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I. INTRODUCTION

The alpha-decay process in axially deformed nuclei has been studied by various au-
thors. Berggren [1] has calculated half-lives and anisotropies in the alpha decay for a
number of axially symmetric deformed nuclei. A microscopic description of the alpha
decay of deformed nuclei has been developed in recent years by Delion et al. [2-5], who
have treated the alpha-decay process in two steps, namely, ¢) the behaviour of the four
nucleons to constitute the alpha particle by their clustering on the nuclear surface, and i)
the penetration of the alpha particle through the Coulomb barrier by using the classical
WKB approximation [6]. In addition, an exact description of the process of penetration
through a deformed barrier as well as the influence of the deformation on both the forma-
tion amplitude and penetrability have been discussed very recently by Delion and Liotta
[7]. Also, Stewart el al. [8] have found that it is possible to describe all known branching
ratios of even-even actinide nuclei with a practically nucleus-independent alpha-particle
wave function near the nuclear surface. The constant internal amplitudes give good re-
sults to the observed anisotropies in the favoured alpha decay of four odd-even deformed
actinide nuclei as reported in [8]. From the experimental point of view, a number of
important observations of remarkably pronounced preferential alpha emission in oriented
odd-A alpha emitters have been reported by Hanauer et al. [9], Navarro et al. [10], Soinski
et al. [11], Dilmanian et al. [12], and more recently by Soinski and Shirley [13], Wouters
et al. [14], and Schuurmans et al. [15]. This latter work showed for the first time that
anisotropic alpha emission in favoured decays is mainly determined by the structure (shell
effects) of the decaying nucleus, being not necessarily related to deformation.

Even-even product nuclei from ground-state to ground-state alpha decay exhibit, ex-
cept for a few cases, some degree of nuclear deformation [16-18]. The effect of quadrupole
deformation of the product nucleus on the estimated half-life for favoured alpha transi-
tions of even-even nuclei has been discussed alternatively in [19] by means of a simple,
Gamow-like model, which yields a formula with no adjustable parameter to calculate
the alpha-decay half-life. This formalism has been successfully applied to some cases of
preferred alpha decay of even-even nuclei (**2Cf — 2**Cm, Pt — '%¢0Os, and '*'Pb —

180Hg), for which cases the daughter nucleus exhibit essentially a quadrupole deformation.
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Results have shown that the predicted half-life values agree with the measured ones much
better than in the spherical-shaped approximation for the product nucleus. The examples
reported showed that little changes from the spherical to either prolate and oblate shape
of the product nucleus led to the emission of the alpha particle at a certain equivalent,
average polar direction #y (referred to the symmetry axis of the ellipsoidal shape of the
product nucleus) for the preferred alpha transitions mentioned above [19].

Since then, the expectation has been that the experimental half-lives of all cases of
preferred alpha emissions which produce even-even deformed nuclei should be better repro-
duced when deformation is taken into account in Gamow-like model than in its spherical
approximation. The present paper reports, therefore, on a systematic half-life prediction
study over 174 cases of preferred alpha transitions of measured half-lives available in the
literature. Comparison between the present systematics and previous studies [20-22] is

also briefly reported.

II. MODEL ASSUMPTIONS

The main assumptions of the referenced model are here summarized. (¢) The shape
of the product nucleus is supposed to be the one of an ellipsoid of revolution with semi-
axes a = b # ¢, the amount of deformation, d = 250Q), /7>, being defined by the nuclear
intrinsic electric quadrupole moment, ()5 (in barn), of the ground-state product nucleus
(Zy is its atomic number, and d is in fm?). (i7) The @),-value as well as the reduced mass,
i, of the disintegrating system are calculated from the nuclear (rather than the atomic)
mass values of the participating nuclides. (¢2¢) The frequency of oscillation for the relative

two-body motion (Ag & 10?* s71) is calculated as

v

Xo(0,d) = a0 )" (1)

where 6 is the polar angle referred to the symmetry axis of the ellipsoid, v = (2Q,/u)"/?

is the relative velocity, and sy denotes the separation between the centres of the fragments

at contact. This latter quantity is given by

1

so(0,d) = [A— (A— C)cos? 0]1/2’

(2)
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where
A= (a—l—Ra)_Q, and C = (c—l—Ra)_z. (3)

