental and theoretical double β decay 
half‐lives for ground‐state transitions of 11 even‐even nuclei
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Tab. 2: Logarithms of double‐β‐decay half‐lives calculated with 
the new law and the experimental data (with a factor of 3 06)

Nucl. T1/2(expt) (Ey) log10T1/2(expt) Q2β (MeV) log10T1/2(theor)

the new law and the experimental data (with a factor of 3.06)

48Ca 44(+6 ‐5) 1.643 4.267 1.856
76Ge 1840(+140 ‐100) 3.265 2.039 2.702
82Se 92(7) 1.964 2.996 1.822
96Zr 23.5(0.21) 1.371 3.349 1.587

100 ( )100Mo 7.1(0.4) 0.851 3.034 1.738
116Cd 28(2) 1.447 2.813 1.834
128T 1 9(0 4) 106 6 279 0 8665 5 872128Te 1.9(0.4)х106 6.279 0.8665 5.872
130Te 700(140) 2.845 2.528 2.013
136Xe 2300(120) 3 362 2 458 2 871136Xe 2300(120) 3.362 2.458 2.871
150Nd 9.11(0.68) 0.960 3.371 1.473
238U 2000(600) 3 301 1 144 4 015U 2000(600) 3.301 1.144 4.015
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Tab. 3: Predicted double‐β‐decay half‐lives with two neutrinos 
f d i i f ifor ground‐state transitions of 11 even‐even isotopes

Nucl. Q2β (MeV) log10T1/2(theor) T1/2(theor) (Ey)

46Ca 0.989 5.984 9.64 х 105
86Kr 1.258 5.889 7.74 х 105
94Zr 1.142 4.655 4.52 х 104
104Ru 1.301 4.023 1.05 х 104
110Pd 2.017 2.576 3.77 х 102
148Nd 1.928 2.575 3.76 х 102
154Sm 1.251 3.945 8.81 х 103
160Gd 1.731 2.835 6.84 х 102
198Pt 1.049 4.515 3.27 х 104
124Sn 2.291 2.236 1.72 х 102
244Pu 1.35 3.388 2.44 х 103
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Nuclear‐level diagram for the β‐ β‐ transition of 100Mo to 
ground and first excited 0+ states

First excited 0+ state

Ground 0+ state
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Best current results for 2νββ decay to first excited 0+ and 2+ states  

Two positive 
measurements

25R. Saakyan, Annu. Rev. Nucl. Part. Sci. 63, 503 (2013)



Tab. 4: Calculations for double‐β decays from the ground state 
of parent nuclei to the first 0+ excited states of daughter nucleiof parent nuclei to the first 0+ excited states of daughter nuclei  

Nucl. T1/2(expt)
(Ey)

Q2β
(MeV)

T1/2(theor)
(Ey)

T1/2(other1) (Ey) 
[39 40 42 43]

T1/2(other2)
(Ey) [41](Ey) (MeV) (Ey) [39,40,42,43] (Ey) [41]

48Ca 1.275 1.63 х 106

76Ge 0.917 1.02 х 106 (7.5‐310) х 103 4.5 х 103Ge 0.917 1.02 х 10 (7.5 310) х 10 4.5 х 10
82Se 1.506 4.21 х 103 (1.5‐3.3) х 103

96Zr 2.203 2.59 х 102 (24‐27) х 102 38 х 102( )
100Mo 590(80) 1.904 589 16 х 102 21 х 102

116Cd 1.048 8.36 х 104 1.1 х 104 0.11 х 104

130Te 0.735 8.38 х 106 (5.1‐14) х 104

150Nd 133(45) 2.627 77.6
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Our result agrees with new data of 150Nd（2014）Our result agrees with new data of  Nd（2014）
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New Geiger‐Nuttall law for α decay: PRC 85, 044608 (2012)

10 1/2log ( 1)c d c dT a Z Z Q b Z Z c S Pμ μ= + + + + +l l

Effects of quantum numbers on α‐decay data (shell effects): 
S=0 for N>126 and S=1 for N<=126S=0 for N>126 and S=1 for N<=126
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Ratios between experiment and theory for even‐even PoRatios between experiment and theory for even even Po 
nuclei with the original law and with the new law, showing the 
reduction of a sudden change across the N=126 shell closure.
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Comparison between α decay and double‐β decay

Common points:
1. Both of them are natural phenomena and they also obey the . oth of them are natural phenomena and they also obey the

same exponential decay law.

