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Role of Skyrme forces in cluster radioactivity of parent nuclei with even (4, Z)
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We investigate the role of different Skyrme forces (SIII, SkI4, and SAMi) in the ground state decay of various
radioactive parent nuclei such as Ra, Th, U, and Pu. The daughters of these nuclei are either doubly magic **®Pb
or a nearby isotope of Pb. Using spherical choice of cluster and daughter, calculations are performed within
the framework of the preformed cluster model (PCM), where the preformation probability Py and penetration
probability P of decaying fragments are used to obtain the half-lives of cluster emission. The considered forces
modify the barrier characteristics and consequently the penetration path, as the scattering potential at the first
turning point of the barrier is lowest with the SkI4 force (lowest penetrability) and highest with the SIII force
(highest penetrability). However, the preformation probability of decaying clusters is highest for the Ski4 force
followed by SAMi and SIII Skyrme forces. To look for the possible role of the spin-orbit effect on the cluster
radioactivity, the half-lives of emitted clusters are calculated with and without the inclusion of spin-orbit potential
V. In addition, the «-decay half live are also calculated to extract an inclusive picture of the dynamics involved.

DOLI: 10.1103/PhysRevC.106.044605

I. INTRODUCTION

The phenomenon of cluster radioactivity (CR) has in-
trigued researchers working in this area. Multiple studies
were conducted by diverse experimental groups at Berkeley,
Dubna, Orsay, and Milano to investigate this extremely rare
decay mechanism of heavy nuclei [1-3]. Sandulescu, Poe-
naru, and Greiner [4] initially predicted CR in 1980, and Rose
and Jones [5] confirmed it in 1984 for '4C radioactivity from
the 22°Ra nucleus. Since then, the emissions of *C, 200, 2°F,
22.24.26Ne, 2830Mg, and *2-3Si clusters have been observed
experimentally in the mass region where parent nuclei with
charge Z = 87-96 are found. All these measured decays result
in daughter nuclei that are doubly magic or almost doubly
magic (i.e., 2%Pb or closely neighboring nuclei). This sug-
gests that the shell effect plays a crucial role in the cluster
emission for heavy nuclei. Interestingly, Poenaru et al. [6]
projected emission of relatively heavier clusters (Z, > 28),
named heavy cluster radioactivity, from parents with Z > 110
and daughters around 2°Pb, implying the possibility of an-
other decay mechanism from superheavy nuclei.

The half-lives of various cluster decay modes have been
investigated using various models such as the analytical
superasymmetric fission model (ASAFM) [6], the unified de-
scription (UD) formula [7], the universal curve for o and
cluster radioactive decay [8], the universal decay law (UDL)
[9], the Horoi formula [10], and the cubic plus Yukawa plus
exponential model (CYEM) [11,12]. In addition to these,
the Bardeen-Cooper-Schrieffer (BCS) approach has also been
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used to study cluster decay with reasonable success [13]. In
general, two types of models, cluster-like models [14—18] and
fission-like models [6,19,20], are used to describe the cluster
radioactivity. In the cluster-like hypothesis, the cluster is as-
sumed to form in the parent nucleus before breaking through
the potential barrier. However within a fission model, the
formation probability of a cluster is calculated as a penetration
of the internal part of the barrier.

