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Prediction of nuclear spin based on the behavior of a-particle preformation probability
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A realistic density-dependent nucleon-nucleon (N N) interaction with a finite-range exchange part which
produces the nuclear matter saturation curve and the energy dependence of the nucleon-nucleus optical model
potential is used to calculate the microscopic a-nucleus potential in the well-established double-folding model.
The main effect of antisymmetrization under exchange of nucleons between the o and daughter nuclei has
been included in the folding model through the finite-range exchange part of the N N interaction. The o-decay
half-lives have been determined using a microscopic potential within the semiclassical Wentzel-Kramers-Brillouin
approximation in combination with the Bohr-Sommerfeld quantization condition. We systematically studied the
preformation probability, S,, for ten even-even and odd mass heavy nuclei from Po to No isotopes. We found that
S, has a regular behavior with N if the o particle emitted from adjacent isotopes comes from the same energy
levels or from a group of levels, assuming that the order of levels in this group is not changed. Sudden increase in
S, 1s found when protons and neutrons holes exist below the Fermi levels. Based on the similarity in the behavior
of S, with the neutron number for two adjacent nuclei, we try to determine the unknown or doubted nuclear spins
and parities or at least correlate spins of adjacent nuclei.
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I. INTRODUCTION

o decay has long been a useful tool for probing nuclear
structure [1-6]. It remains a very important experimental
tool for the investigation of unstable nuclei, especially the
superheavy ones [7-9]. It can provide information on ground-
state lifetime, nuclear interaction, nuclear incompressibility,
nuclear spin, and parity [10,11].

The a-decay process is purely a quantum tunneling effect
where an o cluster penetrates the Coulomb barrier after its
formation in the parent nucleus [12,13]. The barrier penetration
probability can easily be obtained from the well-known
Wentzel-Kramers-Brillouin (WKB) semiclassical approxima-
tion [14]. A reasonable Coulomb barrier is a crucial input for
the calculation of the penetration probability and the decay
width. The a-nucleus interaction potential consists mainly of
both Coulomb repulsive and nuclear attractive parts. These two
parts form a barrier between the o particle and the daughter
nucleus. The Coulomb component of the potential is well
known. In contrast, the nuclear part of the potential is less well
defined. There are many different approaches to determine the
nuclear part of the a-nucleus interaction potential. It is either
introduced phenomenologically [15,16] (e.g., Woods-Saxon
shape with adjusted parameters) or generated microscopically
in some approximation using calculated nuclear densities
[11,17-20] (e.g., the double-folding model).

The experimental data on «-decay half-lives is extensive
and being continually updated. A number of theoretical
calculations were performed by both phenomenological and
microscopic methods to describe o decay and to pursue a
microscopic understanding of such phenomenon. The gener-
alized liquid-drop model (GLDM) [21], the density-dependent
cluster model (DDCM) [22], the unified model for & decay and
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o capture [23], the coupled channel approach [24,25], and the
Coulomb and proximity potential model [26,27] are in the
forefront of the decay study.

In the present work, the «-decay half-lives have been
determined using microscopic potential within the semi-
classical WKB approximation in combination with the
Bohr-Sommerfeld quantization condition. The microscopic
a-nucleus potential is numerically constructed in the well-
established double-folding model for both Coulomb and
nuclear potentials. The main features of the adopted version
of the folding model are the inclusion of a realistic density
dependence into the effective N N interaction and the explicit
treatment of the exchange potential using a realistic local
approximation. Therefore, the main effect of antisymmetriza-
tion under exchange of nucleons between the « particle and
the daughter nucleus has been included in the folding model
through the finite-range exchange part of the NN interaction.

The a-spectroscopic factor or the «-preformation proba-
bility is investigated in the most theoretical studies through
its relation with the «-decay width, and consequently the
half-life of heavy nuclei [28]. This is the reason why « decay
is an important tool to investigate different nuclear structure
effects, such as the valence neutrons and protons, or holes,
inside the parent nucleus [29], its isospin asymmetry and its
incompressibility [10,30], in addition to the collective vibra-
tional excitations [25] and deformations. The spectroscopic
factor, S,, has been calculated as the ratio of the calculated
half-life to the experimentally observed value.

In a previous work [19], we found a correlation between the
behavior of S, with the neutron number and the neutron energy
levels of the parent nucleus. We considered in this study the o
emission from even neutron number isotopes of the elements
Po, Rn, Ra, Th, and U. We found that S, has a regular behavior
with N if the « particle emitted from adjacent isotopes comes
from the same energy level or from a group of levels, assuming
that the order of levels in this group is not changed. In the
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present work, we study the a-particle preformation probability
for ten even-even and odd mass heavy nuclei with Z in the
range 84 < Z < 102. Based on the similarity in the behavior
of S, with the neutron number for two different nuclei, we
try to determine the unknown or doubted nuclear spins and
parities or at least correlate spins of two different nuclei.

The outline of the paper is as follows. In Sec. II a
description of the microscopic nuclear and Coulomb potentials
between the « and daughter nuclei is given. The methods for
determining the decay width, the penetration probability, the
assault frequency, and the preformation probability are also
presented. In Sec. III, the calculated results are discussed.
Finally, Sec. IV gives a brief conclusion.

II. THEORETICAL FRAMEWORK

Within the density-dependent cluster model (DDCM),
the total cluster core potential is composed of nuclear and
Coulomb potentials plus the centrifugal part and is given
by [11,22]
n2 (e+ 1)
Vi(R) = A Vy(R) + Ve(R) + — ——5—

2u  R?

where the renormalization factor A is the depth of the nuclear
potential, R is the separation distance between the mass center
of the o particle and the mass center of the core, w is the
reduced mass of the cluster-core system, and ¢ is the angular
momentum carried by the « particle.