(1v) The value for the equivalent sharp charge radius of the alpha particle, R,, is set equal
to (1.6240.01) fm, as it comes from the charge density distribution resulting from data on
elastic electron scattering from *He as obtained by Sick et al. [23]. (v) The configuration
at contact is defined at the sharp surface of the neutron (rather than the charge) density
distribution of the product nucleus; the semi-axes of the ellipsoidal shape of the product
nucleus are determined by assuming that the neutron density distribution deforms in the
same way as the charge density distribution does, where volume is preserved in both cases;

accordingly, the semi-axes are calculated by

a=b= 1/R%z)/c7 and C:2_1/3Rn2[(1+B)1/3+(1 _B)I/S]v (4)

where

p 371/2
B=|1-4(-2"_
(33@)] ’ ®)

and R,, and R, are the equivalent sharp radius of the neutron and charge distribution,

respectively, of the product nucleus. (vi) Before tunnelling through the potential barrier
the two-body system oscillates isotropically, giving rise to an average frequency of oscil-
lation, Ao(d), which corresponds to an equivalent, average value for the polar direction 6y

of alpha emission; this assumption is expressed by

No(d) i/w Ao(0, d)27 sin 0d0 = \o(0o, d), (6)

T i 0
which leads to an alpha-particle emission at an equivalent, average polar direction 6.

vt2) The decay constant
(v21) y

Md) = Ao(d)P(d, ) (7)

is therefore calculated at such average #y-value, where

P(d,00) = exp[—G(d, b)] (8)
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is the penetrability factor through a purely Coulomb potential barrier, V(d,#f,s), at
separation s > so(d, 0p), and G(d,0y) is Gamow’s factor for decay; this latter quantity is
given by the classical WKB-integral approximation.

Accordingly, equations (1)—(3) and (6) are handled to give

1/2

(I (GO RGBS
9)

which is valid for prolate-shaped product nuclei, i.e., Q2 > 0, a < ¢, and C/A < 1, and

1/2

o= {5 (24 (5 1) e (5-0))] - (5) L
(10)

which is valid for oblate-shaped product nuclei, i.e., Q2 <0, a > ¢, and C'/A > 1.

It results that the equivalent, average polar direction for alpha emission is found to
vary very weakly within the range of deformation of known even-even nuclei [16,17]. As a
matter of fact, from equations (9) and (10) the values of §; have been calculated to give

~ 53.4-54.7 degree for prolate cases, and ~ 54.8-56.0 degree for the oblate-shaped nuclei.

III. ROUTINE CALCULATION FOR ALPHA-DECAY HALF-LIFE

;From assumptions (i)—(vit) above, and by expressing masses in u, energies in MeV,
lengths in fm, and time in second, the following formula emerges to calculate the alpha-

decay half-life:

1/2
7. =1.0 x 107 (Qi> s0(d, 0) exp [0.5249578932 (Zy Zop)* 1, (11)

[}

where

s’ /2
g(dv 0075) ! Qoz
/50 |: S 1 % a 1 Z1Z2€27 ( )

Zy =2, €? = 1.4399652 MeV .fm is the square of the electronic elementary charge, and s’

(the outer turning point in the WKB-integral) is the solution of the equation ¢(d, 0y, s") =
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/

qs’. The quantity ¢(d,0,s) gives the contribution to the Coulomb potential energy,
V(d,8y,8) = Z172¢e*q(d, 0y, 5)/s, due to the interaction between the alpha particle and
the prolate- or oblate-shaped (only quadrupole deformation) product nucleus at s > s,

and it has been deduced as

3 n ) 12 9 1/2
g(d, b, s) = 5 @)—I/Qarcsmh (x) (ﬂ)

for prolate deformation (@2 >0, d > 0, x = d/s* > 0), and

+p} (13)

3 n . 2 1/2
g(d, 0o, s) = 5 Warcsm - (m — :1;)

for oblate deformation (@2 < 0, d < 0, = d/s* < 0), where the quantities m, n, and p

+p} (13')

are given by

m=1+ (1—2:1;6082(90+:1;2>1/2, (14)
1-3 29

n=1+ 72208 0, (15)

. (2)1/2 cos? 0, B (m + :1:)1/2 sin? (90‘ (16)

v(m+2)? () a(m—a)
If one assumes the product nucleus having the spherical shape, then ()3 = 0, d = 0,
a=b=c= R, so = R, + Ra, V(s) = Z172¢*/s, and s’ = 1/q, and, therefore, the
predicted alpha-decay half-life according to the present Gamow-like model turns out to

be given by the usual expression

1/2
7. =1.0x 1072 (5) so exp(G), (17)
i 1/2
G = 0.6299418597, 7, (QL> {arccosw/qs — [gso(1 — qso)]I/Q} : (18)