In our earlier work, some of us and co-authors investigated
the role of deformations for the exotic decays of radioactive
nuclei from the trans-Pb region using the preformed cluster
model (PCM) [14-18]. The deformations up to quadrupole,
as well as the selection of “optimal” orientations, were found
[14,15] to be sufficient to address the experimental data on
half-lives using the model’s only parameter, the neck-length
parameter AR. With the use of “compact” orientations, the
role of higher-multipole deformations was later accounted for
in the decay of '*C clusters [16]. Later on, various types of
nuclear proximity potentials were employed [21] for compre-
hensive knowledge of cluster dynamics involving 2*Pb and
non-2®Pb as a daughter nucleus. In the present work, we take
up this study on the basis of the preformed cluster model
(PCM) to analyze the influence of Skyrme forces on the be-
havior of possible fragmentation of 222Ra, %**Ra, 2*°Ra, 2°Th,
228p, 230, 230y, 232y, B4y, 0Py, and 28Pu parents. This
study is confined to even (A, Z) parent nuclei, referring to lead
or neighboring nuclei as a daughter product, except for 2°Th
in which the daughter is 2°Hg. Here, in PCM, the cluster
is assumed to be preformed in the decaying nucleus with a
specific probability of preformation, thereby providing us the
structural information regarding the decaying fragments. Note
that in above published works, a phenomenological approach
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(Blocki based nuclear potential [22]) was used; however, in
the present study, a semi-microscopic method such as the
Skyrme energy density formalism (SEDF) [23-29] is adopted.
It is of interest to investigate the influence of Skyrme forces
on the potential energy surfaces (PES) of these nuclei. The
comparative analysis of SIII [30], SAMi [31], and SkI4 [32]
forces is worked out in context of the most probable clus-
ter configuration emitted across 2**Pb daughter nuclei. The
choice of considered forces is based on the fact that all Skyrme
forces have different contributions to the spin-orbit strength.
In the standard Skyrme functional (SIII) spin-orbit potential
is proportional to the single parameter of spin-orbit strength,
i.e., Wo, or we can say that in the SIII force W, = W,;. However
in SklI4 and SAMi forces, double spin-orbit parameters are
included such that Wy # W [31,32].

Various structural aspects have been investigated in terms
of behavioral patterns of fragmentation potential, shell effects,
barrier modification (in terms of height and width), and fine
structure (or substructure) of decaying fragments. The possi-
ble role of spin orbit potential has been worked out in terms
of fragmentation potential and hence the preformation prob-
ability. We have performed our calculations by considering
the Coulomb and nuclear interaction potentials as an inter-
acting barrier for spherical consideration of the fragments.
The half-lives in PCM are the result of the combined effects
of preformation Py and penetration P probabilities, and are
highly sensitive to the potential barrier. The estimated 7i,,
values have been compared with the available experimental
data [33,34] to emphasize the relevance and applicability of
the formalism used. In the present work, in addition to cluster
radioactivity, the a-decay process of considered parents is also
investigated using the same model. The calculated logarithmic
half-lives of all o emitters is compared with the experimental
data [35].

The paper is organized as follows: the methodology, which
includes preformed cluster model (PCM) and the Skyrme
energy density formalism, is presented in Sec. II. Calculations
and results are discussed in Sec. III, and finally the outcomes
are summarized in Sec. I'V.

II. METHODOLOGY

A. The preformed cluster model (PCM)

The quantum mechanical fragmentation theory (QMFT)
[36,37] is used to develop the preformed cluster model (PCM)
[14—18]. The PCM is worked out in terms of the collective

. . _ A17A2
coordinates of mass and charge asymmetries n = ATA and
nz = 2;2, the relative separation R, and the multipole de-

formations §;; and orientations 6; (i = 1, 2) of daughter and
cluster nuclei.

Within PCM, the decay half-life 7, is calculated by using
the well known relation

In2
A=—= P()U()P. (1)
Tip

Here A and vy respectively are the decay constant and barrier
assault frequency. P is the cluster (and daughter) preforma-

tion probability and P the barrier penetrability, which refer,
respectively, to the n and R motions.

In the above equation, P, is obtained by solving the sta-
tionary Schrodinger equation in the 7 coordinate, at a fixed
R = RCM

[ w0 10 + V( )}W‘)( )=E“Yy“(n), (2

S . a—a. TR n) = n)s

2/By, 91 /By, 01

which on proper normalization gives

Py = /Byl ¥ [n(AD11*(2/4), 3
withi =lor2andw =0, 1, 2, 3, .. .. For ground state decay,

Eq. (2) is solved for @ = 0 only.

