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Determination of isospin asymmetry effects on a-decay
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Abstract: In this study, we compared the effect of the isospin asymmetry of proton and neutron density distributions

in the neutron skin-type (NST) case and in the Hartree-Fock formalism (HF) on the half-life of alpha emitters with
the atomic number in the range of 82 < Z <92. The NST case and HF formalism based on the Skyrme-SLy4 effect-
ive interaction reveal different isospin asymmetries for selected alpha emitters. Furthermore, the obtained results re-

veal an increase in the a-decay widths of about 30% for the NST case in comparison with the equivalent values ob-

tained by HF formalism. The standard deviations for calculated half-lives within the NST case and HF formalism are

about 0.438 and 0.391, respectively.
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1 Introduction

The a-decay process is essentially a quantum tunnel-
ing effect, which was first described by Gamow and by
Condon and Gurney [1, 2]. Several theoretical calcula-
tions have been performed to understand the microscopic
nature of this phenomenon, obtain the a-decay width and
gain information about the structure of the nuclei. These
studies are based on various theoretical models such as
the shell model, fission-like model, and cluster model
[3-10]. In general, the @-decay constant A is the product
of the preformation factor P,, alpha particle penetration
through the potential barrier Py, and the assault fre-
quency vy. The nuclear values of these parameters are
generally dependent on nuclear structure and internuclear
potential.

Because the formation of the alpha particle, including
valence nucleons, is closely related to the nuclear struc-
ture and alpha preformation factor containing most of the
nuclear structure information, the preformation factor is
an important component of the a-decay study. Con-
sequently, the parent nucleus can be approximated as a
simple two-particle system before emission, such that the
alpha emitter is assumed as a system consisting of a core
nucleus and a single alpha cluster [11, 12]. The surface
nucleons and isospin asymmetry of these is expected to
play a more important role in the preformation of the al-
pha nucleus [11-16].

The neutron skin thickness is defined as the differ-
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ence between neutron and proton root-mean-squares;
Ar,, =R, —R,, which can be related to the difference in
nuclear asymmetric equation states inside and on the sur-
face of the nucleus. Various studies have been conducted
on the determination of proton and neutron density distri-
butions, the experimental root-mean-square (rms) meas-
urements of nuclei and the effect of neutron skin thick-
ness on a-decay [17-19]. In some studies, to determine
the Ar,, it is assumed that the proton diffuseness a, and
neutron diffuseness a, are the same, while in fact, at the
nucleus surface this is not exactly the case. Although this
assumption is true for light nuclei with N =Z, it is not
validated for the nuclei with N >Z, as the proton and
neutron density distributions of heavy nuclei are not ex-
actly the same on the nuclear surface. Moreover, the
shape of the neutron density distribution is more diffuse
than the charge density distribution [18, 20, 21].

The HF formalism and Skyrme forces parameterized
to describe various ground state properties of nuclei are
successful theories for the determination of more realist-
ic nuclei densities [16, 17, 22—24]. The effects of the
isospin asymmetry are embedded so well in this formal-
ism that it can be applied to surface studies of the nuclei.
The specifics of the effects of these different isospin
asymmetries on the half-lives of the a-decay can be ex-
pected within the different Ar,, originated by HF formal-
ism and the NST case.

For this purpose, using isospin asymmetry data ob-
tained from the HF formalism and the NST case, we aim
to determine their effects on the @-decay width, half-life,
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and on the preformation factor of a-decay for even-even
isotope groups with 82 < Z <92.

This paper is organized as follows: In Sec. 2, the the-
oretical framework of the double folding (DF) model is
presented in the calculation of nuclear potential, half-life,
and the preformation factor. Sec. 3 presents the results
and discussion. A summary is provided in Sec. 4.

2 Theoretical formalism

The total alpha core potential is constructed by nucle-
ar and Coulomb terms, and it is given by

Vr(r) = Ve(r) + Vn(r). (1)
Nuclear and Coulomb potentials are obtained from
the DF model by folding the densities of the alpha

particle and the daughter nuclei with effective M3Y inter-
actions [25-29],

VN(r) =AVE(r) =/1ffpl("1)v(s= [r+r—ril)
Xpa(r2)d’ry d*ry, 2

where s is the distance between the two interacting nucle-
ons, and p(ry) and p,(r;) are the density distributions of
the alpha particle and daughter nuclei, respectively. The
v(s = |r+r, —rq]) is the effective nucleon-nucleon interac-
tion, where we employ M3Y Paris-NN forces with zero
range approximation for the nucleon-nucleon interaction
[28].