2. They obey the laws of quantum mechanics and quantum filed y y q q
theory .

3. They often occur for ground‐state transitions of even‐even nuclei. y g
The changes of quantum numbers between parent and daughter 
nuclei are very similar, 0+.

Different points:
The long‐range Coulomb repulsive potential among protons leads 
to the appearance of α decay, while the very short‐range weak 
interactions among nucleons leads to double‐β decay.
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α decay law  VS  double‐β decay law y β y

10 1/2log  (s) ( 1)c d c dT a Z Z Q b Z Z c S Pα
αμ μ= + + + + +l l

A common point is that their half‐lives are sensitive to the

[ ]2
10 1/2 10 2log (Ey) 2log (2 /137)T a Z S Qβ

βπ= − +

A common point is that their half‐lives are sensitive to the 
decay energies and affected by the shell effect.

Th fi t t i th G i N tt ll l i d d tThe first term in the new Geiger‐Nuttall law is dependent on 
both charge numbers and decay energies because the total 
effect from the Coulomb potential is related to charge numbers.effect from the Coulomb potential is related to charge numbers. 
The first term in the systematic law for double‐β‐decay half‐
lives is only dependent on decay energies because the weak 
interaction is universal for natural decay processes and the total 
effect from the weak interaction is not very sensitive to the 
h f l bchange of nucleon numbers. 

32



α decay law VS double‐β decay law

Another important difference is from the difference of the

α decay law  VS  double‐β decay law 

Another important difference is from the difference of the 
perturbation approximation in quantum mechanics.

For the new Geiger‐Nuttall law, α decay is a first‐order 
process of the electromagnetic interaction and there are 
significant influences from the strong interactions.

Double β decay is a second order process of the weakDouble‐β decay is a second‐order process of the weak 
interaction with the V‐A four‐fermion theory where a single β
decay is forbidden in many double‐β emitters. y y β
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Double‐β+ decay：Science China 58 (2015) 012002

β+β+ transitions are suppressed compared with β‐β‐ decay due 
to their smaller phase space factors So far β+ β+ processes have

Double β decay：Science China 58 (2015) 012002

to their smaller phase‐space factors. So far, β+ β+ processes have 
NOT been observed in a direct experiment.

Theoretically, there are many successful calculations on double‐
β‐ decay. But calculations on double‐β+ decay are much less.

The 2012 nuclear mass table suggests 40 possible double‐β+

emitters ranging from A=36 (36Ar) to A=252 (252Fm) Ouremitters, ranging from A=36 (36Ar) to A=252 (252Fm). Our 
evaluation of Qββ shows that many of them have negative decay 
energy or approximately zero decay  energy. gy pp y y gy
Only eight of them have significantly positive energies for 
double‐β+ decay.
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Tab 5: Decay energy isotopic abundance (IS) of parent nuclei

P t D ht M(A Z) M(A Z 2) Q IS Tα

Tab. 5: Decay energy, isotopic abundance (IS) of parent nuclei 
(or their α‐decay half‐lives Tα) for eight double‐β+ candidates 

Parent Daughter M(A,Z)
(MeV)

M(A,Z‐2)
(MeV)

Q2β
(MeV)

IS or Tα

78Kr 78Se ‐74.180 ‐77.026 0.802 IS=0.355%
96Ru 96Mo ‐86.079 ‐88.794 0.671 IS=5.54%
106Cd 106Pd ‐87.132 ‐89.907 0.731 IS=1.25%
124Xe 124Te ‐87.661 ‐90.525 0.820 IS=0.095%
130Ba 130Xe ‐87.262 ‐89.880 0.574 IS=0.106%
136Ce 136Ba ‐86.509 ‐88.887 0.334 IS=0.185%
148Gd 148Sm ‐76.269 ‐79.336 1.023 Tα=70.9 y
154Dy 154Gd ‐70.394 ‐73.705 1.267 Tα=3.0 My
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The effect from the Coulomb potentialThe effect from the Coulomb potential
2( , ) 2 (1 ) ,  with ( /137)( / )Z e Z cpπηρ ε πη η ε−= − = −

A correction to double‐β+‐decay half‐lives log10T1/2
[ ]102 log (2 ) /137Zπ+ [ ]

The leading effect of nuclear structure (shell effect) isThe leading effect of nuclear structure (shell effect) is 
simulated by introducing an addition quantity S: 
The proton number of the eight candidates are all not magic. 
Therefore  S=0 is adopted for double‐β+ decay.