The penetrability P in Eq. (2) is calculated by solving the
WKB integral between R, and R, the first and second turning
points, respectively (see Fig. 1). In the WKB approximation,
the transmission probability P is divided into three processes:
(a) the penetrability P, from R, to R;, (b) the (inner) deexcita-
tion probability W; at R;, taken as unity, i.e., W; = 1 for heavy
cluster-decays [38], and (c) the penetrability P, from R; to Ry,
giving

P = PWP,, “

where P; and P, are definedas

_ 2 (& Anl2
P; = exp “n ) 2ulV(R) = VR)I}Y/“dR|,  (5)

Ry
{2ulV(R) — Q]}”zdR}, ©6)

2
P, =exp 7
R

For R,, the first turning point of the penetration path,
R.(n) =R+ R, + AR
=Ri(n) + AR, (N

where the  dependence of R, is contained in R;, and AR is a
parameter assimilating the neck formation effects, somewhat
similar to that used in the two-center shell model.

The structure information of the decaying nucleus is con-
tained in Py via the fragmentation potential Vx(n) and is
defined as

2
Ve(n) = — Y _[Bi(Ai, Z)] + Ve(R, Z)
i=1

+Vn(R, Aj) + Vi(R, Ap). ®)

Ve, Vi, and V; are, respectively, the Coulomb, nuclear, and
angular momentum dependent potentials for deformed and
oriented nuclei (for details, refer to Refs. [39,40]). Note that
shell effects enter here mainly through the ground state bind-
ing energies B;(A;, Z;) [41,42]. For ground state decays, £ = 0
is a good approximation [34].

In Eq. (8), the nuclear potential Vy is calculated within the
framework of the Skyrme energy density formalism (SEDF),
which is described in the next section.

B. Skyrme energy density formalism (SEDF)

In the Skyrme energy density formalism (SEDF) [23,43],
the nuclear interaction potential Vy(R) between two colliding
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FIG. 1. (a) Variation of scattering potential with SIII, SkI4, and SAMi Skyrme forces for the decay of 2**Ra into spherical '*C cluster and
208pp daughter. (b) Two-panel figure with the left side representing the value of the potential at first tunneling point V (R,) with the right side

showing the barrier lowering parameter AVj.
nuclei is defined as

W(R) = Ew(R) — E| — Ey, 9

where Ei(R) is the total energy expectation value of the
colliding parters at distance R (center to center), whereas the
individual energies of non-interacting projectile and target
nuclei are represented by E; and E,. The energy expectation
values Ei(R), E; and E,, are further obtained by volume
integration of Hamiltonian density H () as

E(R) = /H[pp(7),pn(7)]d?, 10)

Ei(R) = /H[pip(?), pin(MdF (i=1,2). (11)

Here p;,(r), pin(r) are proton and neutron densities of non-
interacting nuclei, and p,(7), p,(r) are densities of interacting
nuclei. H(7) in the above equation stands for the energy den-
sity functional, given as in [23], including the kinetic energy
contribution 7 (r) and nuclear interaction parts Hyy (r):

2

Hp,©.J) = h—r + Hyy (). (12)

The kinetic energy density t is then calculated by using the
extended Thomas fermi approximation of Bartel et al. [28].
The Skyrme Hamiltonian is given by [23]

3to[ (14 3x0) 0% = (x0 + 3) (03 + 07)]
+ 5130 [(1 4 33%3)0° = (53 + 3) (07 + )]
+ }1[1‘1(1 + %xl) + t2(1 + %xz)]pr

Hsky(r) =

3) — (2 + 3)(oata + 0p7,)
+ 36301+ 33) —2(1+ 30)](Voy

- o+ ot )
pn)* + (V)]

VVO[,OV J]+ WO[,OnV J +,0,,V~ p]

(tl - IZ)( P jr?)]
(13)

1
+3
— [15(t1x1 + t2x2)J? —

The nuclear, kinetic energy, and spin-orbit densities are
represented by p = p, + pp, T = 7, + 1, and J= fn + fp.
m is the nucleon mass, and x;, t; (j =0, 1,2), x3, 13, , Wp,
and Wy refer to the Skyrme force parameters. In Eq. (13), the
last two terms of the Hamiltonian correspond to the spin-orbit
effect. In this work, we have used SIII, SklI4 [32], and SAMi
[31] Skyrme forces.

In the above equation, spin density J is given by

2ml

J,(F) = —73 (14)

fqqu(p + pg)-

Note that each of 7,, f;, and J; are functions of p, and/or p
alone.