IV.INPUT DATA

According to assumption (¢i) above (section 2) the p- and @),-values are calculated

from the expressions
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Qo = [(AM), — (AM),] + 107° x [kZ, — kZ3] — 2.424989456 MeV, (19)
11 1
S= (20)
4 mo Mg
AM 10-°
:A2—|-( F)Q—ZQmSJr (} x kZs u, (21)

where my is the nuclear mass of the daughter nucleus, m, = 4.0015061747 u is the alpha-
particle mass [24], m. = 548579903 x 107'? u is the electron rest mass [24], F' = 931.49386
MeV/u is the mass-energy conversion factor [25], and the AM’s are the atomic mass-
excess-values taken from the 1995 Mass Table by Audi and Wapstra [25], except for the
alpha decay of 15Pt, 1™g, 18°Ph, and 2°?Ra parent nuclei and their respective daughter
nuclei, for which cases the AM-values are those tabulated in [17]. The quantity kZ*
represents the total binding energy of the Z electrons in the atom, where the values for

the constants & and ¢ have been derived from data reported by Huang et al. [26], thus

obtaining
k=8.7eV
for Z > 60, (22)
0 =2517
and
k=136 eV
for Z < 60. (23)
(= 12.408

The values for the intrinsic electric quadrupole moment of the ground-state daughter
nucleus, @)z (in barn), have been taken as the average of three different @)y evaluations.
The first one comes from the routine calculation developed in the framework of the nuclear

droplet model updated by Myers and Schmidt [27],

7]
3
Q)2 ~ 5002252@\/» (1+ \/>ﬁ2), (24)

where R.j, is the equivalent sharp radius of the charge distribution (see below), and /3,
is the ground-state quadrupole deformation parameter, the values of which have been
taken from the recent tabulation by Moller et al. [17]. The second and third sources
of ();-data are a previous tabulation of the ();-values calculated with a macroscopic-

microscopic nuclear model by Méller and Nix [16], and the compilation of calculated and
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experimental @);-values reported by Nerlo-Pomorska and Mach [18]. It results that the
maximum uncertainty in the averaged );-values is about 15%.

The R.p,-values have been evaluated from the average r., = W of the nu-
clear root-mean-square charge radius values taken from a number of compilations and
systematics of charge radii [18,27-35], where the droplet model description for the radial
moments has been used following Myers and Schmidt [27], thus obtaining

1 20 1z
Rep, = 5 (4.41 x 107972 + 3 % rl — 19.602) —21x107°Zy ¢ . (25)

The values for the equivalent sharp radius of the neutron density distribution of the
product nucleus, R,,, are taken as the average of two equivalent sharp neutron radius
evaluations as already detailed in [19]. The former is given by the tabulated neutron
sharp radius values following the droplet model description of atomic nuclei [36], and
the latter comes from the most recent systematics of root-mean-square neutron radii in
even-even nuclei by Dobaczewski et al. [35].

Finally, the experimental alpha-decay half-life values, 7., have been updated from the
most recent edition produced by the NNDC (BNL, Upton, N.Y., USA) [37], and the latest
issues of the Nuclear Data Sheets [38] (for Pt we have used the recent experimental
value quoted in [39]). Accordingly, we have collected a total of 165 cases of ground-state
to ground-state alpha decay of even-even parent nuclei of known 7., plus 9 cases of limiting
T.-values. We noticed 128 cases involving prolate daughter nuclei, 32 oblate ones, and 14
cases leading to spherical daughter nucleus.

The degree of deformation of the nuclei considered in the present study, here defined

by the dimensionless quantity

1000,
§= ,

(26)

can be appreciated in Fig. 1, which reveals a tendency towards sphericity for nuclei
near the 82 and 126 neutron shell closure. Figure 2 shows the behaviour of the reduced,
equivalent sharp charge (Fig. 2-a) and neutron (Fig. 2-b) radii with daughter nucleus
mass number. It is seen that the relative broad minima in Fig. 2-b and the corresponding
relative broad maxima in Fig. 2-a indicate the regions of mass of the highly neutron-

deficient alpha emitters, viz., A, ~ 100 and 150 < A, < 170. In addition, a number
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of proton-deficient alpha emitters is seen in Fig. 2 to be located in the mass range 200
< A, < 230. For nuclei of Ay 2 140 the reduced neutron radii result ~ 1-4% greater than
the reduced charge radii; on the contrary, in the region of Ay ~ 100 the reduced charge

radii are ~ 1% greater than the neutron radii.

