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Abstract

Alpha-decay half-life of even-even emitters has been calculated in terms of a tun-
nelling through a quantum mechanical potential barrier. A multipolar expansion of
Coulomb potential has been developed taking into account the nuclear quadrupole,
hexadecapole, and hexacontatetrapole deformations. We show that using a free-
parameter model the calculated half-lives do not vary significantly with higher order
multipolarities of the daughter nucleus deformation.
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1 INTRODUCTION

The alpha-decay process was interpreted in the early 1920s in terms of tunnelling through
a quantum mechanical potential barrier [1, 2]. Nuclear deformation effects have been
studied in 1950s by Bohr et al [3] and Froman [4]. Recently, two theoretical extreme
approaches have been developed to describe the alpha decay: the cluster- and fission-like
theories [5]. A lot of new experimental and theoretical investigation on alpha decay half-
life has been developed during the last three years or so [6-20]. An important study about
alpha and beta decay for astrophysical and radioactive-ion-beam applications has been
undertaken by Moller et al in [21]. In addition, half-life values for spontaneous nuclear
decay processes (proton emission, alpha decay, cluster radioactivity, and cold fission) have
been presented very recently in the framework of the Effective Liquid Drop Model [22].

On one hand, the studies mentioned above have been mainly motivated by the interest
in searching for the heaviest elements, since their alpha-decay chains provide signatures
of the structure of the nuclei which start the decay sequence. On the other hand, ex-
perimental efforts have been focused on the improvement of the measurement of alpha
particle energies and decay half-lives as well.

The aim of this work is to take into account for nuclear deformation in order to
perform alpha-decay half-life calculations. Similar purpose was pursued in Ref [18] in the
study of the lifetimes for exotic radioactivities of nuclear ground-state deformations and
of attenuation of fragment shell effects by the fragments’ interaction.

We calculate the alpha-decay half-lives of even-even emitters for the favored alpha
transitions in terms of a tunnelling through a quantum mechanical potential barrier. We
developed a general expression for the deformed multipolar Coulomb potential taking into
account for the quadrupole, hexadecapole, and hexacontatetrapole nuclear deformations.

In the computation of the half-life we assume that the deformed product nucleus is
equivalent to a spherical one for which the barrier height is obtained by averaging the value
of the potential at contact over the nuclear surface in all directions. We show that the
present method of an equivalent barrier is well succeeded in reproducing the experimental
data with quadrupolar deformation. It is also verified that half-life results are not affected
appreciably by higher order multipolarities of the deformed daughter nucleus.

In Sec. 2 the model and calculation method are presented. Results are shown in Sec.
3. Finally, a discussion with conclusion are given in Sec. 4.

2 MODEL AND CALCULATION METHOD

The polar-angle dependence of the alpha decay rate is written as [23]:

€2(0)
A0 = Nalyesp § —2 [ VTV~ Qlar ¢ 1)

€1(9)

where Ag(@) is the alpha particle frequency of assaults on the barrier, y is the reduced
mass, () is the total kinetic energy available for the final fragments (the Q-value), £;(0)
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and &,(0) are the inner and outer turning points, respectively, and V(r, §) is the Coulomb
potential barrier given by

Lo Zye?
Vir0) = =S 0). 2)
r
In this expression Z; is the proton number of the daughter nucleus, 7, = 2, r is the

distance between the centers of the alpha particle and the daughter nucleus, e is the
electronic charge, and the function S(r,6) is a multipolar expansion which describes the
nuclear deformation of the product nucleus (see Appendix).

The frequency of assaults on the barrier is calculated as

Xo(0) = %\/%m (3)

where r, =1.62 fm is the equivalent sharp charge radius of the alpha particle, and ry(8) is
a multipolar expansion for the radius of daughter nucleus as described in the Appendix.
The inner turning point is given by

§1(0) = r2(0) + ra, (4)

and the outer turning point is the root of the equation

V(€2,0) —Q =0. ()

In the computation of the half-life-values we assume that the deformed daughter nu-
cleus is equivalent to a spherical one for which the potential barrier height is obtained by
averaging the value of the potential at contact over the nuclear surface in all directions.
Therefore, the potential barrier is given by

7
Valr) = 1o )
where _
— 1
V= 5 / V (r2(0) + 1o, 0)sin 6d6, (7)
0
and

ks

Ty = 5/7“2((9) sin 6d6. (8)

The decay constant is thus obtained by the expression

(10)
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where B
=& =T+ 74, (11)

(5 1s the solution of the of equation

Vey(G2) =@ =0, (12)

and
i

To = %/)\0(0) sin 0d6. (13)

0

3 RESULTS

We have performed the present half-life calculation under the spherical approximation
for the daughter nucleus as well as by taking into account for its deformation. The
amount of deformation depends on the values of the multipolar expansion coefficients, ay,
as they appear in Table 1. The coefficients «; are related to the multipolar deformation
parameters, 3;, through Eq. (21) in the Appendix. The values of parameters 3 have been
taken from Ref. [24].