Densities of the composite system p = p; + pz, with p; =
Pin + pip (i =1,2), and 7(p) and f(,o) are added under the
frozen density approximation, as follows:

(p) = 11(p1) + 12(02),

J(p) = Ji(p1) + Ja(p2), (15)
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with pi = pin + pip. Ti(p1) = Tin(pin) + Tip(pip). and Ji(py) =
Jin(pin) + Jip(pip)~

For the proximity potential, Gupta et al. [44] introduced
the slab approximation of semi-infinite nuclear matter with
surfaces parallel to the xy plane, moving in the z direction,
and separated by distance s having minimum value s¢. Then,
the interaction potential Vi (R) between two nuclei separated
by R = R; + R + s is given as

Vy(R) = 2nR/OO e(s)ds =27R | {H(p,t,])

5o

—[Hi (o1, 11, J1) + Ha(p2, T2, o)1}z
=2nR / {(H(p) — [Hi(p1) + H2(p2)])

+(HT) — [Hi(J)) + Hy(J)])}dz
= Vp(R) + V;(R). (16)

Here, Vp(R) and V;(R) are spin-orbit density independent and
dependent parts of the nuclear interaction potential. R is the
mean curvature radius defining the geometry of the system.
Hence the nuclear potential derived within the SEDF approach
is a sum of spin-orbit dependent (V;) and independent (Vp)
parts.

III. RESULTS AND DISCUSSION

A. Cluster radioactivity using Skyrme forces

In order to look for the extensive role of Skyrme forces,
the barrier profile is analyzed for the spherical choice of
cluster and daughter. Figure 1(a) shows the comparison of
scattering potential (MeV) with the different Skyrme forces
(SIII, SkI4, and SAMi) for the decay of 222Ra into the most
probable channel '4C + 2%8Pb. It is evident from the figure that
all considered Skyrme forces have similar barrier height, but
other characteristics of the barrier such as the oscillator fre-
quency (fiw) and potential at first turning point [V (R,)] change
considerably. Moreover, within PCM, fragments follow the
two-step penetration process (explained in Sec. II), i.e., path 1
from R, to R; and path 2 from R; to R, [marked in Fig. 1(a)].
It is observed that the values of potentials at above mentioned
points are different for considered Skyrme forces as pene-
tration starts at a lower value of V(R,) for the SkI4 force
and at higher magnitude for the SIII force. It also means that
different Skyrme forces provide different penetration path and
consequently impart corresponding modifications in penetra-
tion probability (P) of the cluster/daughter. The potential at
the first turning point and at the top of the barrier Vj is then
used to calculate the barrier lowering parameter AVj, i.e.,

AV = V(R,) — Vp. (17)

The effective “barrier lowering” parameter AVj is an inbuilt
property of the PCM and is estimated in reference to the
unique choice of AR for a best fit to the data (discussed later).
Note, since AVj is defined as a negative quantity, the actually
used barrier is effectively lowered. The left side of Fig. 1(b)
shows the calculated values of V(R,), and on the right side
scale AVjp is depicted. The result shows that different Skyrme

forces require different modification in the barrier as the SIII
force has a higher value of AVp than the other two forces
chosen. This discussion implies that choice of force plays an
important role in deciding the penetration path.

Further, to identify the most probable cluster and daughter
in the exit channel, SIII, SAMi, and SkI4 Skyrme forces
are applied to examine the fragmentation structure of **Ra,
226Ra, 22U, and 2*U parent nuclei. Figure 2 depicts the
variation of fragmentation potential V (MeV) as a function
of fragment mass A, plotted at fitted values of neck length
AR. Tt is clear from Figs. 2(a)-2(d) that, although there is
a difference in the magnitudes of fragmentation potential,
the potential energy structures (PES) remain similar for all
considered Skyrme forces. For *’Ra and ?*°Ra parent nu-
clei, minimum potential is obtained with the Skl4 force and
maximum with the SIII force. However, for the isotopes of U
nucleus, a mixed trend is observed. In addition to this, despite
the use of different Skyrme forces, the most favorable clusters
(indicated with the solid vertical line) emitted from the respec-
tive parent nuclei remain intact, as the strongest minima in
the fragmentation plot of >*’Ra, ?°Ra, 232U, and >**U parents
correspond to '“C, '*C, **Ne, and *Ne clusters respectively
(marked in Fig. 2). In the previous analysis using PCM [45], a
similar result was obtained with the use of different proximity
potentials. Importantly, the choice of the most probable cluster
for all parents signifies the role of the shell closure effect,
as the daughter nucleus that corresponds to these parent nu-
clei belongs to doubly magic >®Pb or a neighboring isotope.
Moreover, other clusters having a potential nearer to that of
the experimentally verified clusters in the decay of the same
parent nucleus are ruled out, either because of their smaller
penetrability P or large calculated decay half-lives.

