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Cluster decay of superheavy nuclei
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Calculations of half-lives of superheavy (SH) nuclei show an unexpected result: for some of them cluster
radioactivity (CR) dominates over α decay. We changed the concept of CR to allow emitted particles with
Ze > 28 from parents with Z > 110 (daughter around 208Pb). We find a trend toward shorter half-lives and larger
branching ratios relative to α decay for heavier SHs. A table of measured masses along with theoretical tables
are used to determine Q values.
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I. INTRODUCTION

Superheavy (SH) elements with atomic numbers Z =
104−118 have been synthesized with cold fusion reactions
[1–3] or with hot fusion induced by 48Ca projectiles [4–6].
The majority of proton-rich SH nuclides are identified through
the α decay chains. Up to now only α decay, β decay, and
spontaneous fission of SH nuclei have been observed. Some
papers on the theory of SHs [7–9], and stability calculations
[10] are recently published.

We would like to discuss the competition of α decay and
cluster radioactivity (CR) [11,12], which may be important
[13] in the region of the heaviest SHs. In this binary process,
from one parent nucleus AZ, one obtains an emitted particle
AeZe and a daughter Ad Zd :

AZ → AeZe + Ad Zd (1)

We have an indication of the possibility of extrapolating
our calculations to this region from the results of the fol-
lowing calculations within the analytical superasymmetric
fission (ASAF) model: the half-lives for 128Sn emission
from 256Fm (the released energy Q = 252.129 MeV) and
for 130Te emission from 262Rf (Q = 274.926 MeV) are given
by log10 TFm(s) = 4.88 and log10 TRf (s) = 0.53, respectively.
They are in agreement with experimental values for sponta-
neous fission [14]: 4.02 and 0.32, respectively.

Since 1984 [15] the following CR has been experimentally
confirmed [16,17] in heavy parent nuclei with Z = 87 to 96:
14C, 20O, 23F, 22,24−26Ne, 28,30Mg, and 32,34Si. The employed
techniques [18] are: semiconductor telescope; magnetic spec-
trometers (SOLENO, Enge split pole); and solid state nuclear
track detectors. The measured half-lives are in good agreement
with predicted values within the ASAF model (see the review
[19] and references therein). The shortest measured half-life
of Tc = 1011.01 s corresponds to 14C radioactivity of 222Ra,
and the largest branching ratio relative to α decay, bα =
Tα/Tc, of 10−8.9 was observed for 14C radioactivity of 223Ra.
Consequently CR in the region of heavy transfrancium nuclei
is a rare phenomenon.
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Very frequently the daughter nucleus was the doubly magic
208
82 Pb126 or one of its neighbors. This is the reason why we
changed the concept of CR, previously [20] associated with a
maximum Zmax

e = 28. In the regions of SHs with Z > 110, we
consider not only the emitted particles with atomic numbers
2 < Ze < 29, but also heavier ones up to

Zmax
e = Z − 82, (2)

allowing us to get for Z > 110 an atomic number of the most
probable emitted cluster Ze > 28 and a doubly magic daughter
around 208Pb.

Besides the already mentioned superasymmetric fission
theory, there are many other theoretical approaches of CR,
e.g., Refs. [21–25]. Spontaneous emission of a charged particle
from an atomic nucleus is explained as a quantum mechanical
tunneling of a preformed cluster at the nuclear surface through
the potential barrier [26]. Microscopic calculations of cluster
formation probability and of barrier penetrability have been
performed [24,25] by using the R matrix description of the
process. The half-life Tc is expressed as

Tc = h̄ ln 2

�c

, (3)

where �c is the decay width and h̄ is the reduced Planck
constant (or Dirac constant). A universal decay law for α

emission and CR was recently developed [25] based on this
theory.

Present calculations are performed within the ASAF model,
very useful for the high number of combinations of parent-
emitted cluster in order to check the metastability of SH parent
nuclides with measured or calculated masses against many
possible decay modes.

II. THE MODEL

A crucial quantity for accuracy of half-life calculation is
the released energy

Q = [M − (Me + Md )]c2 (4)

obtained as a difference between the parent M and the two
decay product masses, Me and Md , in units of energy; c is the
light velocity.
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The decay constant λ = ln 2/Tc may be expressed by a
product of three model dependent quantities ν, S, and Ps ,
where ν is the frequency of assaults on the barrier per second,
S is the preformation probability, and Ps is penetrability of
external barrier, mainly of Coulomb nature. According to our
method [27] the preformation in a fission theory is given by
the penetrability of the internal part of the barrier.