The nuclear part of the potential Vi (R) consists of two
terms, the direct Vp(R) and the exchange Vgi(R) terms. The
direct part of the interaction between two colliding nuclei and
the equation describing the Coulomb interaction have similar
forms involving only diagonal elements of the density matrix
[31,32]

, 1)

Vp(R) = f ar) / dT2paP) vn(p. E. ) paF). ()

where s is the relative distance between a constituent nucleon
in the o particle and one in the daughter nucleus. E is the
incident laboratory energy per nucleon. p,(¥1) and p,(7>) are,
respectively, the density distributions of the « particle and the
residual daughter nucleus.

The matter density distribution of the « particle is a standard
Gaussian form [31], namely,

P (r) = 0.4229 exp(—0.7024 r?). 3)

The matter density distribution for the daughter nucleus can
be described by the spherically symmetric Fermi function
(11,22],

P
1+ exp (=)’

where the value of pj has been fixed by integrating the matter
density distribution equivalent to the mass number of the
residual daughter nucleus A,. The half-density radius, Ry,
and the diffuseness parameter, a, are given by [11,33,34]

pa(r) = “

Ry=1.07Afm, a=0.54fm. )
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The exchange part involves nondiagonal elements of the
density matrix and the wave number k(R) associated with the
relative motion of the colliding nuclei. The exchange term is, in
general, nonlocal. However, an accurate local approximation
can be obtained by treating the relative motion locally as a
plane wave [35,36],

Ve<(E, R) = /d71/d7zpa(71,71 +5) pa(Fa, 72 — 5)

< on(o. E.5) ik(R) -5 ©
Vex(p, L, — >
ex (0, E, s)exp i
Here k(R) is the relative motion momentum given by
2 21
k“(R) = rel [Ecm. — VN(E, R) — Vc(R)], (N

where E. . is the center-of-mass energy. Vy(E, R) and V¢ (R)
are the total nuclear and Coulomb potentials, respectively. The
folded potential is energy dependent and nonlocal through
its exchange term and contains a self-consistency problem
because k depends upon V. The exact treatment of the nonlocal
exchange term is complicated numerically, but one may obtain
an equivalent /ocal potential by using a realistic approximation
for the non diagonal density matrix (DM) [37,38]

oo S5\ - s
w90 (7 ) i(sa (7o )s).

with
J1(x) =3 ji(x)/x = 3(sin x — x cos x)/x>. )

The « particle is a unique case where a simple Gaussian can
reproduce very well its ground state density [31]. Assuming
four nucleons to occupy the lowest s% harmonic oscillator
(h.0.) shell in “He, one obtains exactly the nondiagonal ground
state DM for the « particle as [38,39]

>

Pt

2
u ) exp (—:7). (10)

2

pa(F, T +5) = po (

The local Fermi momentum k.g(r) is given by [40,41]
5 1, 172
k = — — -V . 11
et (7) {3p(r) [T(V) ) ;O(V)“ (1)

Using the extended Thomas-Fermi approximation, the kinetic
energy density is then given by

33\ 1 1 [Vo(r)?
_ == /3 _2 L i I
r(r)-s( 5 ) P+ 3V + 35 — 5

12)

One easily obtains the self-consistent and local exchange
potential Vg as

Vix(E, R):4rr/ ds s> vex(p, E, s) jo(k(E, R)s/M)
0

x fdi pa(|3 — R|) ji(kesr(15 — R))s)

2
X pa(y)exp (— 4sz) : (13)
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The exchange potential, Eq. (13), can then be evaluated by an
iterative procedure which converges very fast.

Acrealistic N N interaction is used in our calculations whose
parameters reproduce consistently the equilibrium density
and the binding energy of normal nuclear matter as well as
the density and energy dependence of the nucleon-nucleus
optical potential. The density dependent M3Y-Paris effective
NN force considered in the present work, BDM3Yn, has the
factorized form [42]

6743 672.53
vp(p, E,s) = [11061.625 —2537.5 F(p)g(E),
45 2.5s
(14)
e—4s —2.5s
+(p, E,s) =|—1524.25 —518.75
ves(p, B, 5) [ 45 25s
—0.7072s
— 784714 —— | F E), 15
0.7072J (p) 8(E) (15)

with the density and energy dependence, respectively,

F(p) =c(1 —yp"), (16)
g(E) = (1 —0.003 E ). (17)

The parameters ¢, y, and n are adjusted to reproduce normal
nuclear matter saturation properties for a given equation of
state for cold nuclear matter. For BDM3Y1, ¢ = 1.2521, y =
1.7452 fm?, and n = 1 which generate nuclear matter equation
of state with incompressibility value, K = 270 MeV [42]. E 4,
is the incident energy per projectile nucleon in the laboratory
system.

As a next step, the calculated o-daughter nuclear potential
will be employed in turn to calculate the «-decay width needed
to find the decay half-life. The absolute «-decay width is
mainly determined by the barrier penetration probability (Py,),
the assault frequency (v), and the preformation probability, the
spectroscopic factor of the a-cluster inside the parent nucleus
(S¢), I' =h Sy v P,. The barrier penetration probability, P,,
could be calculated as the barrier transmission coefficient of
the well-known Wentzel-Kramers-Brillouin (WKB) approxi-
mation, which works well at energies well below the barrier,

P, =exp| -2 / dr h_2 |Vr(r) — Qql ) - (18)
Ry

Here w is the reduced mass and Q, is the Q value of the
o decay. R;(i = 1,2, 3) are the three turning points for the
a-daughter potential barrier where Vr(r)|,=g, = Qa.