The computed Q value, which represents the available en-
ergy for clusters to penetrate the potential barrier, is shown
in Fig. 3. The maximum in the Q value increases the pene-
tration probability, which enhances the probable existence of
a particular decay mode. Interestingly the **Ra nucleus is
found to be unstable (Q > 0) against several cluster decays.
The systematics of the Q value prefers the emission of heavier
clusters (1°B, '*C, 2°0, etc.) in the decay of the >*’Ra parent
nucleus.

The above findings are better understood in terms of pre-
formation probability and penetrability calculated in reference
to the most favorable cluster in the decay of **’Ra to ***Pu
parent nuclei by employing a spherical approach with the
considered Skyrme forces. The results are respectively given
in Tables I and II. The experimentally observed clusters and
daughters of respective parents are also mentioned in the
tables. It is evident from the Table I that, with the increase in
mass number of the parent nuclei, the most probable clusters
shift toward heavier mass. Table II depicts the the compari-
son of PCM calculated half-life with experimentally available
data. It is to be noted here the the assault frequency vy is
constant (=10?' s7!) for all cluster decays. To address the
half-lives, a fitting parameter, neck length AR, of the order
of 0.85 £ 0.5 fm is used. It is evident from the Table II that
PCM calculated half-lives with the choice of all three Skyrme
forces (SIII, SAMi, SkI4) give reasonable agreement with ex-
perimentally observed data for all nuclei ranging from >?*Ra
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FIG. 2. Fragmentation potentials of (a) **Ra (b) ***Ra (c) 22U, and (d) ?**U parent nuclei for spherical choice of decaying fragments
using SIII, SAMi, and SklI4 Skyrme forces. The figure is plotted at fitted values of neck-length parameter AR.

to 230, Specifically for 32,234, 236py, and 28Pu nuclei, the
deviation of PCM predicted half lives with respect to exper-
imental data is fairly small for the SIII force as compared to
other forces. Conclusively, the choice of Skyrme force has a
crucial influence in determining the tunnelling path and hence
half-life of respective clusters. Figure 4 shows the Py and P of
the 22?Ra, 28Th, 2°y, and >**Pu parent nuclei decaying into
the 2%Pb daughter nucleus plotted with the SIII force only.

After obtaining the Py and P values of all preferred clusters,
their decay half-lives are calculated in reference to Eq. (1).
Within PCM, logarithmic half-life times [log,, T2 (s)] are
the combined effect of cluster preformation probability and
its penetration probability across the barrier, and are depicted
in the lower panel of Fig. 4.

Moreover, to see the relevance of the considered Skyrme
forces used in the context of cluster radioactivity, the standard

TABLE I. PCM calculated preformation probability Py and penetrability P for the most probable clusters emitted from different parents

using SIII, SAMi, and SkI4 forces.