A very large number of combinations of parent-emitted
cluster has to be considered in a systematic search for new
decay modes. The numerical calculation of three-fold integrals
involved in numerical models are too time consuming. The
large amount of computations can be performed in a reasonable
time by using an analytical relationship for the half-life.
We developed our ASAF model to fulfill this requirement.
We started with the Myers-Swiatecki liquid drop model [28]
adjusted with a phenomenological correction.

The half-life of a parent nucleus AZ against the split into
a cluster AeZe and a daughter AdZd ,

T = [(h ln 2)/(2Ev)] exp(Kov + Ks), (5)

is calculated by using the WKB quasiclassical approximation,
according to which the action integral is expressed as

K = 2

h̄

∫ Rb

Ra

√
2B(R)E(R)dR, (6)

with B = μ, K = Kov + Ks , and E(R) replaced by [E(R) −
Ecorr] − Q, where Ecorr is a correction energy similar to the
Strutinsky shell correction, also taking into account the fact
that the Myers-Swiatecki’s liquid drop model (LDM) [28]
overestimates fission barrier heights, and the effective inertia
in the overlapping region is different from the reduced mass
μ. The turning points of the WKB integral are: Ra = Ri +
(Rt − Ri)[(Ev + E∗)/E0

b]1/2 and Rb = RtEc{1/2 + [1/4 +
(Q + Ev + E∗)El/E

2
c ]1/2}/(Q + Ev + E∗), where E∗ is the

excitation energy concentrated in the separation degree of
freedom, Ri = R0 − Re is the initial separation distance,
Rt = Re + Rd is the touching point separation distance, Rj =
r0A

1/3
j (j = 0, e, d; r0 = 1.2249 fm) are the radii of parent,

emitted, and daughter nuclei, respectively, and E0
b = Ei − Q

is the barrier height before correction. The interaction energy
at the top of the barrier, in the presence of a nonnegligible
angular momentum lh̄ is given by

Ei = Ec + El = e2ZeZd/Rt + h̄2l(l + 1)/
(
2μR2

t

)
. (7)

Be C Ar Ti V Cr Mn Fe
Co Ni Cu Zn Ga Ge As Se
Br Kr Rb Sr Y Zr Nb Mo

EMITTED CLUSTERS

Z = 124

N = 200

FIG. 1. (Color online) Chart of superheavy cluster emitters
with atomic numbers Z = 104 to 124. The Q values are calculated
using the FRDM95 mass tables. Black squares mark the Green
approximation of the line of β stability.

The two terms of the action integral K , corresponding to the
overlapping Kov and separated Ks fragments, are calculated
by analytical formulas (approximated for Kov and exact for
Ks in case of separated spherical shapes within the LDM):

Kov = 0.2196
(
E0

bAeAd/A
)1/2

(Rt − Ri)f (b), (8)

(9)f (b) =
√

1 − b2 − b2 ln
1 + √

1 − b2

b
,

Ks = 0.4392[(Q + Ev + E∗)AeAd/A]1/2RbJrc, (10)

Jrc = (c) arccos
√

gc/(2 − c) − [gc(1 − r)]1/2

+√
1 − c ln F (c, r), (11)

F (c, r) = 2
√

gc(1 − c)(1 − r) + 2 − 2c + cr

r(2 − c)
, (12)

where gc = 1 − c + r , r = Rt/Rb, c = rEc/(Q + Ev + E∗),
and b2 = (Ev + E∗)/E0

b . In the absence of the centrifugal
contribution (l = 0), one has c = 1. We took Ev = Ecorr in
order to get a smaller number of parameters.

The potential barrier shape similar to that which we
considered within the ASAF model was calculated by using
the macroscopic-microscopic method [29], as a cut through
the potential energy surface (PES) at a given mass asymmetry,
usually the 208Pb valley or not far from it.

