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Abstract

Nuclear double S-decay with two neutrinos is an important decay mode for some
unstable nuclei. Based on the available experimental data of nuclear double -
decay, we propose that there is a law between the logarithm of double S-decay
half-lives and the reciprocal of the decay energy. The physics behind the law is
discussed and it is found that this is associated with the universal properties of
the weak interaction. This double f-decay law is similar to the famous Geiger-
Nuttall law of a-decay. The law is applied to predictions of the nuclear double
B-decay half-lives for six even-even nuclei from Z=84 to Z=98 and we found that
232Th is very interesting for future experiments. The branching ratios between
double S-decay and a-decay are also estimated for the six even-even nuclei and
this is useful for future experimental search of new emitters of double 3-decay.
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Abstract: Nuclear double 8~ -decay with two neutrinos is an important de-
cay mode for certain unstable nuclei. Based on available experimental data
for nuclear double S~ -decay, we propose a systematic relationship between the
logarithm of double 8~ -decay half-lives and the reciprocal of the decay energy.
The underlying physics is discussed and found to be associated with universal
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properties of the weak interaction. This double S~ -decay law is analogous to
the famous Geiger-Nuttall law for a-decay. The law is applied to predict nuclear
double S~ -decay half-lives for six even-even nuclei from 7Z = 84 to Z = 98, re-
vealing that 232Th is particularly interesting for future experiments. Branching
ratios between double S~ -decay and a-decay are also estimated for these six
even-even nuclei, which will be useful for future experimental searches for new
double S~ -decay emitters.

Keywords: Double f7-decay with two neutrinos, Systematic law, Half-lives of
heavy nuclei, The nucleus 232Th.
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INTRODUCTION

Research on nuclear 8 decay has led to important developments in both nu-
clear physics and particle physics. To explain the missing energy in [-decay,
Pauli proposed in the 1930s that a new particle—the neutrino—carries away this
energy. Fermi established the fundamental theory of nuclear S-decay, which
incorporates the neutrino even before its experimental discovery in the 1930s.
In the 1950s, Lee and Yang proposed that parity is not conserved in weak pro-
cesses such as S-decay [1]. Wu and her collaborators subsequently performed
[-decay experiments with polarized %°Co nuclei, confirming that parity symme-
try is violated in -decay processes [2], which had a profound impact on the
development of physics. Double 5-decay was first predicted by Goeppert-Mayer
in 1935 [3] and later observed through geochemical, radiochemical, and nuclear
physics experiments [4-15]. Wu also provided valuable guidance on the direct
observation of rare double 5-decay, which was eventually achieved when Elliott,
Hahn, and Moe directly observed the double S-decay of ¥2Se [4].

To date, eleven nuclei have been observed to undergo double 5~-decay [10-13].
Although substantial double (-decay data have been accumulated, no simple
systematic law has been identified among them. This stands in stark contrast
to research on other forms of radioactivity such as a-decay and cluster radioac-
tivity, for which unified formulas relating half-lives to decay energies have been
proposed [16]. A new Geiger-Nuttall law has been proposed recently that in-
cludes the influence of quantum numbers on a-decay half-lives [17, 18]. In
contrast, most theoretical research on double §-decay half-lives involves com-
plex calculations requiring lengthy computer codes and can only be performed
by professional theoretical physicists. Furthermore, modern shell model calcu-
lations remain unavailable for heavy nuclei such as 23*U due to computational
limitations.

Because of the computational complexity involved in calculating double 5-decay
half-lives, double S-decay processes are seldom discussed in standard textbooks
for undergraduate and graduate students, despite having been clearly observed
for many years. This differs markedly from a-decay and complex cluster ra-
dioactivity (such as '*C), whose half-lives can be easily calculated using simple
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formulas with only three or four parameters. Therefore, a simple and accurate
method for calculating double 8-decay half-lives is needed—one that is also use-
ful for experimental physicists to estimate decay half-lives before conducting
double B-decay experiments and to analyze data afterward.

II. NUMERICAL RESULTS AND DISCUSSION

We recently performed a systematic analysis of double f~-decay data and pro-
posed a new systematic law relating decay half-lives to decay energy [19]. This
law is simple and accurate for ground-state transitions in double S~ -decay be-
tween parent and daughter nuclei [19]. Without any additional adjustments, it
also works well for double S~ -decay from the ground state of parent nuclei to
the first excited 07 state of daughter nuclei [19].

Because the systematic law was derived by analyzing experimental data for
ground-state transitions in eleven even-even nuclei from “8Ca to 238U for double
[~ -decay, the law naturally incorporates the effects of the weak interaction,
Coulomb interaction corrections, and the leading nuclear structure terms. The
systematic law for double S-decay half-lives with two neutrinos is as follows [19]:

a—21g(2nZ/137)+ S
Q25

Ig T1/2 (Ey) =

where T ), is the double 37-decay half-life with units of E, (10'® years), Qq4
is the double S~-decay energy (MeV), Z is the charge number of the parent
nucleus [19]. The first term in this equation represents the effect of the weak
interaction, with constant a = 5.843 obtained by fitting experimental double 8~ -
decay data for ground-state transitions in eleven even-even nuclei. The second
term accounts for the effect of the Coulomb potential on double S~ -decay. The
third term is related to shell effects, where S = 2 when the neutron number of
the parent nucleus is magic and S = 0 when it is not.

