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The α preformation factor and penetration probability have been analyzed for even–even nuclei of Po, Rn, Ra

using experimental released energies and α decay half-lives in the frame of the double folding model. It is shown that

N = 126 is a neutron magic number from α preformation and shell effects play an important role in α preformation.

The closer the nucleon number is to the magic number, the more difficult α formation in the parent nucleus is. The

preformation factor can supply information on the nuclear structure and the penetration probability mainly determines

α decay half-life.
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1. Introduction

α decay is one of the most important decay modes
for heavy nuclei since it can provide information on
the nuclear structure such as ground state lifetime,
nuclear interaction, nuclear incompressibility, nuclear
spin and parity, etc.[1−4] Experimentally, α decay of
nuclei is used to identify new nuclides and new ele-
ments through an α decay chain from an unknown
parent nucleus to a known nuclide.[5,6] Recently, par-
ticular interest has been paid to the α decay of
super-heavy nuclei with the development of radioac-
tive beams and the new detection technology.

α decay has played an important role in the devel-
opment of modern physics. From then on the ground
state of unstable nuclei has been observed to have dif-
ferent kinds of decay modes such as α decay, β de-
cay, one proton emission, two-proton emission, 14C
radioactivity and spontaneous fission. However, the
α decay mode is generally used for studies of the de-
cay and synthesis of heavy nuclei. Some newly syn-
thesized super-heavy elements have been identified
recently.[7−9] Theoretically, different approaches have
been proposed to describe α radioactivity including
the shell-model, the cluster-model and the fission-like
model,[10−14] primarily motivated by the increasing
role of α decay in both the spectrocopy of unstable nu-

clei and the synthesis of new elements in the study of
super-heavy elements. However, for the half-life there
still exists a small difference between the experimen-
tal and theoretical results, which can be considered
to be associated with the preformation factor. The
preformation factor is employed in the calculation of
the α decay half-life in different approaches.[12,15−17]

The decay constant λ is defined as the product of the
preformation factor, the penetration probability and
the assault frequency. For determining the decay con-
stant, one important problem is how to estimate the
preformation factor. The preformation factor has also
been used to study the nuclear structure.[18] The nu-
clear potential was calculated according to the double
folding model, which has been successfully used for
fusion reactions, scattering and nuclear decays.[19−21]

In this paper, the α preformation factor will
be extracted from the experimental α half-lives
and will be compared between the different nuclei.
The potential barrier of an α-daughter nucleus sys-
tem is based on the double folding integral with
the density-dependence nucleon–nucleon(NN) interac-
tion. The penetration probability is determined us-
ing the Wentzel–Kramers–Brillouin (WKB) approxi-
mation when the experimental Qα is used. The decay
constant λ is extracted from the experimental α decay
half-lives.
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2. The calculation methods

The penetration probability of an emitted α par-
ticle is calculated using the WKB approximation by

P = exp

[
−2
~

∫ R2

R1

√
2µ(V (R)−Qα)dR

]
, (1)

where µ is the reduced mass of the α particle and
the daughter nucleus. Qα is the released energy for α

decay. R1 and R2 are the two turning points of the
WKB approximation integral determined by

V (R1) = Qα = V (R2). (2)

The total interaction potential V (R) between the α

particle and the daughter nucleus is given by

V (R) = VN(R) + VC(R) +
l(l + 1)~2

2µR2
, (3)

where the last term is the centrifugal potential; µ is
the reduced mass of the α-daughter nucleus system,
l is the angular momentum carried by the α particle
and is equal to zero for the α decay of even–even nuclei
according to spin-parity conservation.