Figure 1-a shows the expansions as defined in Table 1 for 2480m, which is the daugh-
ter nucleus in the alpha decay of 252¢, 280m is a prolate-like nucleus because its
quadrupole deformation parameter is positive (5y = 0.235, 8, = 0.040, s = —0.036). A
graphic similar to Fig. 1-a is reported in Ref. [4]. In Figure 1-b we show A(6) for the
preferred alpha decay of 252¢,

Figure 2 shows the case for alpha decay of 192py, 1y Figure 2-a the radius expan-
sions for the daughter 188Hg have been depicted. In this case we have an oblate-shaped
daughter nucleus because its quadrupole deformation parameter is negative (83 = —0.130,
By = —0.125, g = 0.001). Figure 2-b shows the polar-angle dependence of the decay rate,
A(0), for alpha decay of 192py, (ground state to ground state transitions).

In Figure 3 we show A(6) for the alpha decay of 206 po,. The values for the deformation

parameters of the daughter nucleus 202p} are particularly small (8, = 0.008, 3, = —0.008,
fs = 0.001), therefore, leading to a somewhat different trend as compared to the precedent
examples.

We define the quantities v and v as

== 14
u=", (14)
and .
2,4,6
— 1ty 15
— (15

where 7 denotes the experimental alpha decay half-life, the values of which have been
updated from the edition produced by the NNDC (BNL, Upton, N. Y., USA) [25], 7, is the
calculated half-life under the spherical approximation, 75 is the calculated half-life given by
Eq. (10) by including only the nuclear quadrupole deformation, and 7, 46 represents the
calculated half-life which includes the quadrupole, hexadecapole, and hexacontatetrapole
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nuclear deformations. The reduced mass, u, and the ()-value have been calculated as in
Ref. [23].

A systematic study over 166 cases of preferred alpha decay of even-even parent nuclei
has been undertaken by comparing calculated values with experimental ones. Table 2
shows the values for the standard deviation, o, mean value, g, (¢ = log,o(7./7)), and
the number of cases rejected (i. e., those for which |¢| > 20), n, which resulted after
three runs for each gaussian-like q distribution. Here, the quantity ¢ has been calculated
for the spherical approximation, quadrupole deformation, quadrupole plus hexadecapole
deformations, and quadrupole plus hexadecapole plus hexacontatetrapole deformations
included.

In figure 4 we plot the ratios u (part (a)) and v (part(b)) against neutron number
of the parent nucleus, N. The dashed lines indicate the region where results have been
obtained within two standard deviation.

Finally, Table 3 lists and compares the calculated and experimental half-life-values for
166 cases of known preferred, ground-state to ground-state alpha decays.

4 DISCUSSION AND CONCLUSION

As we can see in Figures 1-a and 2-a, 248(C'm and 188Hg appear to be revolution solids,
where the rotation axis is the z axis. Looking at part (b) of Figs. 1 and 2 we see that
the decay constant is a maximum when the curvature is also a maximum. For a prolate-
shaped nucleus this maximum occurs at the poles, and for an oblate-shaped nucleus
at the equator. When higher multipolarities are taken into account, the decay constant
presents significant variations with the extension of the nuclear surface, however, the most
important variations are given by the quadrupole deformation. These angular variations in
the decay constant are not sufficient to produce important improvement on the calculated
half-life, as we can see in figure 4 and Table 3. The quadrupole deformation results to be
the relevant mode of deformation to be included in the calculation. When higher order
multipolarities are considered, it results that their effects are indeed very small (or even
negligible) as we can see in part (b) of Fig 4. This is due to the fact that deformations are
indeed small, and, therefore, nuclei do not deviate appreciably from the spherical shape.
The main conclusion can be drawn from the present study that the consideration of higher
multipolarities to describe the nuclear shape do not lead to significant improvement in
the alpha decay half-life-value by the present calculation method. We remark that after
reduction of the deformed product nucleus to an average equivalent spherical one the
penetrability calculation is obtained from a simplified, free-parameter Gamow-like model.
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Appendix

—

The electrostatic potential created by a charge distribution p (r’) at point T is given by
[26]:

@(?)///@, (16)

where the integral is over the volume Q) occupied by the charge. If the charge distribution
is independent of the position vector, we have:

, () =% (17)

12 3 ! ! / !
(I)(?):@ r s11m9dl(9_(jl</$dlr7 (18)
Q 2 _ r/

—
7

and

where Zye is the total charge. If |r/| < T

Y

00 {
1 Lo
== = X arrm ln0.0) 19)

r —

m=—

where r = |7 |, 7' = [r'|and Yim (0, ¢) are the spherical harmonics [26]. If m = 0 we have

Y

Yio(0,0) = /(2L + 1)/(47) P(cos 0), with P, being the Legendre polynomial of [-order.