V. RESULTS AND DISCUSSION

The preferred alpha decay of 2°2Cf and '®°Pt isotopes have been selected to test the
present model (Fig. 3). The corresponding prolate product nuclei, ***Cm and '*¢Os,
exhibit essentially a quadrupole deformation (@2 = 12 b and 5.4 b, respectively). The
predicted alpha-decay half-lives result to be 0.82 x108 s for #2Cf, and 0.93 x10'? s for
199Pt, which values are in very good agreement with the experimental ones (1.0 x10® s and
1.0 x10' s, respectively). The variation of calculated half-life, 7., with intrinsic electric
quadrupole moment of the product nucleus, ()3, is shown in Fig. 3 for the examples
reported above. The trend is a monotonous increase of 7. with increasing ()5, in such a
way that the half-life-values calculated under the assumption of spherical-shaped (@2 = 0)
product nucleus result more distant from the experimental one than those estimated when
quadrupole deformation of the product nucleus is taken into account. The same happens
to cases of oblate product nuclei, of which two examples (***Ph and ?**Ra alpha emitters)
are depicted in Fig. 4. Again, the effect of quadrupole deformation of the product nucleus
is to increase the estimated half-life-value from the one obtained when the spherical-shaped
approximation is used. The effect of deformation on the predicted half-lives results to be
small. Calculations have indicated that, depending on the amount of the quadrupolar
deformation, the predicted alpha-decay half-life is 3-43% larger than that obtained under
the spherical-shaped approximation for the daughter nucleus (see Fig. 6-b bellow).

A systematic alpha-decay half-life prediction study has been carried out within the
framework of the present Gamow-like model, where calculated values have been compared
with available experimental data [37-39]. Results are summarized in Table I, where the
values of the main quantities related to various distributions of the ratio ¢ = log;,(7./7)
are listed to allow a comparison between each other. Inspection on Table I allows one

to conclude that: (¢) the experimental half-lives of preferred alpha transitions producing
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deformed (either prolate or oblate) nuclei are better reproduced when quadrupole defor-
mation of the daughter nucleus is taken into account in Gamow-like model than in the
spherical approximation ()3 = 0). This result is valid for the sub-set of cases leading to
daughter nuclei actually deformed to some extent (|| > 0.05, columns 5 and 7 of Table I).
When all data are considered the difference between the two approaches is not evident in
view of the presence of 63 cases of spherical plus quasi-spherical product nuclei. Anyway,
all ¢-distributions show to be centred around the mean value ¢ &~ 0, and the statistics
is better than, or comparable to, other systematics reported in Table I (columns 2, 3,
and 4). Figure 5 shows the frequency distributions of ¢ = log,o(7./7.) for the sub-set
of cases of |6] > 0.05. These distributions are seen normal-like ones. (¢7) The predic-
tive power of alpha-decay halt-life following the present formalism is as much the same
as, or better than, the referenced previous alpha decay systematics carried out with two
[20,22] or four [21] model parameters. We remark that the present Gamow-like formalisms
(ellipsoidal- and spherical-shaped product nucleus approximations) do not contain any ad-
justable model parameter. Figure 6 shows the comparison between calculated (7.) and
experimental (7.) alpha decay half-life-values for a total of 166 cases of known 7. for the
deformed approximation of the product nucleus (Fig. 6-a). It is estimated that “90%
of the half-life data are predicted within a factor of 4 when the ellipsoidal shape of the
product nucleus has been considered in the calculation. The effect of deformation on
the calculated half-lives can be appreciated in Fig. 6-b. Finally, Table II compares the
predicted half-life-values following both shape descriptions for the product nucleus with

experimental values compiled from Refs. [37-39].

VI. CONCLUSION AND FINAL REMARKS

In the present work a simple, Gamow-like model for alpha decay which takes into ac-
count the quadrupole deformation of the product nucleus has been developed to system-
atize 174 half-life-values of preferred alpha transitions of even-even emitters. The ()-value
for alpha decay as well as the reduced mass of the disintegrating system have been ob-
tained from nuclear (rather than atomic) mass-values deduced from updated atomic mass

evaluations [24,25]. The configuration at contact of the alpha particle with the daughter
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nucleus has been defined at the sharp surface of the neutron density distribution which
has been supposed to deform in the same way as the charge density does. Reliable values
for the equivalent sharp radii for both the charge and neutron distributions have been used
throughout the half-life routine calculations. The basic assumption has been made that
before tunnelling through a purely Coulomb potential barrier the disintegrating system
oscillates isotropically to give an average frequency of oscillation A\g which does corre-
spond to an equivalent, average polar direction, y (referred to the symmetry axis of the
ellipsoidal shape of the product nucleus), for alpha emission, which is expect to occur for
all cases of both prolate- and oblate-shaped even-even product nucleus.