SII SAMi Skl4

Parent Py P Py P Py P

22Ra — " +2%pp 1.74 x 107'¢ 2.06 x 107" 2.42 x 10718 2.04 x 107" 9.80 x 10~ 3.93 x 1071
2%4Ra — “4C+2%pp 5.89 x 10716 8.69 x 1072 8.17 x 10715 7.95 x 1072 1.08 x 10! 6.75 x 10714
26Ra — 14C+212Pp 2.74 x 10718 3.05 x 1072 2.18 x 1077 1.19 x 107 1.60 x 10712 5.52 x 1073
226Th — 180 4 2%pp 8.23 x 1072 1.68 x 107" 4.51 x 1072 8.64 x 1072 8.38 x 1071 2.57 x 107"
20Th — 14 4 212pg 1.21 x 10720 3.68 x 10722 1.82 x 10720 1.37 x 10718 3.08 x 10715 5.37 x 10726
28T — 200 4 208pp 6.25 x 10718 1.48 x 107% 5.15 x 1071° 1.65 x 1072 1.68 x 107! 1.84 x 107°%
20Th — *Ne 4 2Hg 2.84 x 107" 3.76 x 107% 9.45 x 107" 1.58 x 1077 2.07 x 10713 7.25 x 10730
20y — 22Ne + 2%pp 1.64 x 102! 1.03 x 1072 6.84 x 10713 6.41 x 1077 3.75 x 107V 1.58 x 107%
B2y — 2Ne + 2%pp 1.07 x 10~'¢ 7.29 x 107% 3.43 x 1071 4.49 x 10720 7.13 x 10712 3.97 x 107%
B4y — Ne + 2%pb 2.73 x 1072 1.56 x 10728 1.98 x 10~ 5.48 x 107% 1.62 x 10713 6.14 x 107%
Bopy — BMg 4 28pb 7.34 x 107" 1.26 x 1072¢ 1.17 x 107Y 6.381 x 1072 6.77 x 10713 5.92 x 1072
28py — Mg+ 2%pb 2.60 x 107'3 5.92 x 107% 1.19 x 10718 1.54 x 1072 3.31 x 10713 1.43 x 1077
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TABLE II. Calculated half-life times and other characteristic quantities for cluster decay of various parent nuclei to the ground states
of their respective daughter nuclei. Calculations are made by using the PCM for cases of SIII, SAMi, and SkI4 forces and compared with

experimental data [33,34].

Half-lives (log,, 73 ,2) (s)

AR (fm) PCM

SIII SAMi SkI4 SIII SAMi Skl4 Q value

Decay channel (a) (b) (c) (a) (b) (c) Expt. (MeV)
222Ra — “C+2%%pp 1.2 1.2 1.1 12.81 11.60 10.77 11.01 32.47
24Ra — “C+2'%Pb 0.8 0.8 0.9 15.66 16.50 12.51 15.86 31.16
226Ra — “C+2'2Pb 0.8 0.8 0.7 21.47 21.98 21.45 21.79 28.61
226Th — 180 4 208pp 1.0 1.0 1.1 18.20 17.75 15.20 15.3 4755
226Th — “C +212po 1.0 1.4 0.8 19.7 15.94 18.15 15.3 31.70
28Th — 20 4 2%pb 0.6 0.8 0.1 20.4 17.4 17.88 20.87 4591
20Th — #*Ne + 2Hg 0.35 0.6 0.6 25.30 23.18 20.18 24.61 58.57
B0y — 22Ne + 2%pp 0.5 0.5 0.6 22.0 16.68 19.55 18.2 61.69
2225 _y 24N + 208pp, 0.3 0.6 0.6 22.43 18.16 13.89 21.05 62.03
24y — Ne + 2%pp 0.5 0.6 0.7 25.72 20.33 19.38 25.06 58.65
B6py — BMg+ 2%Pb 0.3 0.7 0.6 20.33 18.46 16.73 21.67 78.75
28py — Mg+ 2%Pb 0.3 0.6 0.6 24.13 21.09 17.67 25.70 76.82

rms deviation (o) with the half-lives of experimentally ob-
served clusters is calculated for SIII, SAMi, and SkI4 Skyrme
forces as shown in Fig. 5. The formula used for o calculation
is mentioned in the figure. It is observed that the standard
rms deviation in half-lives with respect to the experimental
log, 712 is minimum with the SIII force and starts increasing
for SAMi and SkI4 Skyrme forces. Thus one may conclude
that the SIII force is perhaps the best option to study cluster
radioactivity of the considered parent nuclei.