The assault frequency of the « particle, v, can be expressed
as the inverse of the time required to traverse the distance back
and forth between the first two turning points, R; and R,
as [43]

1 h Ra dr
v=T"1= o . (19)
R IRe 28 Vi) — Qul
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FIG. 1. Extracted «-preformation probability, S,, using
BDM3Y1-Paris NN interactions, for different isotopes of Z = 84
with the neutron number N.

The «a-decay partial half-lifetime, T, of the parent nucleus
is given in terms of the o-decay width, I, as

hln?2

Tip=——. 20
12 T (20)

Finally, the spectroscopic factor (the preformation probability)
of the «-cluster inside the parent nucleus can be then obtained
as the ratio of the calculated half-life, without S,, to the
experimental one [19,29,30],

S, = 10;121 /Tf};. 20D

III. RESULTS AND DISCUSSION

Based on the realistic density-dependent -effective
BDM3Y1-Paris NN interaction, the half-lives of the ground
state-to-ground state «-decay of both even-even and odd-A
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FIG. 2. The same as Fig. 1 but for Z = 86.
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FIG. 3. The same as Fig. 1 but for Z = 88.

radioactive nuclei from Po to No isotopes have been calculated.
The main effect of antisymmetrization under exchange of nu-
cleons between the « and the daughter nuclei has been included
in the folding model through the finite-range exchange part of
the NN interaction. We use a realistic N N interaction whose
parameters reproduce consistently the equilibrium density and
the binding energy of normal nuclear matter as well as the
density and energy dependence of the nucleon-nucleus optical
potential. This is a novel development in the calculations of «
decays.

Above the neutron magic number N = 126, Fig. 1 shows
that S, increases almost linearly with increasing the neutron
number N. This regular variation of S, indicates that the
neutron pair in o emission comes from the same energy level,
also the proton pair is emitted from the same proton level. It is
clear on Fig. 1 that for N > 126, the neutron and proton pairs
occupy the levels 9/21 and 9/27, respectively. The variation
of S, in this neutron variation range confirms that the Bi
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FIG. 4. The same as Fig. 1 but for Z = 90.
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FIG. 5. The same as Fig. 1 but for Z = 92.

and At nuclei with Z = 83 and 85, respectively, and with
even neutron numbers N = 128, 130, 132, and 134 have spins
9/2~. This means that the linear regular variation of S, with N
for a specific element results from the stability of energy level
scheme of this element and its nearest two elements. If the
added neutrons above N = 126 occupy other level than 9/2F,
Sy becomes irregular, it decreases or increases with increasing
N depending on the spin of the next odd isotope and the
stability of proton level scheme against adding or subtracting
a proton.

The variation of S, for odd isotopes is more rapid than
for even ones. This is clear on Figs. 2, 3, and 4 for Rn,
Ra, and Th isotopes, respectively. The neutron levels above
N = 126 contributing to the emission process in these three
figures are (9/2%,5/2%,7/2%), (9/2%,7/2%,5/2%,3/21),
and (9/2%,7/2%,5/2%,3/2%,1/2%,5/2%), respectively, as
indicated in Table 1. This is compared to only one level (9/27)
contributes to emission process in Fig. 1.

0.50 ‘

045/ £79% [“e—EvenN |

—m—O0dd N| "o 9

0.40 - 1
2035}) 1
2
E 030} ° ® \ 1
& 025) \ e |
g [* ]
S 020} 1
é | ]
8 015} / ]
8
=~ 010t 1

| |
005 o 1
n [ |
0.00 LI \ \ \
132 136 140 144 148 152
N

FIG. 6. The same as Fig. 1 but for Z = 94.
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TABLE I. The preformation probability, S,, and the «-decay half-lives, T]“;‘Zlc, calculated without S, for Po, Rn, Ra, Th, U, Pu, Cm, Cf, Fm,
and No isotopes using BDM3Y 1-Paris N N interaction. Experimental Q values, «-decay half-lives, spin, and parities are taken from Ref. [44].
Uncertain spin and/or parity assignments are in parentheses.