Half-life calculations are very sensitive to the released
energy. Even with the updated table of experimental masses,
atomic mass evaluation (AME) [30] many masses are still
not available for new SHs. We have used not only this
table for 3290 nuclides (2377 measured and 913 from
the systematics) ending up at Z = 118 but also some
calculated masses, e.g., Liran-Marinov-Zeldes (LiMaZe01)
[31,32], Koura-Tachibana-Uno-Yamada (KTUY05) [33], and
the finite-range droplet model (FRDM95) [34] with 1969
(Z = 82 to 126, N � 184), 9441 (Z = 2 to 130, N � 200),
and 8979 (Z = 8 to 136) masses, respectively.

One should observe the limitations present on every
mass table. We are interested in SH parent nuclei with
Z = 104 to 124. Those with Z = 119 to 124 are not present
on the AME mass table. The Green approximation of the
line of β stability gives Nβ = 166 for Z = 104, Nβ = 186
for Z = 114, and Nβ = 206 for Z = 124. In this way only
neutron-deficient SHs are present on the AME mass table.
Similarly, the majority of SHs from LiMaZe01 and KTUY05
are proton-rich nuclei. Only on the FRDM95 mass table we
find both neutron-deficient and neutron-rich nuclei for all
values of atomic numbers in the range 104–124.

In a systematic search for CR we calculate with the
ASAF model for every parent nucleus AZ the half-lives of all
combinations of pairs of fragments AeZe, Ad Zd with 2 < Zd �
Zmax

e = Z − 82 conserving the hadron numbers Ze + Zd = Z

and Ae + Ad = A.

III. RESULTS

We would like to present the results obtained by using
the AME experimental data as well as calculated masses
LiMaZe01, KTUY05, and FRDM95. When using calculated
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FIG. 2. (Color online) Decimal logarithm of the half-lives of SH
nuclei against α decay versus the neutron number of the parent
nucleus in four groups of nuclides: (a) even-even, (b) even-odd,
(c) odd-even, and (d) odd-odd. Calculations performed within the
ASAF model. Experimental data marked with points. Vertical dashed
lines correspond to N = 154, 164, 174. Q values are calculated using
the AME mass tables.

masses for parent and daughter nuclei, we take into account the
nuclides stable against one proton, two protons, one neutron,
and two neutrons spontaneous emissions.

A. Superheavy nuclei as cluster emitters

The chart of cluster emitters from Fig. 1 is obtained by
associating to each parent only the most probable emitted
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FIG. 3. (Color online) Decimal logarithm of the half-lives of SH
nuclei against α decay versus the neutron number of the parent
nucleus in four groups of nuclides: (a) even-even, (b) even-odd,
(c) odd-even, and (d) odd-odd. Calculations performed within the
ASAF model. Vertical dashed lines correspond to N = 154, 164, 174.
Q values are calculated using the LiMaZe01 mass tables.
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FIG. 4. (Color online) Decimal logarithm of the half-lives
of SH nuclei against α decay versus the neutron number of
the parent nucleus in four groups of nuclides: (a) even-even,
(b) even-odd, (c) odd-even, and (d) odd-odd. Calculations performed
within the ASAF model. Vertical dashed lines correspond to N =
154, 164, 174, 186, 198. Q values are calculated using the KTUY05
mass tables.

cluster in a systematic search based on FRDM95 masses. The
black squares mark the Green approximation of the line of β

stability.
As may be seen from the Fig. 1, besides emitted clusters

with Ze � 28 (Be, C, Ar, Ti, V, Cr, Mn, Fe, Co, and Ni),
many types of new CR with Ze > 28 are present on this
chart: Cu, Zn, Ga, Ge, As, Se, Br, Kr, Rb, Sr, Y, Zr, Nb,
and Mo. In other words the following atomic numbers of
the most probable emitted heavy particle are obtained: Ze =
4, 6, 18, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35,

36, 37, 38, 39, 40, 41, 42. As we previously observed [20],
many of the SH nuclides are 8Be emitters, but they have a very
low branching ratio bα . Most frequently occurs the doubly
magic 78Ni radioactivity.