In addition, the role of spin-orbit potential is investigated in
the cluster dynamics of the considered systems. Since the SIII
force is able to provide cluster half-lives closer to experimen-
tal half-lives, the present study is conducted with the SIII force
only. Figure 6 depicts the variation of preformation probabil-
ity (Py) of various fragments emitted from ***Ra, ?*°Ra, 2?6Th,
and 22Th parents with and without considering the spin-orbit
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potential V; in the total interaction potential. It is observed
from the figure that the magnitude of P, of decaying fragments
changes significantly when the contribution of spin-orbit po-
tential V; is switched off from the total interaction potential.
The Py and P values of all experimentally observed clusters,
with the exclusion of the spin-orbit part, are depicted in Ta-
ble III. The role of spin-orbit effects is further investigated in

1
1010 ® -
: \e
A 10794 SIII force \ /
1
-20 3
07 (@ .
10224 . . . ;
22p, 287, 23075 236py
10—181
1020 4 °
10223
A~ : )
10-24:: /
10-26}; (b) S \e
1028 +— . ; .
22p, 287 23075 236py
224
Q 4
$ 20] (0 T/T\T
a 18- 22
H; 16_. 14C 2()0 Ne 28Mg
g 144 l
- 12 T T T T
22p, 287, 230(5 236py
Parent nuclei

FIG. 4. Variation of Py, P, and half-lives of clusters emitted from
different parent nuclei calculated using the SIII force.
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FIG. 5. Standard rms deviation (o) calculated for SIII, SAMi,
and SkI4 Skyrme forces.

Table IV by calculating the percentage change in the PCM
calculated cluster half-lives with and without the inclusion of
V;, calculated as

%AIOgtl/z -1

_ log t 2 (with V;) — log t (without V)

- x 100,
log t1 /> (with V)

TABLE III. PCM calculated preformation probability P, and
penetrability P without considering spin-orbit effects in SIII force.

Parent Py P

222Ra 0.136 x 10715 0.165 x 10718
24Ra 0.133 x 10712 0.419 x 107
226Ra 0.264 x 107" 0.794 x 1077
220 0.241 x 1072 0.450 x 10~°
220Th 0.864 x 1072 0.259 x 10~%
20y 0.402 x 10~ 0.423 x 1072
B4y 0.892 x 10712 0.727 x 1073

and the last column represents the percentage change in
the PCM calculated half-life log#,,, (without including spin-
orbit potential) vs experimentally given values, marked as
% A logt » 1L It is found from the second column of Table IV
that half-lives show a considerable difference of 37% when
the spin-orbit potential is excluded from the nuclear interac-
tion potential. This deviation becomes more remarkable when
compared with the last column of Table IV. This suggest
that the spin-orbit effects are significantly important in the
cluster radioactivity process. It is important to mention here
that in the table half-lives of clusters with parent nuclei are
shown up to 2**U. The reason is that the half-lives of the
remaining clusters cannot be calculated, as the potential at
the first turning point turns out to be less than the Q value
of the decay. To clarify this point, Fig. 7 is plotted without
considering spin-orbit effects. In the figure the variation of
V(R;) — Ovale On the y axis with mass of the parent nuclei

—_
o
n

=101
[a @)

—
g

[3e]

[

10_5 226Ra
14C

107

10—25

107

10735 . . . . . !
0

-
[
9%

=107
[a @

—_—
d

[Ne)

9

Preformation probability  Preformation probability

10°
107 200y
10—10
10-15
10—20
10—25
10730 ' ' ' ' '

228Th

10°%

Mass of Fragments

Mass of Fragments

FIG. 6. Preformation probability Py of *’Ra, ??Ra, 2*°Th, and ?Th parent nuclei with and without considering the spin-orbit potential

within the SIII force.
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TABLE IV. Column 2 refers the percentage change in PCM
calculated half-live (%Alogt;,, I) with and without considering
spin-orbit effects, and column 3 depicts the percentage difference
in PCM calculated logt,,, (without including spin-orbit potential) vs
experimentally given values (%A logt,; II).

Parent %Alogt 1 %A logt, 11
222Ra 1.5 18
22%Ra 0.1 1.4
226Ra 16 18
226Th 0.5 19
226Th 37 76
230(5 8 10
234y5 12 10

(shown on the x axis) is depicted. It is evident from the
figure that the difference V (R,) — QOvane 18 positive for 22Ra
to 234y, which turns towards negative values for rest of the
parent nuclei (for more details see Ref. [21]).