[ ]l (E ) 2 l (2 /137) (M V)T Z Q+[ ]10 1/2 10 2log (Ey) 2log (2 /137) (MeV),

the parameter  is kept the same value as double-  decay.

T a Z Q

a
βπ

β −

= +
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Logarithms of the theoretical double‐β+‐decay half‐lives for g β y
ground‐state transitions of eight even‐even nuclei
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Tab. 6: Calculated half‐lives for double‐β+ decay of even‐even 
isotopes compared with the other theoretical results [A B C]isotopes, compared with the other theoretical results [A,B,C]

Nucl. Q2β
(M V)

T1/2(theor)
(E )

T1/2(other1)
(E )

T1/2(other2)
(E )(MeV) (Ey) (Ey) (Ey) 

78Kr 0.802 6.73 х 107 (4.94‐15.8) х 107 [A] 1.93х 108 [C]
96Ru 0 671 4 13 х 109 (1 2 10) х 108 [B] 5 31 х 108 [C]96Ru 0.671 4.13 х 109 (1.2‐10) х 108 [B] 5.31 х 108 [C]
106Cd 0.731 8.51 х 108 4.94 х 107 [C]
124Xe 0 820 1 22 х 109 8 17 х 107 [C]Xe 0.820 1.22 х 10 8.17 х 10 [C]
130Ba 0.574 4.04 х 1011 1.37 х 1011 [C]
136Ce 0.334 1.09 х 1020 4.51 х 1013 [C]Ce 0.334 1.09 х 10 4.51 х 10 [C]
148Gd 1.023 4.22 х 106 5.81 х 108 [C]
154Dy 1.267 2.35 х 105y

A. J. Suhonen, Phys. Rev. C 87, 034318 (2013)
B J Suhonen Phys Rev C 86 024301 (2012)B. J. Suhonen, Phys. Rev. C 86, 024301 (2012)
C. Staudt, K. Muto, H. V. Klapdor‐Kleingrothaus, Phys. Lett. B 168, 312 (1991)
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Summary
• A systematic law for double‐β decay is proposed including 

the effects of the decay energy, Coulomb potential and y gy, p
shell structure (the first formula for double‐β decay).

• The law is generalized to β‐β‐ transitions from ground states 
to first 0+ excited states. The results show good agreement 
with the experimental datawith the experimental data.

• The law is extended to predict half‐lives for β+β+ transitions p β β
between ground states (the first prediction for 154Dy).

• There are common and different points between the 
systematic law for double‐β‐decay half‐lives and the new 
Geiger‐Nuttall law for α‐decay half‐lives

39

Geiger‐Nuttall law for α‐decay half‐lives. 
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Ratios between experimental data and theoretical results for Rn 
nuclei with the original law and with the new law (PRC, 2012)
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Ratios between experimental data and theoretical results for odd‐ARatios between experimental data and theoretical results for odd‐A 
Po nuclei with original law and with new law 
(PRC, 2012)

45



Main positive results for 2νββ decay to ground states

R. Saakyan, Annu. Rev. Nucl. Part. Sci. 63, 503 (2013) 46



Shell model with an effective interaction for double‐β decay 
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Quasiparticle random‐phase approximation for double‐β decay
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2013 Tom W. Bonner Prize of APS was awarded to M. K. 
M f hi l d hi i th fi t b ti fMoe for his leadership in the first observation of  rare 
process of two‐neutrino double beta decay.

In 1966, a preprint sent by C. S. Wu sparked his interest 
in double beta decay. Moe designed a time projection 
chamber (TPC) for double beta decay, and developed it 
with Steve Elliott and Alan Hahn to finally see the first 
lid id f t t i d i 82S i 1987

49

solid evidence of two‐neutrino decay in 82Se in 1987.



l l i h ( )QRPA calculations: Phys. Rev. C 87 (2013) 045501