Accordingly, this simple model has shown pretty good in reproducing the available
experimental alpha decay half-life data for the preferred alpha emission of even-even
emitters. The predictive power of the present model is able to systematize the referred
data in a way comparable with, or better than, the existing alpha-decay half-life sys-
tematics. In addition, the present formalism has been developed without any adjustable
parameter. Finally, we have shown that, statistically, the experimental data for cases
of daughter nuclei which exhibit quadrupole deformation (either prolate or oblate) are
better reproduced by the model when the effect of deformation is taken into account than

in the spherical approximation for the product nucleus.
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FIGURE CAPTIONS

Fig. 1: Reduced nuclear intrinsic electric quadrupole moment, ¢, plotted against neutron
number of the daughter nucleus, N,, for 174 cases of favoured alpha transitions of even-
even emitters ()2 in barn and R, in fm). The lines connect data-point of a given isotopic
sequence.

Fig. 2: Values of R, /A%/3 (Fig. 2-a) and Rm/Aé/3 (Fig. 2-b) plotted against mass
number of the daughter nucleus, A,, for the cases of alpha decay studied in the present
work; the lines connect results (points) of a given isotopic sequence.

Fig. 3: Variation of the calculated alpha-decay half-life, 7., with nuclear intrinsic electric
quadrupole moment, ()5, for two cases of prolate product nucleus: Pt —1¥0s (a), and
#2Cf —*8Cm (b). Points indicate experimental values.

Fig. 4: The same as in Fig. 3, but for two cases of oblate product nucleus: '**Pb —!®¥Hg
(a), and ***Ra —2Rn (b).

Fig. 5: Frequency distribution of the quantity ¢ = log,,(7./7.) for calculated alpha decay
half-life-values, 7., according to the present Gamow-like model: the histograms in part a)
and b) refer to data listed, respectively, in columns 6 and 7 of Table II for the cases of
|6] > 0.05 (see also Table I).

Fig. 6: The ratio 7./7. (in log;o-scale) of calculated to experimental alpha-decay half-life
(points in part a)) is plotted against neutron number of the product nucleus, N; the
hatched area around the horizontal full line (¢ = 0) indicates two standard deviations;
it is shown results for 166 cases of alpha decay including deformation of the product
nucleus following the present Gamow-like model. Part b) shows the effect of deformation
on half-lives through the quantity ¢’ = log,, <:—j>, which is plotted against Ny (74 is the
calculated half-life when quadrupolar deformation is considered, and 7, is that value under
the spherical approximation of the daughter nucleus); the lines connect data-point of a

given isotopic sequence.
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Table I: Standard deviation (in decimal logarithm scale), o, mean value, ¢", number of

cases, N, and number of model parameters, n, for various alpha-decay half-life system-

atics of ground-state to ground-state transitions of even-even emitters. (For the present

systematics we reject, after one run, the alpha-decay cases for which |¢| > 20 so as to

obtain the final values listed for the quantities o, ¢, and N).

Present Gamow-like model
Deformed product Spherical product

nucleus approx. nucleus approx.

Previous Systematics Cases of Cases of
Quantity ~ Ref. [20] Ref. [21] Ref. [22] |6] > 0.05°  All data  [§] > 0.05°  All data,
o 0.33 0.287 0.287 0.266 0.325 0.291 0.325
q -0.150 -0.020 0.003 0.030 0.034 -0.038 -0.020
N 119 147 151 95° 157° 974 1567
n 2 4 2 0 0 0 0

“q = % Zf\; logyg <:_§>

*See Fig. 1.

°Eight cases rejected in one run.
4Six cases rejected in one run.
°Nine cases rejected in one run.

ITen cases rejected in one run.
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Table II: Intercomparison between alpha-decay half-life-values calculated from the present

Gamow-like model with and without product nucleus deformation included, and the exper-

imental data for ground-state to ground-state alpha transitions of 174 even-even emitters

(@2 is the intrinsic electric quadrupole moment).