In the double folding model the nuclear potential
VN is given by

VN(R) =
∫∫

ρ1(r1)v(s = |R+r2−r1|)ρ2(r2)dr1dr2,

(4)
where ρ1(r1) and ρ2(r2) are the matter density dis-
tribution functions of the α particle and the daughter
nuclei, respectively. The density distribution function
is taken to be a Gaussian form for the α particle

ρ1(r) = 0.4229 exp(−0.7024r2), (5)

whose volume integral is equal to 4. The density dis-
tribution function of the daughter nucleus can be de-
scribed by the spherically symmetric Fermi function,

ρ2(r) = ρ0/[1 + exp((r − c)/a)], (6)

where the half-density radius c is expressed as[22,23]

c = rρ(1− π2a2/3r2
ρ) (7)

with rρ = 1.13A
1/3
d and the density diffuseness a ≈

0.54 fm, and Ad is the mass number of the daughter
nucleus. The value of ρ0 is determined by normaliza-
tion so that ∫

ρ2(r)dr = Ad. (8)

The NN interaction v between two nucleons in Eq.(4)
is given frequently by M3Y interaction, which is de-
signed to reproduce the G-matrix elements in an oscil-
lator basis.[24] The density-dependent NN interaction
is given by

v(s, ρ, E) = F (ρ,E)v(M3Y)(s,E), (9)

v(M3Y)(s,E)

= 7999
e−4s

4s
− 2134

e−2.5s

2.5s
+ Ĵ00(E)δ(s), (10)

where the zero-range pseudo term Ĵ00(E) is written
as

Ĵ00(E) ≈ −276[1− 0.005(E/A)] MeV · fm3. (11)

The density-dependence factor is given by

F (ρ,E) = C[1− β(E)ρ2/3
1 ][1− β(E)ρ2/3

2 ]. (12)

Equation (12) has been successfully used for explain-
ing scattering and α cluster radioactivity. The the-
oretical results of the nuclear incompressibility with
C = 2.06, β = 1.6257 fm2 and n = 2/3 also agree
well with experimental data.[25] In Eq.(12) ρ1 and ρ2

are the density distributions of the α particle and the
daughter nucleus, respectively.

The Coulomb potential is calculated between the
α particle and the residual daughter nucleus by a
point-like plus uniform model, which is given by

VC(R) = Z1Z2e2





1
R

(R > RC),

1
2RC

[
3−

(
R

RC

)2
]

(R < RC).
,

(13)
where the spherical charge distribution for the residual
daughter nucleus and the point particle for the emit-
ted α particle are assumed and e2 = 1.44 MeV · fm;
RC = cα + cd with cα and cd being calculated by us-
ing Eq.(7); Z1 and Z2 represent the atomic numbers
of the emitted α particle and the residual daughter
nucleus, respectively.

The decay constant λ is extracted from the ex-
perimental α decay half-life T1/2

λ =
ln 2
T1/2

. (14)

The assault frequency is calculated from the classical
method[26]

ν =
1

2R

√
2Eα

Mα
, (15)
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where Eα = Qα

(
1− Mα

M

)
. Mα and M are the

masses of the α particle and parent nucleus, respec-
tively. R is the radius of the parent nucleus given by

R = (1.28A1/3 + 0.8A−1/3 − 0.76) fm, (16)

where A is the mass number of the parent nucleus.
The preformation factor is obtained as

P0 =
λ

νP
(17)

with λ, ν, P determined by Eqs.(14), (15) and Eq.(1),
respectively.

3. Results and discussion

In the present calculation we select the even–
even nuclei of Po, Rn and Ra to study the penetra-
tion probability and the preformation factor. Figure
1 shows the penetration probability as a function of
neutron number N . Overall, the penetration proba-
bilities decrease with increasing neutron number up to
the spherical shell closure N = 126, and then increase
rapidly with the neutron number. A maximum proba-
bility is shown for all three selected isotopes when N is
equal to 128, indicating that α emission is much easier
for nuclei with two neutrons outside the shell closure.
Moreover, the maximum penetration probabilities are
nearly identical at N = 128, after which the penetra-
tion probability decreases again with increasing N . At
the same neutron number it increases with increasing
proton number because the proton numbers of Po iso-
topes are closer to the proton magic number Z = 82
than those of Rn and Ra. The closer the nucleon num-
ber is to the magic number, the more difficult it is for
the α particle to penetrate the parent nuclei. The
variation range of the penetration probability is from
10−28 to

Fig.1. Decimal logarithms of penetration probabilities of

Po, Rn and Ra isotopes.

10−14, which is much larger as compared with the
preformation factor and the assault frequency that
change only slightly. According to Eqs.(14) and (17)
the penetration probability mainly determines α de-
cay half-life.