Reaction Q% (MeV) Jr 7 Conin T3 (5) TE (s) Sa

199po — 185Ph 4+ o 7.6940 (7/27) 3/2- 2 3.50 x 1073 3.17 x 10~ 0.091
190pg —» 186ph 4 ¢ 7.6930 0+ 0+ 0 2.46 x 1073 1.73 x 1074 0.071
191pg — 187ph 4 o 7.493 (3/27) (13/2%) 5 2.22 x 1072 1.25 x 102 0.562
192pg — 18P 4 ¢ 7.3200 0+ 0+ 0 3.24 x 102 2.58 x 1073 0.080
193pg — 189Ph 4 o 7.0940 (13/2%) (3/27) 5 2.45x 107! 2.98 x 107! 1.217
194pg — 190Ph 4 o 6.9870 0+ 0+ 0 3.92 x 10! 3.44 x 102 0.088
195pg — 191pp 4 o 6.7500 (3/27) (3/27) 0 6.19 x 10° 2.49 x 107! 0.040
196pg —» 192Ph 4 ¢ 6.6580 0+ 0+ 0 5.92 x 10° 5.46 x 10! 0.092
197pg — 193Ph 4+ 6.4120 (3/27) (3/27) 0 1.91 x 10 5.20 x 10° 0.027
198pg — 194Ph 4+ ¢ 6.3098 0+ 0+ 0 1.86 x 102 1.34 x 10! 0.072
19pg —> 195Ph 4 o 6.0742 (3/27) 3/2- 0 4.38 x 10° 1.32 x 10? 0.030
200p 5 196Pp 4 o 5.9814 0+ 0+ 0 6.22 x 10° 3.34 x 10? 0.054
201pg — 197ph 4 o 5.7989 3/2- 3/2- 0 8.28 x 10 2.42 x 10° 0.029
202pg 5 198Pp 4 o 5.7010 0+ 0+ 0 1.39 x 10° 7.34 x 10° 0.053
203pg s 19Pp 4 o 5.4960 5/2- 3/2- 2 2.00 x 10° 1.47 x 10° 0.074
204pg s 200pp 4 o 5.4848 0+ 0+ 0 1.89 x 10° 8.78 x 10* 0.046
205pg — WIPh 4 o 5.3250 5/2- 5/2- 0 1.57 x 107 5.76 x 10° 0.037
200pg 5 202pp 4 o 5.3270 0+ 0+ 0 1.40 x 107 5.37 x 10° 0.038
207pg — 203Pp 4 o 5.2158 5/2- 5/2- 0 1.04 x 108 2.03 x 10° 0.019
208pg s 204Pp 4 o 5.2153 0+ 0+ 0 9.15 x 107 1.98 x 10° 0.022
209pg s 205pp 4 o 4.9792 1/2- 5/2- 2 3.23 x 10° 1.01 x 108 0.031
210pg — 206pp 4 o 5.4075 0+ 0+ 0 1.20 x 107 1.79 x 10° 0.015
2Py —» W7Pph 4 o 7.5945 9/2+ 1/2- 5 516 x 107! 1.85x 1073 0.004
22pg _, 208pp 4 o 8.9541 0+ 0+ 0 2.99 x 107 1.83 x 1078 0.061
213pg 5 209Pp 4 o 8.5360 9/2+ 9/2+ 0 3.72x 1076 1.98 x 1077 0.053
214pg s 210pp 4 o 7.8335 0+ 0+ 0 1.64 x 1074 1.76 x 1075 0.107
25pg s 211ph 4 o 7.5263 9/2+ 9/2+ 0 1.78 x 1073 1.52 x 10~ 0.086
216pg s 212pp 4 o 6.9062 0+ 0+ 0 1.45 x 107! 1.93 x 1072 0.133
2o s 2P 4 o 6.6621 (9/2%) (9/2%) 0 1.53 x 10° 1.57 x 107! 0.102
218pg s 214pp 4 o 6.1147 0+ 0+ 0 1.86 x 10 2.76 x 10! 0.148
19Rn — 1%Po + « 8.0400 (3/27) (7/27) 2 1.15x 1073 1.62 x 10~ 0.141
194Rn — 1%Po + o 7.8620 0+ 0+ 0 7.80 x 10~ 2.99 x 1074 0.383
195Rn — 19'Po + « 7.6900 3/2- (3/27) 0 6.00 x 1073 9.95x 10 0.166
19Rn — 192Po + « 7.6170 0+ 0+ 0 4.40 x 1073 1.65 x 1073 0.374
197Rn — 1%Po + « 7.4110 (3/27) (3/27) 0 530 x 1072 7.69 x 1073 0.145
198Rn — 19Po + 7.3490 0+ 0+ 0 6.50 x 1072 1.20 x 1072 0.184
19Rn — 1%Po + « 7.1400 (3/27) (3/27) 0 6.28 x 107! 6.17 x 102 0.098
200Rp — 196Pg 4 o 7.0433 0+ 0+ 0 1.20 x 10° 1.33 x 107! 0.111
201Rn — 197Po + 6.8607 (3/27) (3/27) 0 7.00 x 10° 6.16 x 107! 0.088
22Rp — 1%Po 4 o 6.7737 0+ 0+ 0 1.24 x 10! 1.30 x 10° 0.104
203Rp — %P0+ o 6.6298 (3/27) (3/27) 0 6.67 x 10! 4.69 x 10° 0.070
204Rp — 20Pg 4 g 6.5464 0+ 0+ 0 1.03 x 10 9.91 x 10° 0.096
205Rp — P1Po 4 o 6.3900 5/2- 3/2- 2 6.91 x 10 7.74 x 10! 0.112
206Rp — 22Pg 4 o 6.3838 0+ 0+ 0 5.49 x 10? 4.36 x 10! 0.079
207Rn — 2P + 6.2511 5/2- 5/2- 0 2.64 x 10° 1.54 x 10? 0.058
208Rp — 24Po 4 o 6.2607 0+ 0+ 0 2.36 x 10° 1.36 x 102 0.058
29Rp — M5Po 4 o 6.1555 5/2- 5/2- 0 1.01 x 10* 3.80 x 10? 0.038
210Rp — 206Pg 4 g 6.1589 0+ 0+ 0 9.00 x 10° 3.55 x 10? 0.039
2Ry — Y7Po 4 o 5.9654 1/2- 5/2- 2 1.92 x 10° 5.12% 103 0.027
22Rp — 8Py 4 o 6.3850 0+ 0+ 0 1.43 x 103 3.52 x 10! 0.025
23Rp — 2¥Pg 4 g 8.2430 9/2%) 1/2- 5 1.95 x 1072 1.18 x 10~ 0.006
24Rp — 210Pg 4 o 9.2080 0+ 0+ 0 2.70 x 1077 2.19 x 1078 0.081
25Rp — MPo 4 o 8.8390 9/2+ 9/2+ 0 230 x 1076 1.70 x 1077 0.074
216Rp — 212Pg + g 8.1970 0+ 0+ 0 4.50 x 107 8.62 x 10~ 0.192
2Rp — 3Po 4 o 7.8870 9/2+ 9/2+ 0 5.40 x 10~ 6.98 x 1075 0.129
218Rp — 2M4Po 4 o 7.2625 0+ 0+ 0 3.5% 1072 7.25 x 1073 0.207
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TABLE 1. (Continued.)