In a few cases one has only one mass number for a given Ze:
Ae = 8 for Ze = 4, Ae = 14 for Ze = 6, Ae = 55 for Ze = 23,
and Ae = 59 for Ze = 25. In other cases we also took only one
color for every atomic number Ze, despite the fact that one has
various isotopes: Ae = 50, 52, 53 for Ze = 18; 53, 54 for 22;
58–60 for 24; 62, 64, 66 for 26; 63, 65, 71, 73, 75 for 27; 66,
68, 70–78 for 28; 73–80 for 29; 74, 76–82 for 30; 75, 77–83
for 31; 78, 80, 82–84, 86–88 for 32; 79–81, 83–89 for 33; 82,

TABLE I. Comparison of standard rms deviations from exper-
iment of half-life calculations performed within the ASAF model
using different mass tables

Parent nuclei n σAME σLiMaZe01 σKTUY05 σFRDM95

e-e 16 0.582 1.666 1.264 1.372
e-o 20 0.741 1.627 1.092 1.559
o-e 13 1.072 2.043 1.637 1.421
o-o 19 0.831 1.092 1.254 1.135
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FIG. 5. (Color online) Decimal logarithm of the half-lives of SH
nuclei against cluster decay versus the neutron number of the parent
nucleus in four groups of nuclides: (a) even-even, (b) even-odd,
(c) odd-even, and (d) odd-odd. Calculations performed within the
ASAF model. Vertical dashed lines correspond to N = 154, 164, 174.
Q values are calculated using the AME mass tables.

84–90 for 34; 85–93 for 35; 86–92, 94, 96, 98, 100 for 36;
89–102 for 37; 88–90, 92–96, 98, 100, 102, 104, 105 for 38;
96–108 for 39; 95–110 for 40; 103–113 for 41, and 100, 102,
104, 106–110, 112–115 for Ze = 42.

B. α decay half-lives

In Fig. 2 we compare the calculated half-lives of SHs
against α decay based on AME mass tables within the ASAF
model with experimental data in four groups of parent nuclei:

-5

0

5

10

15

20

25

30

140 150 160 170 180

-5

0

5

10

15

20

25

30

lo
g

10
T c

(s
)

104
106
108
110
112
114
116
118
120
122
124

(a)

(b)

140 150 160 170 180 190

N

105
107
109
111
113
115
117
119
121

(c)

(d)

FIG. 6. (Color online) Decimal logarithm of the half-lives of SH
nuclei against cluster decay versus the neutron number of the parent
nucleus in four groups of nuclides: (a) even-even, (b) even-odd,
(c) odd-even, and (d) odd-odd. Calculations performed within the
ASAF model. Vertical dashed lines correspond to N = 154, 164, 174.
Q values are calculated using the LiMaZe01 mass tables.

-10

0

10

20

30

140 150 160 170 180 190 200

-10

0

10

20

30

lo
g

10
T c

(s
)

104
106
108
110
112
114
116
118
120
122
124

(a)

(b)

150 160 170 180 190 200

N

105
107
109
111
113
115
117
119
121

(c)

(d)

FIG. 7. (Color online) Decimal logarithm of the half-lives of SH
nuclei against cluster decay versus the neutron number of the parent
nucleus in four groups of nuclides: (a) even-even, (b) even-odd,
(c) odd-even, and (d) odd-odd. Calculations performed within the
ASAF model. Vertical dashed lines correspond to N = 154, 164, 174.
Q values are calculated using the KTUY05 mass tables.

even-even (e-e), even-odd (e-o), odd-even (o-e), and odd-odd
(o-o). The same quantity in Fig. 3 based on the LiMaZe01
mass table and Fig. 4 based on the KTUY05 mass table
looks differently not showing the typical variations around the
semimagic neutron numbers of the daughter Nd = 152, 162.
Nevertheless, the overall accuracy is not very much affected
as may be seen in the Table I, where we also included the
results based on the FRDM95 mass table. On the other hand
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FIG. 8. (Color online) Decimal logarithm of the branching ratio
relative to α decay for cluster emission from superheavy nuclei
versus the neutron number of the parent nucleus in four groups of
nuclides: (a) even-even, (b) even-odd, (c) odd-even, an (d) odd-odd.
Vertical dashed lines correspond to N = 154, 164, 174. Q values are
calculated using the LiMaZe01 mass tables.
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the minimum around N = 186 is due to the assumed magicity
of the daughter neutron number Nd = 184.