The parameter A in Eq. (2) is a re-normalization
factor. To reproduce the experimental a-decay energies,
the A-value is determined under the Bohr-Sommerfeld
quantization condition [30],

f 1/—IV(;’) Q|dr—(2n+l)——(G L+1) 3)

where r; and r, (and later r3) are the classical return
points, determined from the relation V(R) = Q (decay en-
ergy of alpha). The global quantum number G is estim-
ated by the Wildermuth rule [31],

4 4
G=2N+L=Y @n+l)= ) g )
i=1 i=1

where N is the number of nodes in the alpha core wave
function, L is the angular momentum of the cluster mo-
tion, and g; is the oscillation quantum number of the
cluster nucleon. For N and Z, the parent nucleus is for
(Z,N)< 82, gi=4, for 82<(Z,N)< 126, g;=5, and for
(Z,N) > 126, g; = 6, corresponding to the order on the os-
cillator layers of 4hw, Shw, and 6hiw, respectively. In the
quasiclassical approximation, the a-decay width I, is ob-
tained by [30, 32]

hZ 73
I, = PQF—eXp(—Z f k(r)dr), (%)
4,U r

where P, is the alpha preformation factor, which can be
extracted from the ratio of the experimental decay width
to the calculated one [27].

The normalization factor is,

" dr
F\[, %) =1, (6)

‘/ i—’z‘lV(r) — Q| is the wave number. Then, the
related to the width by

where k(r) =
a-decay half-life is
T1/2 = han/Fa.

In Eq. (2), the mass density distribution of the spher-
ical alpha particle p;(r;) has a Gaussian form given by

p1(r1) = 0.4229 exp(-0.7024 r%), @)

and the mass density distribution of the daughter nucleus

is written as
.

Po
1+ CXP[(FZ _R‘i—/z)/a‘r] ’

p3(r) = ()
where 7 =n or p and the value of pj is fixed by integrat-
ing the density distribution equivalent to the mass num-
ber of the daughter nucleus. The half-density radius Rj ,
is related to the mass number of the nucleus. The neutron
and proton rms radii of the daughter nuclei are

44,73
R(TS) =<7 >12= —fpg(r)r dr .
fpg(r)rzdr

Considering the importance of deformation of the
nuclei on the calculation of this parameter and a-decay
study [6, 26, 33], we have employed the axially symmet-
ric deformed distribution of the daughter nucleus in the
DF model calculations using the following profile [33],

Po

—R{,(0)]/a-} '

where the half-density radius R{ ,(6) is parameterized as
R 5(0) = reA' P14+ B2 Yao(0) + BaYao(®)], (1)

where 3, and B, are the quadrupole and hexadecapole de-
formation parameters of daughter nuclei, respectively,
with their values taken from Ref. [34]. The rms neutron
and proton radii using the deformed nuclear distributions
are calculated by

)

P3(r2.6) = (10)

1 +exp{[r

4 :
o _ [ p3(r.0)r drdﬂ} a2

- fp;(r, 0)rtdrdQ

The multipole expansion of the deformed distribution
p3(r2) is used and then the orientation-dependent DF po-
tential can be evaluated as the sum of different multipole
components [18, 33]. The effect of nuclear deformations
on the decay width could also be evaluated by integrat-
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ing the partial width along the direction,

/2
F:fo I'(B)sinBdg, (13)

where B is the angle between the symmetry axis of the
daughter nucleus and the direction of the a-particle emis-
sion.

We studied two cases. In the first case, the radius and
diffuseness parameters were obtained by HF calculations
based on the Skyrme-SLy4 effective interaction that suc-
cessfully explains the ground state properties of nuclei

[35—37]. The other case is the NST with the assumption
rn>r, and a, =a, =054 that the radius parameters r,
and r, have determined in terms of the neutron and pro-
tons rms radii. The proton root-mean-square radius R, is
extracted by empirical data, and the neutron rms radius R,
is determined by the relation R, = R, + Ar,;,, in which the
Aryp, 1s obtained by

Arpp, =(=0.04+0.03) +(1.01 £ 0.15)0, (14)

which presents the linear relationship between the isospin
asymmetry 6 = (N —Z)/(N +Z) and Ar,, [38].
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(color online) Ratio of neutron-to-proton density versus distance from nucleus center.
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3 Results and discussion

For the nuclei with N >Z, the rms of the neutron
density distribution is larger than the rms of the proton
density distribution, hence the neutron density distribu-
tion can be different from the proton density distribution.
Accordingly, to calculate the nucleus density distribution,
it is not generally correct to assume that p, = %p, when
N > Z. Instead, it is better to separately employ the neut-
ron-to-proton densities.