Figure 2 shows the preformation factor as a func-
tion of N . One can see that the preformation factors
change slightly in the Po, Ro and Ra isotopes. The
preformation factors generally decrease with increas-
ing N up to N = 126, a minimum always exists for
Po, Rn and Ra isotopes when N is equal to 126, and
then the preformation factors increase sharply with
N . The preformation factors of Po isotopes are basi-
cally smaller than those of Rn and Ra isotopes. Both
N = 126 and Z = 82 are known as magic numbers.
The closer the nucleon number is to shell closure, the
harder it is for the α cluster to form in the parent nu-
clei. The dramatic change of the preformation factor
around the magic number indicates that shell effects
play an important role in the α formation mechanism
in the parent nuclei. On the other hand, the prefor-
mation factor can reflect the shell effects.

Fig.2. α preformation factors of even–even Po, Rn and

Ra isotopes.

Recently, isotopes of elements 112, 114, 116
and 294118 have been produced by irradiations of
233,238U, 242Pu, 248Cm and 249Cf targets with a
48Ca beam at various energies in fusion–evaporation
reactions.[7−9] Various models including density-
dependent M3Y (DDM3Y),[2] the generalized liquid
drop model (GLDM)[27,28] and Viola–Seaborg system-
atics (VSS)[29] focus on these elements. Now the pen-
etration probability and preformation factor are cal-
culated using their experimental data. The results
are shown in Table 1. One can see that the range of
the penetration probability is from 10−18 to 10−22,
corresponding to the orders of half-lives from mil-
liseconds to seconds. The range of penetration prob-
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ability is relatively narrow. The preformation fac-
tors are relatively smaller than those of the spherical
heavy nuclei, particularly that of the 294118 element,
which is the smallest among all the calculated results.
These results indicate that the super-heavy nuclei are

weakly bound, and their α preformation is difficult
in the mother nucleus. Such nuclei will quickly de-
cay through α emission when synthesized. The pene-
tration probabilities also dominate the α half-lives of
super-heavy elements.

Table 1. The results for even–even nuclei of 112, 114, 116 and 118 isotopes.

nuclei Qα/(MeV) T1/2/s ν × 1021/s−1 P P0 References

260Sg 9.920 0.95×10−2 1.440 3.448×10−19 0.147 [30]

266Sg 8.836 25.7 1.348 2.779×10−22 0.072 [31]

264Hs 10.590 0.54 ×10−3 1.480 4.230×10−18 0.205 [32]

266Hs 10.381 2.3 ×10−3 1.461 1.375×10−18 0.150 [33]

270Ds 11.242 0.1 ×10−3 1.513 4.213×10−17 0.109 [33]

284112 9.35 9.8 1.355 1.180×10−22 0.442 [34]

286114 10.35 0.16 1.423 2.008×10−20 0.152 [7]

288114 10.09 0.80 1.401 4.207×10−21 0.147 [7]

290116 11.0 0.015 1.459 2.411×10−19 0.131 [7]

292116 10.80 0.018 1.443 8.060×10−20 0.331 [7]

294118 11.81 1.8×10−3 1.505 5.546×10−18 0.046 [9]

4. Conclusion

Nuclear potentials have been calculated by the
double folding model with density-dependence NN in-
teraction. The penetration probability is obtained in
the frame of the WKB approximation using the ex-
perimental released energy and the decay constant is
extracted from the experimental α decay half-life. The
α preformation factors and penetration probabilities
of even–even nuclei near N = 126 are studied sys-
tematically. The penetration probability can dramat-
ically determine the half-life of cluster emission. The
change of preformation factor with neutron number
shows that shell effects play an important role for α

preformation. It is difficult to form an α cluster in the
parent nuclei when the nucleon number is close to the
magic number. The preformation factor reflects the
fact that N = 126 is a neutron magic number. The
calculation extends to the super-heavy nuclei. It is

shown that the super-heavy nuclei are weakly bound.
They are quickly decayed through emitting α clusters
when synthesized. The present calculation demon-
strates its success in studying the preformation factor
systematically. Clearly, odd A and odd–odd nuclei,
which are considered as the angular momentum for
spin-parity conservation in the decay process, will be
included systematically for studying cluster preforma-
tion in future work.
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