We assume the following parametrization for the nuclear surface:

r(0) = TA—O

1+ Z arPy(cos 0)] , (20)
=0
where rg = R, as defined in [23], a;’s are the parameters of the multipolar expansion

related to the multipole deformation parameters, 3;, by

204+ 1
47

A, (21)

o] =

and A is determined from the volume conservation

_27r

3

Q 7“3((9) sin 0d0 = %7‘(’7“8. (22)

0

Putting the expansion given by Eq. (19) into Eq. (18), and by integrating over the volume
Q we obtain
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® (r,0) = Z255(r, ). (23)
T

The electrostatic potential energy of a charged particle of charge Z,e, as a function of r
and 6. is thus given by

AV
V(r,0) = 222 5(r,0), (24)
T
where
3
S(r,0) = e IZO: ar(r) Py (cos b)), (25)
. 1 To l
a(r) = 3 <J> I (26)
T 0o +3
I, = / 14+ Z ap Pre(cos 8) Pi(cos 0") sin 9'd6’. (27)
[*=0

0

In Eq. (23) we can see that the electrostatic potential has two factors. The first factor
(Zze/r) is the electrostatic potential (outside the sphere) due to a spherical and uniform
charge distribution, while the second one, the function S(r,#), is the multipolar expansion
taking into account for the nuclear deformation.
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Table 1: Radius expansion for the different deformations of daughter nucleus. The
parameters A, (k = 1, 2 and 3) are found by solving Eq. (22). ro = R, for the calculation
of the inner turning point (£1(0)) and the frequency of assaults on the potential barrier
(Ao(0)). For the potential barrier calculation, we used ro = Rey,. Both R,,-and R.,-

values have been evaluated as described in Ref. [23].

‘ Daughter nucleus ‘

Radius expansion

Spherical ra(0) = ro
Quadrupole ra(0) = X—f [1 4+ agPa(cos )]
Quadrupole
plus ra(0) = X—Z [1 4+ asPy(cos @) + ayPy(cos )]
hexadecapole

Quadrupole plus
hexadecapole plus

hexacontatetrapole

i [1 4 ayPs(cos @) + ayPi(cos 0) 4+ agPs(cos 0)]
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Table 2: Standard deviation, o, mean value, g, and number of cases rejected (|¢| > 20),
n, after three runs over 166 cases of ground-state to ground state alpha decays of even-even
parent nuclei.

‘ Deformation ‘
Quadrupole Quadrupole plus
Quantity' Spherical | Quadrupole plus hexadecapole

hexadecapole | plus hexacontatretapole

o= % > q? 0.290 0.295 0.295 0.295
=1
N
q = % > 0.005 -0.003 -0.003 -0.002
=1
n 18 17 17 17

Tg; = log (7., /), where 7., and 7; denote, respectively, the calculated and experimental

alpha-decay half-life.
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Table 3: Intercomparison between alpha-decay half-life-values calculated from the
present Gamow-like model with and without product nucleus deformation included, and
the experimental data for ground-state to ground-state alpha transitions of 166 even-even
emitters. 7 is the measured alpha-decay half-life, 7, is the calculated value under the
spherical approximation for the product nuclei; 75 is that value when only quadrupole de-
formation is included; 73 4 6 is the value obtained by including all deformation parameters.
u=(12/7), v =(7246/7s) (all T-values are expressed in second).