Parent Product Half life-values, 7 (in second)

nucleus nucleus Deformed Spherical

A A 7 As Q2(b) product nucleus product nucleus Experimental
52 106 50 102 0.10 .540E-03 518E-03 .600E-04
52 108 50 104 0.20 A81E+402 AT1E402 A30E+01
52 110 50 106 0.30 H512E4-07 AT3E407 .620E+06
54 112 52 108 1.70 212E4-04 192E404 .320E+03
60 144 58 140 0.10 S11E424 268E4-24 120E423
62 146 60 142 0.10 184E+16 7102E+16 320E+16
62 148 60 144 0.10 160E4-24 655424 220E4-24
64 148 62 144 0.10 H14E410 AT2E410 230E+10
64 150 62 146 0.10 A38E+15 A25E+15 H60E414
64 152 62 148 2.90 J106E+23 B6TE+22 340E+422
66 150 64 146 0.00 208E4-04 208E4-04 120E4-04
66 152 64 148 0.00 206408 206408 .860E4-07
66 154 64 150 3.10 A136E+15 JA15E+15 950E+14
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Parent Product Half life-values, 7 (in second)

nucleus nucleus Deformed Spherical

A A 7 As Q2(b) product nucleus product nucleus Experimental
68 152 66 148 0.00 200E+02 200E+02 110E402
68 154 66 150 0.00 671E+05 671E+05 A80E+05
68 156 66 152 3.10 JT04E+11 606E+11 230E+11
70 154 68 150 -0.20 J773E400 .735E+400 A440E+400
70 156 68 152 -0.34 946E+03 .890E+03 .260E+03
70 158 68 154 3.00 A462E4-07 A08E4-07 A30E4-07
72 156 70 152 0.00 SB14E-01 SB14E-01 250E-01
72 158 70 154 -0.40 118E402 112E402 .650E+01
72160 70 156 2.80 293E4-04 265E4-04 190E4-04
72162 70 158 3.80 163E4-07 J142E4-07 A90E+06
72 174 70 170 7.00 A37EA+25 956424 .630E+23
74 158 72 154 0.30 .238E-02 228E-02 900E-03
74160 T2 156 0.90 .162E400 .154E+400 .100E+00
4 162 72 158 2.50 .639E+01 H89E+01 300E+01
4 164 72 160 3.50 .385E403 3435403 .250E+03
74166 T2 162 4.10 A496E+05 A30E+05 AT0E405
74 168 T2 164 4.80 502E4-07 A20E4-07 160E4-07
6 162 T4 158 0.70 .335E-02 .320E-02 .190E-02
6 164 T4 160 2.20 356 E-01 333E-01 A20E-01
76 166 T4 162 3.20 6055400 551E+400 270E400
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Parent Product Half life-values, 7 (in second)

nucleus nucleus Deformed Spherical

A A 7 As Q2(b) product nucleus product nucleus Experimental
76 168 T4 164 3.80 J101E+402 904E401 A50E+01
%6 170 T4 166 4.30 1665403 145E403 .610E+02
6 172 T4 168 5.10 A89E404 A12E404 960E404
6 174 T4 170 5.50 .324E406 267E+06 .220E+06
76 186 T4 182 6.40 395E+23 291E+423 .630E+23
78 166 76 162 1.30 H541E-03 516E-03 .300E-03
78 170 76 166 3.40 .304E-01 278E-01 .600E-02
8 17276 168 4.00 .204E+400 182E+400 .110E+00
8 174 6 170 4.20 220E+01 J195E+01 J110E+01
78 176 76 172 4.70 .335E+402 291E402 A170E402
78 178 6 174 5.50 7615403 .638E+03 270E+03
78 180 76 176 6.00 225E405 184E+405 170E405
78 184 6 180 5.90 .103E+09 .835E+08 .100E+09
78 186 76 182 6.00 .666E+10 5H33E+10 H30E+10
78 188 76 184 5.70 A122E+13 984E+12 S340E+13
78 190 76 186 5.60 929E+19 L128E+19 .100E+20
80 174 78 170 2.70 122E-01 JA14E-01 210E-02
80 176 78 172 3.30 279E-01 256 E-01 340E-01
80 178 78 174 3.90 A29E400 .386E+00 .360E+00
80 180 78 176 4.30 625401 Hd4E401 .610E+01
80 182 78 178 6.10 L185E+402 .650E+02 710E+02
80 184 78 180 6.90 216E4-04 AT72E404 280E4-04
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Parent Product Half life-values, 7 (in second)