B. « decay of even (A, Z) parent nuclei using
the SIII force

Recently [46], Dumitrescu and Delion examined emission
data for proton, «, and cluster radioactivity for a number
of parent nuclei from 'Te to 2**Og in a unified model by
using a realistic analytical approach for the barrier penetration
and spectroscopic factor. Following the above work, we have
made an attempt to investigate o decay for the same parents
(Ra, Th, U, and Pu) discussed in the previous section for the
cluster decay. Within the framework of PCM, the logarithmic
half-lives of all « emitters are calculated using the SIII force.
The experimental data of o emission is taken from the table
of [35]. The calculated results are presented in Table V. In
the table, the preformation probability Py and penetrability P
of the decay channel are shown along with the comparison of
PCM calculated half-lives with experimentally available data.
The Q values for o decay are also given in the table; they
are calculated using the experimental and theoretical mass
compilations of Audi-Wapstra and of Moller er al. [41,42].

- 9
14 1 SIII force without Spin-orbit effects
121 22
1. ““Ra
10 7 2 2%Ra
E 8] 3 26R,
C}? 6] 4.26Tp
A ; ] 5.2Th
% )
= U - e il
_2 —- 7 234U 10 232U
448 2Th 11.%Pu
'6 9 230'1"h 12 238Pu * ]
'8 ] T T T

T T T T T T
56 78 9101112

Parent nucleus

FIG. 7. Variation of V(R,) — Qvae as a function of mass of
parent nuclei. The calculation is made without considering spin-orbit
effects in the interaction potential.

It is observed from the table that the calculated logarithmic
half-life values are in fair agreement with the available exper-
imental data [35].

In our future work, we are interested to study the role of the
above Skyrme forces in the ground state decay of superheavy
elements (SHEs).

IV. SUMMARY

In this work, the cluster emission of various radioac-
tive parent nuclei is investigated using the preformed cluster
model (PCM). The study is carried out within the frame-
work of the Skyrme energy density formalism (SEDF), and
decay half-lives (log,, 71,2) of the clusters are estimated us-
ing different Skyrme forces (SIII, Skl4, and SAMi). It is
observed that half-lives of the clusters change significantly
with the use of different Skyrme forces, because of the cor-
responding change in the preformation probability (Py) and
penetration probability (P) of the emitted cluster. The chosen

TABLE V. The PCM calculated logarithmic half-lives of the o emitters along with daughters compared with the available experimental
data [35]. The Q values, preformation probability P, and penetrability P of the decaying channel are also listed.

Parent Daughter Py P log,, 5™ (5) log,, Tizpl' (s) 0 value (MeV)
222Ra 218Rn 5.29 x 1078 1.00 x 107" 4.7 1.6 5.996
2%Ra 220Rn 3.85 x 107° 1.25 x 1072 5.7 5.5 5.886
226Ra 22Rn 1.51 x 1077 3.36 x 107% 11.8 10.7 4.886
26y 22Ra 1.62 x 1078 2.05 x 10718 3.9 3.3 7.016
228Th 2%Ra 8.87 x 1078 1.31 x 1072 7.4 7.8 5.526
2307 226Ra 5.58 x 107° 8.91 x 107% 12.7 12.4 4.726
B0y 26T 1.40 x 1077 8.32 x 10722 7.3 6.3 5.646
22y 28Th 1.54 x 1077 1.53 x 107% 10.1 9.3 5.146
Bay 20ThH 2.32x 1078 7.63 x 10728 13.2 12.9 4.706
236py 22y 1.49 x 1077 225 x 1075 7.9 8.0 5.776
28py 24y 1.54 x 1078 1.35 x 10~ 10.1 9.4 5.586
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Skyrme forces adequately address the half-lives of clusters
emitted from parent nuclei with mass A = 222-234, and
SII seems to perform relatively better for heavier nuclei.
Here, the effect of a spin-orbit density dependent potential
on log,, 7> is examined in reference to the SIII force. Be-
side this, o decay is also examined using the same model,
and half-lives are addressed within the limits of experimental
data.
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