Deformation parameters
of the daugther nucleus

Calculated half-life

Parent nucleus

A

Z T 52 54 56 Ts T2 72,46 u v

52 106 0.60E-04 0.009 -0.015 -0.001 0.518E-03  0.518E-03  0.518E-03 8.637 1.000
52 108 0.43E+401 0.018 0.016 0.000  0.171E402 0.171E402 0.171E402 3.973 1.001
52 110 0.62E+406 0.027 0.016 0.000  0.473E407 0.473E407 0.473E407 7.632 1.000
54 112 0.32E403 0.134 0.056  -0.004 0.192E404 0.191E404 0.192E404 5.979 1.000
60 144 0.72E+4+23 0.000 0.000 0.000  0.268E+4+24 0.268E424 0.268E424 3.726 1.000
62 146 0.32E+416 0.000 0.000 0.000 0.702E+4+16 0.702E+4+16 0.702E+16 2.194 1.000
62 148 0.22E+424 0.000 0.000 0.000  0.655E+4+24 0.655E4+24 0.655E4+24 2.978 1.000
64 148 0.23E410 0.000 0.000 0.000  0.472E410 0.472E410 0.472E4+10 2.054 1.000
64 150 0.56E+14 0.000 0.000 0.000  0.125E415 0.125E4+15 0.125E4+15 2.225 1.000
64 152 0.34E+422 0.161 0.059 0.006 0.867E+4+22 0.843E422 0.841E422 2478 0.970
66 150 0.12E404 0.000 0.000 0.001 0.208E+04 0.208E4+04 0.208E+04 1.733 1.000
66 152 0.86E4+07 0.000 0.000 0.000  0.206E408 0.206E408 0.206E408 2.392 1.000
66 154 0.95E+4+14 0.161  0.050 0.007  0.115E+415 0.113E4+15 0.113E4+15 1.189 0.980
68 152 0.11E402 0.000 0.000 0.000  0.200E402 0.200E402 0.200E402 1.815 1.000
68 154 0.48E405 0.000 0.000 0.000  0.671E405 0.671E405 0.671E4+05 1.398 1.000
68 156 0.23E+11 0.153 0.041 0.009  0.606E4+11 0.599E4+11 0.598E4+11 2.603 0.986
70 154 0.44E400 -0.008 0.000 0.001 0.735E400 0.735E400 0.735E4+00 1.670 1.000
70 156 0.26E403 -0.018 0.000 0.001 0.890E403 0.890E403 0.890E+4+03 3.422 1.000
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Parent nucleus

A

Deformation parameters
of the daugther nucleus

Calculated half-life

Z T 52 54 56 Ts T2 72,4,6 U v

70 158 0.43E407 0.143  0.040 0.010  0.408E+07 0.405E407 0.405E407 0.943  0.993
72 156 0.25E-01  0.000 0.000 0.000 0.314E-01  0.314E-01  0.314E-01  1.255 1.000
72 158 0.65E4+01 -0.008 0.000 0.001  0.112E+02 0.112E402 0.112E402 1.717  1.000
72 160 0.19E404 0.125  0.030 0.008  0.265E4+04 0.264E404 0.264E404 1.392  0.998
72 162 0.49E406 0.161 0.034  -0.003 0.142E407 0.140E407 0.140E407 2.865 0.991
72 174 0.63E423 0.295 -0.025 -0.020 0.956E+4+24 0.839E424 0.851E424 13.313 0.890
74 158 0.90E-03  0.008 0.000 0.001 0.228E-02  0.228E-02  0.228E-02 2,537  1.000
74 160 0.10E400 0.035 -0.008 0.001  0.154E400 0.154E400 0.154E400 1.539 1.000
74 162 0.30E401 0.107  0.020 0.001  0.389E+01 0.589E401 0.589E401 1.962 1.000
74 164 0.25E403 0.152  0.024 0.002  0.343E+03 0.342E403 0.341E403  1.367  0.996
74 166 047E405 0.180 0.012  -0.004 0.430E4+05 0.426E405 0.425E405 0.906  0.990
74 168 0.16E407 0.208 0.008  -0.006 0.420E407 0.413E407 0.413E407 2.583  0.982
76 162  0.19E-02  0.018  0.000 0.002 0.320E-02  0.320E-02  0.320E-02  1.687 1.000
76 164 0.42E-01  0.089 0.003 0.002 0.333E-01  0.333E-01  0.333E-01  0.793 1.001
76 166 0.27TE400 0.134  0.015 0.004  0.551E+00 0.551E400 0.551E400 2.041 1.000
76 168 0.45E401 0.161 0.010 -0.001  0.904E+4+01 0.903E401 0.902E4+01  2.006 0.998
76 170 0.61E402 0.181 -0.004 -0.005 0.145E403 0.145E403 0.145E403  2.370  0.996
76 172 0.96E404 0.208 0.000 -0.004 0.412E404 0.408E404 0.408E404  0.425 0.990
76 174 0.22E406 0.226 -0.006 -0.005 0.267E4+06 0.262E406 0.262E406 1.191 0.983
76 186 0.63E+4+23 0.259 -0.084  0.001  0.291E423 0.266E423 0.279E4+23  0.422  0.959
78 166 0.30E-03 0.045 -0.008  0.000 0.516E-03  0.516E-03  0.516E-03  1.721  1.001
78 170 0.60E-02 0.134 -0.002  0.000 0.278E-01  0.278E-01  0.278E-01  4.635 1.002
78 172 0.11E400 0.162 -0.006 -0.002 0.182E400 0.182E400 0.183E400 1.659 1.001
78 174 0.11E401 0.171 -0.014 -0.003  0.195E401 0.195E401 0.195E401 1.773 1.001
78 176 0.17E402 0.190 -0.011 -0.002 0.291E402 0.290E402 0.290E4+02 1.704 0.998
78 178 0.27TE403  0.226 -0.006 -0.005 0.638E4+03 0.631E403 0.632E4+03  2.338  0.990
78 180 0.17E405 0.246 -0.011  -0.006 0.184E+405 0.180E405 0.181E405 1.060 0.984
78 184 0.10E409 0.238 -0.045 -0.004 0.835E+408 0.812E408 0.824E408 0.812 0.987
78 186 0.53E+4+10 0.239 -0.062 -0.001  0.533E4+10 0.516E410 0.528E4+10  0.973  0.990
78 188 0.34E+4+13  0.229 -0.071  0.001  0.985E+4+12 0.948E4+12 0.976E4+12  0.279  0.991
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Parent nucleus