nucleus nucleus Deformed Spherical

A A 7 As Q2(b) product nucleus product nucleus Experimental
80 186 78 182 6.60 388406 311E406 A10E+06
80 188 78 184 6.40 .236E+09 188E+09 .530E+09
80 190 78 186 5.90 HATEA414 A35E414 >.240E+10
82 180 80 176 -2.60 268E-01 249E-01 A400E-02
82 182 80 178 -2.80 A32E-01 .399E-01 .H550E-01
82 184 80 180 -3.10 4455400 A406E+00 .550E+00
82 18 80 182 -3.20 H39E+01 A89E+01 .100E+02
82 188 80 184 -3.40 141E403 A127E403 110E+03
82 190 80 186 -3.40 .100E+05 896404 .800E404
82 192 80 188 -3.30 258E4-07 2295407 370E407
82 194 80 190 -3.30 155E+10 136E+10 990E+10
82 196 80 192 -3.30 A85E+13 A21E+13 >.740E+10
82 202 80 198 -3.10 J193E+31 156E+31 > 170E+15
82 210 80 206 -0.20 .804E+16 124E+16 ST0E417
84 190 82 186 0.00 264E-02 264E-02 240E-02
84 192 82 188 0.00 244E-01 244E-01 340E-01
84 194 82 190 0.00 272E400 272E400 .390E+00
84 196 82 192 0.10 A59E+01 A3TEA+01 H90E+01
84 198 82 194 0.10 .105E+03 998E+02 180E+03
84 200 82 196 0.10 .233E4-04 220E4-04 .620E4-04
84 202 82 198 0.10 A85E+405 A55E405 .140E+06
84 204 82 200 0.00 A465E406 A465E406 190E4-07
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Parent Product Half life-values, 7 (in second)

nucleus nucleus Deformed Spherical

A A 7 As Q2(b) product nucleus product nucleus Experimental
84 206 82 202 0.20 319E4-07 298E4-07 140E+408
84 208 82 204 -0.20 119E+408 J111E408 910E+08
84 210 82 206 -0.20 969406 906E+06 120E408
84 212 82 208 0.00 213E-06 213E-06 .300E-06
84 214 82 210 0.00 176E-03 176E-03 .160E-03
84 216 82 212 0.00 .169E+00 .169E+00 .150E+400
84 218 82 214 0.20 229E+403 217E403 190E+03
86 196 84 192 -5.60 155E-01 A31E-01 <.300E-02
86 200 84 196 0.50 997E400 951E+00 J110E+01
86 202 84 198 0.40 B97TE+01 .853E+01 110E402
86 204 84 200 0.40 6611402 6275402 .100E+03
86 206 84 202 0.40 .269E+03 .255E+403 H550E+03
86 208 84 204 0.30 811E+03 J167EA403 240E4-04
86 210 84 206 -0.50 209E4-04 J197E4-04 900E4-04
86 212 84 208 -0.50 .200E+03 189E+03 .140E4-04
86 214 84 210 0.10 247E-06 240E-06 270E-06
86 216 84 212 0.00 .840E-04 .840E-04 A50E-04
86 218 84 214 -0.23 .646E-01 617E-01 .350E-01
86 220 84 216 0.60 .104E+03 984402 H60E+02
86 222 84 218 1.10 HT8E+06 H540E+06 .330E+06
88 202 86 198 -6.00 .359E-02 .300E-02 .700E-03
88 204 86 200 -5.70 .602E-01 .509E-01 .H590E-01
88 206 86 202 -3.00 .265E400 .244E400 .240E+400
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Parent Product Half life-values, 7 (in second)

nucleus nucleus Deformed Spherical

A A 7 As Q2(b) product nucleus product nucleus Experimental
88 208 86 204 -2.50 J7T1EA400 .718E+400 140E+01
88 210 86 206 -1.50 155E401 J147EA401 380E+01
88 212 86 208 -0.90 A36E+01 A14E401 140E+02
88 214 86 210 -0.80 525E+400 A499E+400 250E+01
88 216 86 212 0.00 .200E-06 .200E-06 .180E-06
88 218 86 214 0.20 A98E-04 A80E-04 260E-04
88 220 86 216 0.20 .306E-01 293E-01 180E-01
88 222 86 218 1.10 H8TEA02 HH6E+02 390E+02
88 224 86 220 3.50 H36E406 A84E+406 .330E+06
88 226 86 222 4.40 921E4+11 T99E+11 H30E+11
90 210 88 206 -4.30 125E-01 J112E-01 900E-02
90 212 88 208 -3.30 220E-01 203E-01 .300E-01
90 214 88 210 -1.70 .505E-01 AT8E-01 .100E+00
90 216 88 212 -1.10 L758E-02 L124E-02 280E-01
90 218 88 214 0.20 167E-06 162E-06 110E-06
90 220 88 216 0.20 205E-04 198E-04 970E-05
90 222 88 218 0.50 .365E-02 .351E-02 280E-02
90 224 88 220 3.20 A72E401 159E+01 130E+01
90 226 88 222 4.20 .359E4-04 323E4-04 240E4-04
90 228 88 224 5.80 126E+09 107E409 .830E+08
90 230 88 226 6.30 H09E+13 A18E+13 310E+13
90 232 88 228 6.80 J108E+19 BHTEA+18 HT0E+18
92 218 90 214 -1.60 .349E-03 .333E-03 .150E-02
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Parent Product Half life-values, 7 (in second)