Reaction 0 (MeV) Jr J]’Z £ min Tle/xf (s) Tf/“‘zlc (s) Se

2Rn — 2BPo + « 6.9461 5/2% 9/2*F 2 3.96 x 10° 1.71 x 107! 0.043
20Rn — 21%Po + « 6.4047 ot ot 0 5.56 x 10! 1.32 x 10! 0.237
2IRn — 27Po + « 6.1625 7/2F 9/2%) 2 6.82 x 10° 2.52 x 10? 0.037
222Rn — 28Po + « 5.5903 0" 0" 0 3.30 x 10° 8.60 x 10* 0.260
202Ra — ""Rn 4« 7.8970 ot ot 0 1.60 x 1072 1.15x 1073 0.072
203Ra — ""Rn 4« 7.7400 3/27) 3/27) 0 3.10 x 1072 3.51 x 1073 0.113
204Ra — 2Rn 4 « 7.6370 0" 0" 0 5.70 x 1072 7.37 x 1073 0.129
205Ra — ' Rn 4« 7.4900 3/27) 3/27) 0 2.10 x 107! 2.21 x 1072 0.105
200Ra — 22Rn 4« 7.4150 0" 0" 0 2.40 x 107! 3.85x 1072 0.160
207Ra — 2Rn + « 7.2700 3/27) 3/27) 0 1.57 x 10° 1.19 x 107! 0.076
208Ra — 2MRn 4« 7.2730 ot ot 0 1.37 x 10° 1.12 x 107! 0.082
2MRa — *®Rn 4+« 7.1430 5/2~ 5/2~ 0 5.11 x 10° 3.17 x 107! 0.062
210Ra — 2°Rn + « 7.1510 0" 0" 0 3.85 x 10° 2.89 x 107! 0.075
2llRa — "Rn 4« 7.0420 5/20) 5/2~ 0 1.40 x 10! 7.09 x 107! 0.051
22Ra — ®Rn 4« 7.0316 0" 0" 0 1.53 x 10! 7.51 x 107! 0.049
23Ra — Rn + « 6.8618 1/2~ 5/2~ 2 2.05 x 10? 5.95 x 10° 0.029
24Ra — 2'Rn 4« 7.2730 ot ot 0 2.46 x 10° 9.20 x 1072 0.037
2bRa — 2'"Rn 4« 8.8640 (9/2%) 1/2~ 5 1.55 % 1073 1.23 x 107 0.008
21Ra — 2’Rn + « 9.5260 0" 0" 0 1.82 x 1077 1.86 x 1078 0.102
2"Ra — 2BRn 4« 9.1610 9/2") 9/2%) 0 1.60 x 10~° 1.33 x 1077 0.083
28Ra — 2“Rn 4« 8.5460 0" 0" 0 2.52 x 107 5.08 x 107° 0.202
2PRa — 2PRn + « 8.1380 7/2)* 9/2* 2 1.00 x 1072 1.26 x 10~ 0.013
220Ra — 21Rn 4« 7.5920 0t ot 0 1.80 x 1072 3.62 x 1073 0.201
2IRa — 2"Rn 4« 6.8804 5/2*F 9/2F 2 2.80 x 10! 2.24 x 10° 0.080
222Ra — ?®Rn + « 6.6790 0" 0" 0 3.80 x 10! 7.71 x 10° 0.203
2Ra — 2"Rn 4« 5.9790 3/2% 5/2% 2 9.88 x 10° 1.76 x 10* 0.018
2%Ra — Rn 4+« 5.7888 0" 0" 0 3.14 x 10° 8.28 x 10* 0.264
22Ra — ?’Rn + « 4.8706 0" 0" 0 5.05 x 10" 1.79 x 10'° 0.355
208Th — 2MRa+ « 8.2000 0t ot 0 1.70 x 1073 7.00 x 10~* 0.411
29Th — *®Ra+« 8.2700 5/27) 3/27) 2 2.50 x 1073 7.38 x 107* 0.295
210Th — 20°Ra + « 8.0690 0" 0" 0 1.62 x 1072 1.65x 1073 0.102
20Th —» YRa+ « 7.9400 5/27) 5/27) 0 4.00 x 1072 4.05%x 1073 0.101
22Th — ®Ra+ « 7.9580 0" 0" 0 3.17 x 1072 343 x 1073 0.108
23Th — 2®Ra 4« 7.8400 5/27) 5/2~ 0 1.44 x 107! 7.94 x 1073 0.055
24Th — 2Ra + « 7.8270 0t ot 0 8.70 x 1072 8.46 x 1073 0.097
25Th — ?"Ra+« 7.6650 1/27) 5/20) 2 1.20 x 10° 4.97 x 1072 0.041
216Th — 2’Ra+ « 8.0720 0" 0" 0 2.60 x 1072 1.31x 1073 0.050
2"Th — ?BRa+« 9.4350 9/2") 1/2~ 5 2.41 x 10~ 2.17 x 107¢ 0.009
218Th — 24Ra 4« 9.8490 0" 0" 0 1.17 x 1077 1.57 x 1078 0.134
29Th — 2BPRa+ « 9.5100 9/2") 9/2%) 0 1.05 x 1076 9.16 x 1078 0.087
20Th — 21%Ra + « 8.9530 0t ot 0 9.70 x 107° 2.16 x 107¢ 0.222
2ITh — 2"Ra 4+« 8.6260 (7/2%) 9/2%) 2 1.68 x 1073 2.75 x 1073 0.016
22Th — ?®Ra+ « 8.1270 0" 0" 0 2.80 x 1073 435x 1074 0.155
23Th — 2YRa+« 7.5670 B/t @/t 2 6.00 x 107! 4.76 x 1072 0.079
24Th — ?Ra 4« 7.2980 0" 0" 0 8.10 x 107! 2.31 x 107! 0.285
25Th — ?'Ra+« 6.9214 (3/27) 5/2% 2 5.83 x 10? 1.07 x 10! 0.018
20Th - ’Ra+« 6.4509 ot ot 0 1.83 x 10° 5.06 x 10? 0.276
21Th — *»Ra+« 6.1466 1/2* 3/2%F 2 1.61 x 10° 2.32 x 10* 0.014
228Th — ?*Ra+« 5.5201 0" 0" 0 6.03 x 107 1.81 x 107 0.301
29Th —» Ra+« 5.1676 5/2% 1/2% 2 2.50 x 10" 5.27 x 10° 0.021
20Th — 2*Ra 4+« 4.7698 0" 0" 0 2.38 x 10" 7.80 x 10" 0.328
2ITh - ??’Ra+ « 42132 5/2% 3/2% 2 2.30 x 10" 5.61 x 106 0.244
22Th —» Ra+« 4.0816 ot ot 0 4.42 x 10V 3.71 x 10" 0.839
22U - 28Th 4+« 9.4300 0" 0" 0 1.00 x 1076 6.61 x 1077 0.661
20 - YTh+ « 8.9400 (7/2%) 9/2%) 2 1.80 x 1073 2.05 x 1073 1.139
24U —» Th 4+« 8.6200 ot ot 0 9.00 x 10~ 8.65 x 107> 0.096
20 - 2'Th+ « 8.0150 (5/27) (7/2%) 2 9.50 x 1072 9.84 x 1073 0.104
20U - 2Th 4+« 7.7010 0" 0" 0 3.50 x 107! 5.86 x 1072 0.168
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TABLE 1. (Continued.)