A

Deformation parameters
of the daugther nucleus

Calculated half-life

Z T 32 4 s Ts T2 T2,4,6 U v

78 190 0.10E420 0.220 -0.082 0.011 0.728E4+19 0.691E419 0.719E+19 0.691 0.988
80 174 0.21E-02  0.107 -0.004 -0.001 0.114E-01 0.114E-01 0.114E-01 5.416 1.002
80 176 0.34E-01  0.126 -0.010 -0.002 0.256E-01 0.256E-01 0.256E-01  0.753 1.002
80 178 0.36E4+00 0.153 -0.007 -0.003 0.386E400 0.386E+4+00 0.386E4+00 1.072 1.001
80 180 0.61E401 0.171 -0.005 -0.003 0.554E401 0.553E401 0.553E4+01 0.907 0.999
80 182 0.71E402 0.254 0.008 -0.004  0.650E402 0.642E402 0.641E402 0.904 0.986
80 184 0.28E404 0.265 -0.007 -0.007 0.172E+04 0.169E4+04 0.169E+04 0.603 0.982
80 186 0.41E406 0.255 -0.026 -0.002 0.311E+06 0.303E4+06 0.306E+06 0.739 0.983
80 188 0.53E4+09 0.247 -0.044 0.000 0.188E+409 0.182E409 0.185E409 0.344 0.984
82 180 0.40E-02 -0.105 -0.027 0.000 0.108E-01 0.108E-01 0.108E-01  2.700 1.007
82 182 0.55E-01 -0.113 -0.026 0.000 0.399E-01 0.400E-01 0.401E-01  0.728 1.007
82 184 0.535E4+00 -0.122 -0.026 0.000 0.406E400 0.408E400 0.409E400 0.741 1.007
82 186 0.10E402 -0.122 -0.018 -0.001  0.489E401 0.491E401 0.492E4+01 0.491 1.005
82 188 0.11E+403 -0.130 -0.017 0.000 0.127E403 0.127TE403 0.127E+4+03 1.156 1.005
82 190 0.80E+4+04 -0.130 -0.025 0.000 0.896E+04 0.898E+04 0.901E+04 1.122 1.005
82 192 0.37E4+07 -0.130 -0.025 0.001 0.229E407 0.229E4-07 0.230E407 0.618 1.004
82 194 0.99E+4+10 -0.130 -0.032 0.000 0.136E+10 0.136E410 0.137TE410 0.137 1.004
82 210 0.37E+4+17 -0.008 0.000 0.000 0.725E+4+16 0.725E+4+16 0.725E+16 0.196 1.000
84 190 0.24E-02 0.000 -0.008 0.000 0.264E-02  0.264E-02  0.264E-02 1.102 1.000
84 192 0.34E-01  0.000 -0.008 0.001 0.244F-01 0.244F-01 0.244FE-01  0.717 1.000
84 194 0.39E400 0.000 -0.008 0.000 0.272E400 0.272E400 0.272E400 0.697 1.000
84 196 0.539E+4+01 0.000 -0.008 0.000 0.437E+01 0.437E4+01 0.437E+01 0.740 1.000
84 198 0.18E+4+03 0.000 -0.008 0.000 0.998E+02 0.998E+02 0.998E+02 0.554 1.000
84 200 0.62E404 0.000 -0.008 0.000 0.220E+04 0.220E4+04 0.220E+04 0.355 1.000
84 202 0.14E406 0.000 -0.008 0.000 0.455E405 0.455E405 0.455E+4+05 0.325 1.000
84 204 0.19E407 0.000 -0.008 0.000 0.465E406 0.465E406 0.465E4+06 0.245 1.000
84 206 0.14E408 0.008 -0.008 0.001 0.298E407 0.298E407 0.298E4+07 0.213 1.000
84 208 0.91E408 -0.008 -0.008 -0.001 O0.111E+08 0.111E408 0.111E+08 0.122 1.000
84 210 0.12E408 -0.008 -0.008 0.000 0.906E406 0.906E406 0.906E+06 0.075 1.000
84 212 0.30E-06 0.000 0.000 0.000 0.213E-06  0.213E-06  0.213E-06 0.711 1.000
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Parent nucleus