An estimation of the accuracy gives the standard rms
deviation of log10 T values:

σ =
{

n∑
i=1

[log10(Ti/Texp)]2/(n − 1)

}1/2

. (13)

As may be seen in Table I the best reproduction of experimental
values is obtained by using AME masses to calculate Q values,
as expected. It is followed by KTUY05 for e-e and e-o nuclei,
by FRDM95 for o-e nuclei, and by LiMaZe01 for o-o SH
parent nuclei. Lower values of σ for α decay half-lives may be
obtained [35] within our UNIV (universal curve) and semFIS
(semiempirical) models.

The general trend toward a shorter half-life against α decay
for higher Z values is clearly seen in Figs. 2–4.

C. Cluster decay half-lives

We present in Figs. 5–7, the half-lives of SH nuclei against
CR in four groups of parent nuclei, based on Q values
calculated with mass tables AME, LiMaZe01, and KTUY05,
respectively. They are again shorter and shorter when the
atomic number increases.

For a given N and Z number of the SH parent nucleus,
the half-life against CR, Tc, in Fig. 5 is longer than the
corresponding half-life against α decay, Tα , in Fig. 2. When
the calculated mass tables with more SHs are used, as in Figs. 6
and 7, we can find several cases with Tc < Tα for the heaviest
parent nuclei.

-20

-15

-10

-5

0

5

10

140 150 160 170 180 190 200

-20

-15

-10

-5

0

5

10

lo
g

10
b

104
106
108
110
112
114
116
118
120
122
124

(a)

(b)

150 160 170 180 190 200

N

105
107
109
111
113
115
117
119
121
123

(c)

(d)

FIG. 9. (Color online) Decimal logarithm of the branching ratio
relative to α decay for cluster emission from superheavy nuclei versus
the neutron number of the parent nucleus in four groups of nuclides:
(a) even-even (b) even-odd (c) odd-even, and (d) odd-odd. Vertical
dashed lines correspond to N = 154, 164, 174, 186, 198. Q values
are calculated using the KTUY05 mass tables.
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superheavy nuclei with atomic numbers 121–124 against α decay
(blue circles) and CR (red squares) versus the neutron number of the
parent nucleus. Q values are calculated using the (top) LiMaZe01,
(middle) KTUY05, and (bottom) FRDM95 mass tables.

D. Branching ratio relative to α decay

The general trend of a shorter half-life and a larger
branching ratio when the atomic and mass numbers of the
parent nucleus increases may be seen on the Figs. 8 and 9,
obtained within the ASAF model by using the LiMaZe01 and
KTUY05 mass tables, respectively, to calculate the Q values in
four groups of parent nuclei: even-even, even-odd, odd-even,

034615-5



D. N. POENARU, R. A. GHERGHESCU, AND W. GREINER PHYSICAL REVIEW C 85, 034615 (2012)

and odd-odd. As in previous subsections, this kind of plots in
four groups allow us to get smoother curves compared to what
would be obtained if the even-odd staggering would be present.
As to absolute values of Tc and bα , there is no guarantee of
reliability until some measurements will be available. More
elaborate models should be used (see, e.g., [36]) in order to
estimate the competition of spontaneous fission.

If the calculated masses are reliable, then half-lives Tc

shorter than 1 ns for SH nuclei with Z � 122 and large neutron
numbers (see Fig. 10) would make difficult or even impossible
any identification measurement. It would be possible to find
some interesting cases with Tc < Tα , bα > 1 which could be
measured (see Fig. 9). For example if Z = 122, the neutron
number of the Green approximation of the line of β stability
is Nβ = 202, meaning that some neutron-deficient isotopes
of 122 with N > 188 could have bα > 1. An increase in Q

value of �Q = 1.08 MeV (from 273.49 to 274.57) produces
a shorter half-life by 1.2 orders of magnitude, log10 Tc(s) from
6.58 to 5.38 for 81As emission from 287115. Similarly for
�Q = 0.87 MeV one has a one order of magnitude shorter
half-life for 85Se radioactivity of 293116.

The pronounced minimum of the branching ratio at N =
186 in Fig. 9 is the result of the strong shell effect of the
assumed magic number of neutrons of the daughter Nd =
184 present in the KTUY05 masses. The half-life of α decay
of a SH nucleus with N = 186 neutron number leading to a
more stable daughter with magic neutron number Nd = 184 is
shorter by some orders of magnitude compared to the α decay
of a SH with N = 184. Similar results were obtained using the
FRDM95 masses (see Fig. 10).