nucleus nucleus Deformed Spherical

A A 7 As Q2(b) product nucleus product nucleus Experimental
92 222 90 218 0.20 A15E-05 402E-05 .100E-05
92 224 90 220 1.00 .705E-03 .676E-03 900E-03
92 226 90 222 4.20 A405E400 .369E+400 .200E+00
92 228 90 224 5.80 900E+03 L7182E+403 <BT0E+03
92 230 90 226 6.70 384E4-07 320E4-07 270E407
92 232 90 228 7.20 A60E+10 373E+10 320E+10
92 234 90 230 7.80 J41E414 J10E+14 J110E4-14
92 236 90 232 8.20 153E+16 J118E+16 100E+16
92 238 90 234 8.30 355E+18 269E+18 A80E+18
94 228 92 224 5.70 .380E400 336400 .200E+00
94 230 92 226 6.60 196E+03 168E+03 >.200E+03
94 232 92 228 7.20 A137E405 114E+405 .160E+05
94 234 92 230 8.10 .846E+06 .682E+06 530E+06
94 236 92 232 8.50 124E+409 980E+08 .130E+09
94 238 92 234 8.80 354E+10 275E+10 390E+10
94 240 92 236 9.00 B27E+12 251E+12 280E+12
94 242 92 238 9.10 AT75E4+14 A33E+14 150E4-14
94 244 92 240 8.70 289E+16 220E+16 320E+16
96 238 94 234 8.50 .230E+06 185E406 >.860E+05
96 240 94 236 8.50 215E407 A72E407 330E4-07
96 242 94 238 9.30 148E+408 115E408 190E+408
9% 244 94 240 9.60 H546E+09 A18E+09 .750E+09
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Parent Product Half life-values, 7 (in second)
nucleus nucleus Deformed Spherical
A A 7 As Q2(b) product nucleus product nucleus Experimental
96 246 94 242 9.70 A31E+12 991E+11 A80E+12
96 248 94 244 9.70 J10E+14 822E+13 J40E414
96 250 94 246 9.40 .856E+13 648E+13 280E+13
98 240 96 236 8.80 HT8E402 AT0E402 .640E+02
98 242 96 238 8.90 279E+03 226E+03 .260E+03
98 244 96 240 9.10 143E404 J114E404 150E404
98 246 96 242 9.20 107EA406 .845E+05 .160E+06
98 248 96 244 10.20 196E408 149E408 .350E+408
98 250 96 246 10.30 .260E+09 196E+09 A90E+09
98 252 96 248 10.30 .816E+08 6165408 .100E+09
98 254 96 250 9.40 232E+10 180E+10 200E+10
98 256 96 252 9.20 279E+12 216E+12 T40E+11
100 246 98 242 9.40 A183E+01 J148E+01 120E+01
100 248 98 244 9.90 2728402 216E402 A50E+02
100 250 98 246 9.80 102E4-04 .803E+03 <200E+04
100 252 98 248 9.90 359E405 281E+405 110E+06
100 254 98 250 10.80 7195E4-04 .605E4-04 .140E+05
100 256 98 252 10.70 101E+406 L768E+05 .140E+06
102 250 100 246 10.00 .130E+00 .105E+400 .500E+00
102 252 100 248 10.20 207E+01 165E401 A20E+01
102 254 100 250 10.20 220E402 AT4E402 120E402
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Parent Product Half life-values, 7 (in second)
nucleus nucleus Deformed Spherical
A A 7 As Q2(b) product nucleus product nucleus Experimental
102 256 100 252 10.50 134E+401 J106E+01 360E+01
102 258 100 254 10.10 3285402 2605402 120E+03
104 254 102 250 10.30 .335E-01 269E-01 170E+00
104 256 102 252 10.30 .540E+00 A432E+400 .360E+00
104 258 102 254 10.80 .398E-01 315E-01 .110E+00
104 260 102 256 10.40 .649E+00 518E+400 100E+01
106 260 104 256 11.10 A406E-02 322E-02 .850E-02
108 264 106 260 11.00 .352E-03 284E-03 .100E-03
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