The ratio of the neutron-to-proton density versus dis-
tance from the nucleus center was plotted for some neut-
ron-rich nuclei 2!1°Pb, 2!8Po, 214Rp, 2?°Ra, 230Th, and 23°U

in Fig. 1. The ratio of densities is equal to N/Z in the
range R =0-4 fm, followed by a sharp rise. This rising
trend is more dramatic in HF compared to NST. To de-
termine the effect of the neutron skin thickness on the a-
decay, the neutron skin thickness was calculated by the
NST and HF formalism versus the isospin asymmetry
parameter § compared in Fig. 2. This figure illustrates the
variation between the calculated values of Ar,, within
these two different approaches.

Because of the important role of the neutron and pro-
ton density distributions in calculating the nuclear poten-
tial, typically, the total potential for the 2'°Po, whose de-
formation parameters are zero, in the NST and HF cases
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(color online) Neutron skin thickness Ar,, versus asymmetry parameter ¢ for isotope groups of elements Pb,Po,Rn,Ra, Th and U
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(color online) (a) Total potential in terms of distance from center of nucleus for 2!°Po, assuming that HF and NST and (b) is

the @-decay width versus neutron number for even-even Po isotopes.

were plotted in Fig. 3(a). In the range of R=9.9-12.5
(fm), the potential value in the HF case is greater by
0.15% to 2.5% in comparison with the NST case. Be-
cause of the effect of the neutron skin thickness in NST
and HF cases on the total potential, it is expected that the
potential variations will affect the penetration probabilit-
ies and consequently affect the a-decay width. Therefore,
the a-decay width was investigated in NST and HF cases
for isotope groups of elements Pb,Po,Rn,Ra, Th, and U.
Typically, the treatment of the calculated a-decay width
for the Po isotope group in terms of the neutron number
was presented in Fig. 3(b). In this figure, the a-decay
widths of the NST case are greater by about 30% than
their equivalent values of HF case. Therefore, this can af-
fect the a-decay half-life and the extracted preformation
factor. Within the calculated potentials, e-decay half-

lives were calculated for the even-even isotope groups of
elements Pb,Po,Rn,Ra, Th, and U by employing relations
6 to 8. In the NST case, the diffuseness parameters were
fixed, and the radius parameters r, and r, were determ-
ined in terms of the neutron and proton rms radii. The
rms proton radius R, was taken from the experimental
rms charge radii, and the rms neutron radius R, was ob-
tained from the relationship R, = R, + Ar,,,. Since the ex-
perimental rms charge radii for some isotopes was not
available, we have assumed the values of rms charge radii
for these isotopes from a simple relationship, given by
R, =(ro+rA2B +nA A3 with r9=0.891(2) fm,
r1 = 1.52(3) fm, and r, = —2.8(1) fm. This relationship was
adapted from a systematic study on available data of the
experimental rms charge radii [39].

In Fig. 4, the logarithm of the preformation factor,
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calculated from the relation P, = T " /T [27], is plotted
according to the parent neutron number for even-even
isotopes with the atomic number in the range 82 < Z <92.
In general, the variation treatments in NST and HF cases
are the same. Results indicate that the curve of HF has a
value closer to the experimental data. The standard devi-
ation from the experimental data obtained by
o ={X¥ log,o(T! /TE)I*/NY/? is equal to 0.438 and
0.391 for NST and HF cases, respectively. This confirms

Neurton number N

(color online) Logarithms of preformation factor of e-decay half-life versus parent nucleus neutron number, for even-even iso-

that the calculated half-lives in the HF case are closer to
experimental data.

4 Summary

In this study, we investigated the effects of isospin
asymmetries resulting from different proton and neutron
density distributions on the total potentials, @-decay
widths, and half-lives of even-even alpha emission nuclei
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with the atomic number in the range 82 <Z<92. The
neutron and proton density distributions of the daughter
nuclei were calculated in the two-parameter Fermi form
of nucleon density distributions. The radius and diffuse-
ness parameter values of the nuclei were obtained from
the NST and HF formalism, leading to different isospin
asymmetries. The results indicated that the values of Ar,,
for the two NST and HF cases affect the @-decay half-life
and the preformation factor.

The standard deviation of the calculated half-lives
from experimental data reached about 0.438 for the NST
case. However, the results illustrated that the isospin
asymmetry within HF formalism lowered the standard de-
viation in comparison with its equivalent value obtained
from NST. The standard deviation for the HF case is
about 0.391, which indicates that the calculated half-life,
in this case, is closer to the value obtained by experiment-
al data.
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