Reaction 0P (MeV) Jr J }’ £ min Tle/xz'J (s) Tf/"‘z'c (s) Se

20 - Th+ « 7.2110 3/27) 5/2)" 2 6.60 x 10! 5.66 x 10° 0.086
28U — *Th 4+« 6.8040 0t ot 0 5.75 x 10? 1.27 x 10? 0.221
29U - PTh 4+« 6.4750 3/2") (3/2") 0 1.74 x 10* 3.15 x 10° 0.181
20U —» 2°Th + « 5.9927 0" 0" 0 1.80 x 10° 6.09 x 10° 0.339
By - 2" Th 4+« 5.5763 5/27) 1/2% 3 9.07 x 10° 5.61 x 107 0.006
22U » 2Th 4+« 5.4136 0t 0" 0 2.17 x 10° 8.14 x 108 0.374
2350 - Th+« 4.9086 5/2% 5/2% 0 5.02 x 10" 9.48 x 10" 0.189
240 - 2°Th 4+ « 4.8577 0t ot 0 7.75 x 10" 1.79 x 10'2 0.231
28py — XU+« 7.9400 0t 0" 0 1.10 x 10° 5.35 x 1072 0.049
2Py — U+« 7.5900 (3/27) (5/27) 2 1.34 x 10? 1.56 x 10° 0.012
20py — 26U 4+ 7.1800 0t ot 0 1.02 x 10? 3.00 x 10! 0.294
Blpy - 22U+« 6.8390 (3/2%) (3/27) 0 3.97 x 10° 6.68 x 10? 0.168
2Py - U+« 6.7160 0" 0" 0 2.03 x 10* 2.15 x 10° 0.106
2py —» PU 4« 6.4200 (5/2") (3/2%) 2 1.05 x 10° 8.48 x 10* 0.081
24Py — U 4+« 6.3100 0t 0" 0 5.28 x 10° 1.55 x 10° 0.294
2Py - BPlU + o 5.9510 (5/2") 5/27) 1 5.42 x 107 9.92 x 10° 0.183
2opy — U4« 5.8671 0t ot 0 9.02 x 107 2.12 x 107 0.235
BTPy — PU +« 5.7483 7/2~ 5/2F 1 3.91 x 10° 1.09 x 108 0.028
28py — U+« 5.5932 0" 0" 0 2.77 x 10° 7.63 x 108 0.276
2Py —» U4« 5.2445 1/2* 7/2° 3 7.61 x 10" 3.26 x 10" 0.429
20py — 20U + « 5.2558 0" 0" 0 2.07 x 10" 8.74 x 10" 0.422
2#py - YU+« 5.1400 5/2% 1/2% 2 1.81 x 103 7.23 x 101 0.040
py - BU 4« 4.9845 0t 0t 0 1.18 x 103 3.39 x 10" 0.286
2Py — U0 4+« 4.6655 0" 0" 0 2.53 x 10" 1.07 x 10" 0.424
28Cm — *Pu+« 6.6700 0" 0" 0 2.30 x 10° 2.52 x 10* 0.109
XCm — ®"Pu+4« 6.1852 1/2* 7/2 3 2.83 x 108 1.35 x 107 0.048
2Cm — Pu+4« 6.2156 0" 0" 0 1.41 x 107 3.08 x 10° 0.219
Cm — *»Pu+« 6.1688 5/2% 1/2% 2 9.21 x 108 8.70 x 10° 0.009
24Cm — *Pu+4« 5.9017 0t 0t 0 5.71 x 108 1.10 x 108 0.193
Cm — *Pu+ta 5.6230 7/2% 5/2F 2 2.66 x 10" 9.18 x 10° 0.035
%Cm — *?Pu+« 5.4751 0" 0" 0 1.49 x 10" 4.00 x 1010 0.269
2Cm — *Pu+« 5.3530 9/2~ 7/2% 1 4.92 x 10" 2.49 x 10" 0.001
Cm — Pu+« 5.1617 0" 0" 0 1.20 x 103 2.68 x 102 0.223
20Cf — 25Cm + o 7.7110 0" 0" 0 6.50 x 10! 1.07 x 10! 0.165
Xt - P Cm4« 7.6600 (7/27) (5/27) 1 9.07 x 10? 2.04 x 10! 0.022
Cf - Cm 4« 7.5170 0" 0" 0 2.78 x 10? 5.64 x 10! 0.203
2Cf - P Cm+ o 7.4200 (1/2%) (7/27) 3 4.59 x 10° 8.40 x 10? 0.183
MCf - Cm 4« 7.3289 0t 0t 0 1.16 x 10° 2.78 x 10? 0.239
2Cf - 2 Cm+« 7.2584 1/2+ 1/2+ 0 7.65 x 10° 5.08 x 10? 0.066
HCf — 2Cm 4« 6.8616 0* 0" 0 1.29 x 10° 2.29 x 10* 0.179
HICf - Cm 4« 6.4950 (7/2%) 5/2% 2 2.80 x 107 1.12 x 10° 0.040
2Cf — MCm+ o 6.3610 0" 0" 0 2.88 x 107 4.57 x 10° 0.159
WCf - Cm 4+« 6.2961 9/2~ 7/2% 1 1.11 x 10% 1.08 x 107 0.001
20Cf — 26Cm 4« 6.1284 0t 0t 0 4.13 x 108 5.80 x 107 0.140
BIcf - 2 Cm+ o 6.1770 1/2+ 9/2~ 5 2.83 x 10'° 4.98 x 108 0.018
B2Cf - Cm 4+« 6.2169 0* 0" 0 8.61 x 107 1.97 x 107 0.229
23Cf - Cm 4+« 6.1260 (7/2%) 1/2* 4 4.96 x 108 3.41 x 108 0.687
24Cf — PCm + o 5.9270 0" 0" 0 1.69 x 10° 6.56 x 108 0.389