A

Deformation parameters
of the daugther nucleus

Calculated half-life

Z T 32 4 s Ts T2 T2,4,6 U v

84 214 0.16E-03  0.000 0.008 0.000 0.176E-03  0.176E-03  0.176E-03 1.101 1.000
84 216 0.15E400 0.000 0.008 0.000 0.169E400 0.169E400 0.170E4+00 1.130 1.000
84 218 0.19E403 0.009 0.009 0.001 0.217E403 0.217TE403 0.217E4+03 1.140 1.000
86 200 0.11E401 0.000 0.015 0.000 0.951E400 0.951E400 0.951E400 0.864 1.001
86 202 0.11E402 0.000 -0.015 0.000 0.853E+01 0.853E4+01 0.853E+01 0.775 1.001
86 204 0.10E403 0.009 -0.015 0.000 0.627TE+02  0.627E4+02 0.627E+02 0.627 1.001
86 206 0.55E4+03 0.009 -0.015 0.000 0.255E403 0.255E403 0.255E403 0.463 1.001
86 208 0.24E4+04 0.009 -0.015 0.001 0.767E403 0.767TE403 0.768E403 0.320 1.001
86 210 0.90E4+04 -0.018 -0.008 -0.001 0.197E404 0.197E404 0.197E4+04 0.219 1.000
86 212 0.14E404 -0.018 -0.008 -0.001  0.189E403 0.189E+403 0.189E+4+03 0.135 1.000
86 214 0.27E-06 0.000 0.008 0.000 0.240E-06  0.240E-06  0.240E-06 0.888 1.000
86 216 0.45E-04 0.000 0.008 0.000 0.840E-04  0.840E-04  0.840E-04 1.866 1.000
86 218 0.35E-01 -0.008 0.008 0.000 0.617E-01 0.617E-01 0.617E-01 1.764 1.000
86 220 0.56E402 0.020 0.018 0.004 0.985E+02 0.985E402 0.9835E+02 1.758 1.001
86 222 0.33E406 0.039 0.028 0.007 0.540E406 0.540E406 0.541E4+06 1.636 1.002
88 202 0.70E-03 -0.215 0.002 0.000 0.300E-02  0.307E-02  0.307E-02 4.381 1.020
88 204 0.59E-01 -0.207 -0.007 0.000 0.509E-01 0.518E-01 0.518E-01 0.877 1.018
88 206 0.24E4+00 -0.104 0.004 0.004 0.244E400 0.245E400 0.245E400 1.022 1.003
88 208 0.14E401 -0.087 0.003 0.004 0.718E400 0.720E400 0.720E400 0.514 1.002
88 210 0.38E+401 -0.044 -0.007 -0.001 0.147E401 0.147E401 0.147E+401 0.387 1.001
88 212 0.14E402 -0.026 -0.008 -0.002 0.414E+01 0.414E401 0.414E+01 0.296 1.000
88 214 0.25E+4+01 -0.026 -0.008 -0.002 0.499E400 0.499E400 0.499E+4+00 0.200 1.000
88 216 0.18E-06 0.000 0.008 0.000 0.200E-06  0.200E-06  0.200E-06 1.110 1.000
88 218 0.26E-04 0.008 0.008 0.000 0.481E-04  0.481E-04 0.481E-04 1.848 1.000
88 220 0.18E-01  0.008 0.008 0.001 0.293E-01 0.293E-01 0.293E-01 1.629 1.000
88 222 0.39E402 0.040 0.029 0.007 0.556E+02 0.556E4+02 0.557TE+02 1.425 1.002
88 224 0.33E4+06 0.111  0.081 0.007 0.484E406 0.483E406 0.488E+4+06 1.464 1.008
88 226 0.53E+4+11 0.137 0.100 0.006 0.800E+11 0.792E+11 0.801E+11 1.494 1.002
90 210 0.90E-02 -0.130 -0.002 0.007 0.112E-01 0.113E-01 0.113E-01 1.254 1.007
90 212 0.30E-01 -0.104 0.004 0.008 0.203E-01 0.204E-01 0.204E-01 0.680 1.004
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Z A T 32 B4 s Ts T2 T2,4,6 (s v