[Figure 1: see original paper] shows the variation of the logarithms of calculated
and experimental double -decay half-lives with decay energy for eleven even-
even nuclei from 8Ca (Z = 20) to 238U (Z = 92). It is interesting to note that
the half-lives also depend on the charge number according to Eq. (1). The half-
lives are highly sensitive to decay energies. Although the decay energies vary
within a narrow range of only a few MeV, the half-lives span an extremely wide
range from E, (10'® years) to 10° E,, demonstrating the important effect of
decay energy on half-lives. Higher decay energy generally leads to shorter half-
lives for nuclei along an isotopic chain. The calculated results using Eq. (1) agree
reasonably well with available data, and the number of adjustable parameters
in Eq. (1) is minimal compared to other theoretical calculations. The average
deviation for the eleven nuclei is a factor of three, which is satisfactory for such
a simple formula.
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Below, we predict the double S-decay half-lives of six radioactive nuclei from
26pg (Z = 84) to 2°°Cf (Z = 98) using Eq. (1). The calculated results for
these six nuclei are listed in Table 1 and plotted in Fig. 2 [Figure 2: see original
paper]. For these six nuclei, none have magic neutron numbers, so .S = 0.

In Table 1, the first column indicates the parent nucleus, the second column
gives the experimental double [-decay energy for the ground-state transition
between parent and daughter nucleus (Qq5 = M (A, Z) — M (A, Z —2) [12, 13]),

and the third column presents the calculated double 5-decay half-lives (Tl(;};eor'))

in units of E, (10'8 years). For comparison, the experimental a-decay half-lives

(Téef;); ) from references [12, 13] are listed in column 4. Column 5 shows the
branching ratio between double 3~ -decay and a-decay (T(ief;’; )y Tl(;geor')).
Table 1 reveals that the shortest double -decay half-life is 8.36 x 10* E,, for 2°°Cf,
while the longest is 3.64 x 1013Ey for 220Rn, corresponding to the highest and
lowest double §-decay energies, respectively. This demonstrates the strong de-
pendence of half-life on decay energy. Although 256Cf and 2'6Po have relatively
short double (-decay half-lives, they are unsuitable for future double S-decay
experiments because their a-decay half-lives are too short. 22°Rn and 2°4Cf are
also unsuitable for future searches for new double 8-decay emitters because their
double p-decay half-lives are too long and their a-decay half-lives are too short.
Only 225Ra and 232Th are promising for future double -decay experiments due
to their longer a-decay half-lives. 232Th is particularly noteworthy, with a very
long a-decay half-life (1.4 x 1010 years) and a relatively short double S-decay
half-life (3.19 x 105Ey), resulting in the largest branching ratio between double
B-decay and a-decay among the six nuclei. This makes 232Th an excellent can-
didate for future double 3-decay experiments. Additionally, 2*2Th is abundant
in nature, which makes experiments easier and more cost-effective compared to
other isotopes.

[Figure 2: see original paper] shows the variation of the logarithms of calculated
double B-decay half-lives with decay energy for six even-even nuclei from 2'6Po
(Z = 84) to 255Cf (Z = 98). Again, the logarithms of double S-decay half-lives
are inversely proportional to decay energies. Generally, higher decay energy cor-
responds to shorter double -decay half-life, though there is also a dependence
on the charge number of the parent nucleus.

Finally, it is worthwhile to briefly discuss the physics behind the double (-
decay half-life law (equation (1)). In this systematic law, the first term depends
on decay energy because the weak interaction is universal for natural decay
processes, and the total effect from the weak interaction is not highly sensitive
to changes in nucleon numbers such as the charge number. This differs from
a-decay, where the total effect of the repulsive Coulomb potential is directly
related to the charge number of the nucleus and a-decay occurs from ground
states of medium and heavy nuclei [17, 18].
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III. CONCLUSION

We have presented a law for calculating double S-decay half-lives that naturally
incorporates the leading effects of the weak interaction, Coulomb potential, and
strong interaction. This law provides an analytical formula for the half-lives
of the complex double S-decay process with two neutrinos and can be easily
introduced into textbooks due to its simplicity. The law reasonably reproduces
experimental data for double S-decay half-lives of ground-state transitions in
eleven even-even nuclei. We have also discussed the universal behavior of the
weak interaction through this double -decay half-life formula. The law for dou-
ble 5-decay half-lives is as simple as the new Geiger-Nuttall law for a-decay. We
have predicted half-lives for six double 5-decay candidates with charge numbers
from Z = 84 to Z = 98 and identified 232Th as particularly interesting for future
experiments. Additionally, we have estimated branching ratios between double
[-decay and a-decay for these six even-even nuclei, which will also be useful for
future experimental efforts.
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Note: Figure translations are in progress. See original paper for figures.
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