28Fm — Cf + « 7.9940 0* 0" 0 3.87 x 10! 5.65 x 10° 0.146
2YFm — Cf 4+« 7.7090 (7/2%) 1/2* 4 4.73 x 10? 3.65 x 10? 0.772
20Fm — 2Cf + « 7.5570 0" 0" 0 2.00 x 10° 2.22 x 10? 0.111
BIFm — *Cf + « 7.4251 9/27) (7/2%) 1 1.06 x 10° 8.16 x 10? 0.001
22Fm — 8Cf 4+« 7.1527 0t ot 0 9.14 x 10* 8.36 x 10° 0.091
23Fm — *Cf + « 7.1980 (1/2)* 9/2~ 5 2.16 x 10° 7.84 x 10* 0.036
24Fm — PCf + « 7.3075 0* 0" 0 1.17 x 10* 1.81 x 10° 0.155
25Fm — PICf 4+« 7.2397 7/2% 1/2* 4 7.23 x 10* 1.99 x 10* 0.275
26Fm — P2Cf + « 7.0270 0" 0" 0 1.17 x 10° 2.59 x 10* 0.222
2TFm — 23Cf + « 6.8635 (9/2") (7/2%) 2 8.70 x 10° 2.38 x 10° 0.027
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TABLE 1. (Continued.)

Reaction 0P (MeV) Jr J ]’I £ min Tle/xf (s) Tl‘:/“zlC (s) Se

BINo — *'Fm + « 8.7520 (7/2%) /2% 0 9.52 x 107! 1.01 x 107! 0.106
22No — *Fm + o 8.5490 ot ot 0 3.49 x 10° 4.29 x 107! 0.123
23No — **Fm + o 8.4140 9/27) (7/2%) 1 1.22 x 10? 1.37 x 10° 0.011
2%No — PFm + « 8.2260 0" 0" 0 5.67 x 10! 4.83 x 10° 0.085
25No — »'Fm + o 8.4280 1/2% 9/27) 5 7.04 x 10? 1.32 x 10! 0.019
26No — 2?Fm + o 8.5810 0" 0" 0 2.93 x 10° 2.98 x 107! 0.102
2"No — 2*Fm + « 8.4770 (7/2%) a/2)* 4 2.50 x 10! 3.57 x 10° 0.143

The behavior and value of S, for odd isotopes in the N
variation range 127 < N < 135 are exactly the same in Figs. 3
and 4 due to the similarly of spins of the odd neutron isotopes
in this neutron range. Due to this similarity of S, in the two
figures, we expect that the odd isotones for each N value in
Fig. 3 have the same spins as the corresponding isotones in
Fig. 4. Since some of nuclear spins in this range is either
not available or not precisely determined, we try to determine
spins based on the correlation between the behavior of S, and
energy levels. For each neutron number in the range 127 <
N < 135, we expect the spin of the element Ra is equal to the
spin of Th with the same neutron number. For example, J”
for 22!Ra is the same as J™ for >>>Th and J™ for ?**Ra is the
same as J” for 2> Th which is equal to 3/2*. Moreover, due to
the similar behavior of S, for even N isotopes of the elements
Ra and Th on Figs. 3 and 4, respectively, we can expect that
the spin of Ac isotopes with even neutron number in the range
126 < N < 136 is the same as Pa isotopes with the same
number of neutrons. For example, J* for 215 A¢ is the same
as J7 for 2!7Pa and J* for 27 Ac is the same as J™ for 2!°Pa
which is equal to 9/27~. Similarly the spin of each Pa isotope
with even neutron number in the range 126 < N < 140 is
equal to the spin of Np isotope having the same number of
neutrons. This is because of the almost similar behavior of S,
for Th element (Fig. 4) and the same quantity for U isotopes
appearing on Fig. 5.
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FIG. 7. The same as Fig. 1 but for Z = 96.