90 214 0.10E400 -0.053 -0.007 -0.002  0.478E-01  0.479E-01  0.479E-01 0.479 1.001
90 216 0.28E-01 -0.035 -0.015 -0.003  0.724E-02  0.724E-02  0.724E-02 0.259 1.001
90 218 0.11E-06 0.008 0.008  0.000  0.162E-06  0.162E-06  0.162E-06 1.472 1.000
90 220 0.97E-05 0.008 0.008  0.001 0.198E-04  0.198E-04  0.198E-04 2.046 1.000
90 222 0.28E-02 0.020 0.010  0.003  0.351E-02  0.351E-02  0.351E-02 1.254 1.000
90 224 0.13E401 0.103 0.072  0.007  0.1539E401 0.160E+01 0.161E401 1.228 1.010
90 226 0.24E+404 0.130 0.092  0.008 0.323E404 0.322E4+04 0.326E404 1.343 1.010
90 228 0.83E+08 0.164 0.112  0.010  0.107TE409 0.105E+409 0.107E409 1.271 0.999
90 230 0.31E413 0.172 0.112  0.007  0.418E+4+13 0.410E+13 0.412E4+13 1.321 0.987
90 232 0.57E+18 0.180 0.113  0.005  0.858E418 0.831E+18 0.832E418 1.457 0.971
92 218 0.15E-02 -0.052 -0.022 -0.005  0.333E-03  0.334E-03  0.334E-03  0.223 1.003
92 222 0.10E-05 0.008 0.008  0.001 0.402E-05  0.402E-05  0.402E-05 4.017 1.000
92 224  0.90E-03 0.030 0.019 0.005  0.676E-03 0.676E-03  0.677E-03 0.751 1.001
92 226 0.20E400 0.111 0.081  0.006  0.369E400 0.370E+00 0.374E4+00 1.849 1.012
92 230 0.27E+407 0.173 0.111  0.034  0.320E407 0.317E407 0.319E407 1.175 0.996
92 232 0.32E410 0.182 0.112  0.025  0.374E4+10 0.367E+10 0.368E+10 1.148 0.986
92 234 0.11E414 0.198 0.115  0.014  0.110E4+14 0.107E+14 0.107TE+14 0.976 0.969
92 236 0.10E+16 0.207 0.108  0.003  0.118E416 0.113E+16 0.113E4+16 1.135 0.938
92 238 0.18E+18 0.215 0.102  -0.007 0.269E4+18 0.257E+18 0.255E418 1.426 0.947
94 228 0.20E400 0.146 0.100  0.006  0.336E400 0.337E+00 0.341E400 1.684 1.014
94 232 0.16E405 0.191 0.114  0.029  0.114E405 0.113E405 0.114E405 0.709 0.995
94 234 0.53E406 0.199 0.115  0.020  0.682E406 0.673E+06 0.674E4+06 1.271 0.988
94 236 0.13E4+09 0.207 0.117  0.010  0.980E408 0.961E4+08 0.960E408 0.739 0.979
94 238 0.39E+10 0.215 0.110  0.000  0.275E4+10 0.268E+10 0.267E410 0.687 0.971
94 240 0.28E412 0.215 0.102  -0.008  0.251E+4+12 0.243E+12 0.242E+12 0.867 0.966
94 242 0.15E+14 0.215 0.093  -0.015 0.133E4+14 0.128E+14 0.128E414 0.856 0.961
94 244 0.32E416 0.224  0.079  -0.023 0.221E4+16 0.211E+16 0.210E+16 0.658 0.950
96 240 0.33E407 0.215 0.110 -0.004  0.172E407 0.169E+07 0.169E4+07 0.512 0.983
96 242 0.19E408 0.215 0.102 -0.012  0.115E408 0.113E+08 0.113E408 0.593 0.981
96 244 0.75E409 0.223  0.087  -0.021  0.418E409 0.407E+09 0.407E409 0.543 0.973
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Calculated half-life