In Fig. 10 we can compare the absolute values of half-lives
for α decay and CR for SHs with Z = 121 to 124 calculated
within the ASAF model using different mass tables. The
even-odd staggering is more pronounced for CR than for α

decay, leading to larger bα for even N nuclides compared
to the neighboring odd N ones. This effect produces an
alternation of bα values for successive even and odd neutron
numbers.

Half-lives Tc < Tα are found for neutron-deficient SHs
present on LiMaZe01 mass tables (at the top of Fig. 10).
A transition from bα < 1 for Z = 121 to bα > 1 when Z

increases toward Z = 124 may be clearly seen in the central
and bottom panels. A sharp decrease of Qα values calculated
with FRDM95 masses around N = 196 produces very high
Tα at the bottom of Fig. 10.

We may better illustrate the importance of reliable mass
values by selecting in Table II a few cases of SHs with Z > 120
present on Fig. 10. As can be seen from this table, large
differences in Q values for α decay calculated with various
mass tables occur very frequently and make an important
contribution to the broad range of branching ratios bα shown
in the last column. Even the most probable emitted cluster can
differ as in the case of the 304124 parent for which 98Mo results
in calculations of released energy based on LiMaZe01, 95Zr
based on KTUY05, and 96Zr based on FRDM95.

In conclusion, by changing the concept of CR to allow
spontaneous emission of heavy particles with atomic numbers
larger than 28 from SHs with Z > 110 (daughter nuclei around
the doubly magic 208Pb), we found that calculated half-lives
Tc against CR and the branching ratios relative to α decay

TABLE II. Q values in MeV, half-lives, and branching ratios for the most probable CR of a few SH neutron-deficient nuclei, obtained by
using three mass tables: LiMaZe01, KTUY05, and FRDM95.

Parent Mass table Qα log10 Tα(s) Emit.C Qc log10 Tc(s) log10 bα

302122 LiMaZe01 11.206 − 1.39 96Zr 337.86 − 5.95 4.56
KTUY05 13.055 − 5.46 96Zr 337.21 − 5.20 − 0.25
FRDM95 14.045 − 7.27 96Zr 337.55 − 5.60 − 1.67

303122 LiMaZe01 10.839 0.28 96Zr 337.66 − 3.28 3.56
KTUY05 12.885 − 4.45 96Zr 336.91 − 2.41 − 2.04
FRDM95 14.705 − 7.73 96Zr 337.91 − 3.58 − 4.15

304122 LiMaZe01 10.480 0.48 96Zr 337.18 − 5.85 6.33
KTUY05 12.795 − 4.98 96Zr 336.79 − 5.40 0.42
FRDM95 14.815 − 8.58 96Zr 337.97 − 6.76 − 1.82

304124 LiMaZe01 11.192 − 0.04 98Mo 352.86 − 2.00 1.96
KTUY05 13.735 − 5.57 95Zr 346.07 − 3.78 − 1.79
FRDM95 13.435 − 5.01 96Zr 345.79 − 3.65 − 1.36

305124 LiMaZe01 10.862 0.05 100Mo 351.88 − 4.50 4.55
KTUY05 13.705 − 6.22 100Mo 354.08 − 7.01 0.79
FRDM95 16.325 − 10.37 100Mo 357.04 − 10.40 0.03

306124 LiMaZe01 10.521 1.73 100Mo 351.34 − 1.31 3.04
KTUY05 13.675 − 5.49 100Mo 353.75 − 4.13 − 1.37
FRDM95 16.055 − 9.3 100Mo 357.13 − 8.12 − 1.25

307124 LiMaZe01 10.202 1.86 102Mo 349.81 − 3.76 5.62
KTUY05 13.475 − 5.83 102Mo 353.19 − 7.67 1.84
FRDM95 16.135 − 10.14 102Mo 357.48 − 12.57 2.43
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are showing a trend toward shorter Tc and larger bα for the
heaviest SHs. It is possible to find regions of SHs where
the half-lives for CR are shorter than those against α decay.
The accuracy of calculated masses in the region of heaviest
SHs should be improved in order to make reliable predictions
of half-lives.
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