Figures 6 and 7 present the variation of S, with the neutron
number for the elements Pu and Cm, respectively. The fast
variation of S, shown in these figures reflects instability of both
neutron and proton levels against « emission. Figures 8—10
are for the elements Cf, Fm, and Mo, respectively. The
figures indicate a shallow minimum at N = 152 showing that
this neutron number is a neutron submagic number [3,11],
this is confirmed by almost regular variations of S, in these
figures. Figures 8 and 9 show that the preformation probability,
S, for even number isotopes in the neutron number range
148 < N < 156 have almost similar behavior, this indicates
the equality of J™ for Es and Md elements with equal number
of neutrons falling in the above range. For example, J* for
23Es is equal to J™ for >»Md and J™ for »'Es is equal
to J™ for 2>Md. Considering Figs. 9 and 10, the behavior
of Sy for odd N isotopes of the elements Fm and Mo
(N = 149, 151, 153, 155) is almost the same. Thus, based on
our above discussion J* for 2*Fm is equal to J* for 2>'Mo
and J™ for 2>'Fm is equal to J™ for >>*Mo.

For neutron number with value less than the neutron magic
number N = 126, Figs. 1-4 show almost similar behavior of
S, with decreasing the number of neutrons. The spin of each
of four elements Po, Rn, Ra, and Th with neutron number
N =125 is 1/2~ which shows that two neutrons at the top
of the closed shell lie in the level 3p;/,. Below this level is
the neutron level 5/27, this is confirmed by the spin of Po,
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FIG. 8. The same as Fig. 1 but for Z = 98.
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Rn, and Ra isotopes with neutron numbers N = 123, 121,
and 119, all these isotopes of the the three elements have
spin 5/27. The behavior of S, in Figs. 1, 2, and 3 as N
decreases from N = 124 to N = 120 is almost the same. This
shows that the level 5/27 emits its six neutrons in the emission
process and S, increases with the number of holes in this level.
This correlation between S, and the level 5/27 suggests that
we expect the existence of 5/27 level for Th isotopes with
120 < N < 124, the behavior of S, for these isotopes is very
similar to that appear in Figs. 1-3. Since the spin of 20%-2!1.213Th
is not precisely determined, we expect based on the similarity
of the behavior of S, for this element and other elements that
the spin of these three isotopes is 5/27.

As N decreases in the neutron range 110 < N < 118, S,
varies smoothly on Figs. 1 and 2, S, increases with decreasing
the value of N. This variation is similar to the variation of S,
in case of 5/27 level emission, suggests that the neutron pair
in a-particle comes out from a single energy level which lies
below 5/27 level. The spin of 2°!Po is precisely determined
and its value is 3/27 [44] while the spins of 199.197.195pq are
not precisely determined and their values found in Ref. [44]
are 3/27. From the behavior of S, in Figs. 1 and 2, we confirm
that the spin of odd isotopes of Po and Rn with neutron number
N =117, 119, 121, and 123 is 3/27. Since the level 3/27 is
filled by four neutrons, we assume that when the level becomes
empty, it is filled again from lower level leaving holes in this
level. The contribution of this level to emission process is
accompanied by decrease of S, for even isotopes and a sudden
jump in the value of S, by more than one order of magnitude
for odd isotopes compared to the adjacent even isotopes. This

PHYSICAL REVIEW C 88, 054604 (2013)
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FIG. 10. The same as Fig. 1 but for Z = 102.

sudden jump at N = 107 and 109 is due to the creation of a
strange proton hole in 35/, level (the spin of even N isotopes of
Atelement is 9/2~ but 1> At and '3 At have spin 1/2%) besides
the existence of holes in 13/2" level. The above-mentioned
jump in the value of S, is repeated on Fig. 2 at N = 108 and
110, this time for even isotopes while S, for odd isotopes
vary slowly. We mention that the spin of *°Fris 1/2* and J™
for 2°!Fr is 9/2~ but no value has been found experimentally
for '7Fr. We expect that the spin of this isotope is different
from9/27.

IV. CONCLUSION

The «-particle preformation probability is extracted from
the experimental «-decay half-life and the penetration proba-
bility is obtained from the WKB approximation in combina-
tion with the Bohr-Sommerfeld quantization condition. The
microscopic «-nucleus potential is numerically constructed
in the well-established double-folding model derived from
a realistic density-dependent effective BDM3Y1-Paris NN
interaction with finite-range exchange force. The main effect of
antisymmetrization under exchange of nucleons between the
and the daughter nuclei has been included in the folding model
through the finite-range exchange part of the NN interaction.

We studied the variation of S, with the neutron number
of the parent nucleus for ten even-even and odd mass heavy
nuclei from Po to No isotopes. Based on the similarity in
the behavior of S, with the neutron number for two adjacent
nuclei, we try to determine the unknown or doubted nuclear
spins and parities or at least correlate spins of adjacent nuclei.
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