Z T 52 54 56 Ts T2 72,4,6 U v

96 246 0.18E+12 0.224 0.071 -0.025  0.991E+11 0.959E411  0.956E+11 0.533  0.965
96 248 0.14E+14 0.224  0.062 -0.027  0.822E+13 0.791E4+13  0.788E413  0.565 0.959
96 250 0.28E+13 0.235 0.040 -0.033  0.648E+13 0.621E4+13 0.620E4+13  2.217 0.956
98 240 0.64E+02 0.215 0.102 -0.002  0.470E402 0.468E+02 0.468E402 0.731 0.995
98 242 0.26E+403 0.215 0.093 -0.009  0.226E+03  0.224E403  0.224E+03  0.862  0.993
98 244 0.15E+04 0.224  0.087 -0.018  0.114E404 0.113E4+04 0.113E404 0.755 0.990
98 246 0.16E4+06 0.224 0.079 -0.024  0.845E4+05 0.832E405 0.832E4+05 0.520 0.985
98 248 0.35E408 0.234 0.073 -0.029  0.149E408 0.145E4+08 0.145E408 0.416 0.974
98 250 0.49E+09 0.234 0.057 -0.032  0.196E409 0.190E4+09 0.190E4+09 0.388 0.971
98 252 0.10E409 0.235 0.040 -0.036  0.616EE408 0.600E4+08 0.600E+08 0.600 0.974
98 254 0.20E410 0.225 0.030 -0.029  0.180E410 0.175E+10 0.175E4+10 0.874 0.971
98 256 0.74E+11 0.226 0.012 -0.024  0.216E+12  0.209E4+12  0.209E+12 2.818 0.966
100 246 0.12E4+01 0.224  0.079 -0.023  0.148E+01 0.148E401 0.148E401 1.230 0.999
100 248 0.45E402 0.234  0.073 -0.031  0.216E402 0.214E402 0.215E402 0477 0.995
100 252 0.11E406 0.235 0.040 -0.035  0.281E405 0.277E405 0.277E405  0.252  0.984
100 254 0.14E405 0.245 0.026 -0.041  0.605E404 0.596E+04 0.597E404  0.425 0.986
100 256 0.14E406 0.236 0.015 -0.035  0.768E405 0.755E405 0.756E405  0.539 0.984
102 250 0.50E400 0.234  0.057 -0.036  0.105E400 0.105E+00 0.105E400 0.210 1.003
102 252 0.42E401 0.235 0.049 -0.038  0.165E+01 0.164E401 0.165E401 0.391 0.999
102 254 0.72E402 0.235 0.033 -0.040  0.174E402 0.173E402 0.173E402 0.240 0.997
102 256 0.36E+01 0.245 0.018 -0.045  0.106E401 0.105E+01 0.106E401 0.293  1.002
102 258 0.12E403 0.237  0.008 -0.039  0.260E402 0.258E+02 0.259E402  0.215 0.998
104 254 0.17TE400 0.235 0.032 -0.035 0.269E-01  0.269E-01  0.270E-01 0.159 1.004
104 256 0.36E400 0.236 0.024 -0.038  0.432E+00 0.432E400 0.433E+00 1.199 1.002
104 258 0.11E400 0.246 0.011 -0.043 0.315E-01  0.315E-01  0.317E-01  0.287 1.007
104 260 0.10E401 0.237 -0.001  -0.036  0.518E400 0.518E+00 0.520E400 0.518 1.003
106 260 0.85E-02 0.247 -0.007  -0.043 0.322E-02  0.324E-02  0.326E-02 0.381 1.013
108 264 0.10E-03  0.239 -0.025  -0.034 0.284E-03  0.286E-03  0.289E-03  2.862 1.018
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FIGURE CAPTION

Fig. 1 The decay 252¢p - 2880m 4 e (a) Different shapes for 248 (i, (b) An-
gular dependence of the decay constant. The solid line denotes the case for spherical
approximation, the short-dashed line that for quadrupole deformation, the dotted line
refers to quadrupole plus hexadecapole deformations, and the dash-dotted line represents
quadrupole plus hexadecapole plus hexacontatetrapole deformations.

Fig. 2 The same as in Fig. 1 for the decay 192Pb—>188Hg—|—4He.

Fig. 3 Polar-angle dependence of the decay constant for 206p,, alpha decay. The notation
is the same as in Fig. 1.

Fig. 4 The quantities u = 7, /7 (part(a)) and v = 75 46/7, (part(h)) in logj-scale plotted
against neutron number of the parent nucleus, N. Points represent the values of the ratios
u and v for each decay case. The dashed lines define the range limited by two standard
deviation.
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