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A comprehensive study of « particle emergence from '3-2!8Po isotopes is carried out within the framework of
the preformed cluster model (PCM). The mass asymmetry coordinate and the interfragment separation play
crucial roles in the identification of the most probable decay channel and the barrier penetration of decay
fragments. First, the barrier characteristics are studied using two choices of radii [with surface diffuseness (C;)
and without surface diffuseness (R;)]. The fragmentation behavior of '3Po, 22Po, and 2'®Po isotopes is explored
for the identification of the most probable decay channel in view of the structure of the fragmentation potential.
The o decay is found to be the most prominent decay mode in the chosen set of isotopes. The preformation and
penetrative probability of the decay fragments is studied with respect to increase in the neutron number of the
parent nucleus. The « decay half-lives of polonium isotopes are calculated using classical assault frequency (v,.)
and quantum mechanical assault frequency (v,) and a comparison is made with the experimental data. Here, the
term assault frequency is basically the impinging frequency of an « particle near the surface of the parent nucleus.
Further, the o decay half-lives of the '**22°Rn isotopes are calculated using the effective assault frequency (v,)

parameter, and a comparison is made with the available experimental data.

DOI: 10.1103/PhysRevC.106.034608

I. INTRODUCTION

The spontaneous emergence of the mass and energy from
an unstable radioactive nucleus is termed radioactivity, which
was given by Henry Becquerel in 1896 [1]. Generally, it is
considered that a radioactive nucleus may try to reach a stable
configuration via emergence of alpha («) particle, beta (8)
particle, and gamma (y) decay modes. There are other ra-
dioactive decay modes such as cluster radioactivity (CR)[2,3],
heavy particle radioactivity (HPR), spontaneous fission (SF)
[4]. etc. It is observed that the o decay is the most common
emission mode, and has higher decay probability among other
competing modes (CR, HPR, SF, etc.). Further, o decay also
works as a decisive factor for the stability analysis of nuclei
belonging to heavy and superheavy mass regions [4—13]. Few
experimental attempts [14] explore the continuous emission
of « particles near Z = 50. o decay chains are also observed
in the superheavy mass region, where successive o emission
happens and the process terminates with spontaneous fission.
Hence, the « decay plays important role in exploring the decay
dynamics and the associated stability aspects.

Numerous experimental and theoretical attempts
[10,13,15-26] were performed to understand the radioactive
emergence of the o particle. Several nuclear models such
as the generalized liquid drop model (GLDM) [27,28],
the cluster formation model (CFM) [29], double folding
potential model [30], the unified fission model (UFM) [31],
the analytical superasymmetric fission model (ASAFM),
[32] and the preformed cluster model (PCM) [33,34] were
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introduced to understand the cluster-core interplay within
the radioactive parent nuclei. The above mentioned models
are based on some assumptions and are worked out in terms
of certain coordinates to study different decay properties
associated with unstable nuclei. In the generalized liquid
drop model (GLDM), the macroscopic liquid drop energies
play a key role to give different decay channel properties.
On the other hand, in the unified fission model (UFM) the
preformation or spectroscopic factors are taken to be unity
and the decay half-lives are calculated using the barrier
characteristics. Similarly, the preformed cluster model (PCM)
[35] has successfully explored different ground state decay
mechanisms such as « decay, CR, HPR, SF [36,37], etc. In
this model, a cluster is supposed to be in a preborn state
within the parent nucleus and the cluster core interplay is
explored using the mass asymmetry coordinates and the
relative separation distances. These coordinates are further
employed collectively and give the preformation probability
of the decaying fragments, which in turn serves as an
important tool for the estimation of the decay half-life, the
decay constant, etc. The stability analysis of a radioactive
nucleus depends on the decay constant, which is a product of
preformation probability (), penetration probability, and the
barrier assault frequency. The term “impinging frequency” or
“assault frequency” is the frequency of the « particle near the
surface of the parent nucleus. The preformation probability
is calculated using the stationary Schrodinger equation in
terms of the mass asymmetry coordinate and the penetration
probability is calculated via the Wentzel-Kramers-Brillouin
(WKB) approximation method. In the present work the role
of assault frequency (vp) is calculated using classical and
quantum mechanical views. In the classical view, the assault
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frequency is calculated using the decay energy or the total
kinetic energy, which is assumed to be shared among the
decay fragments [38]. In the quantum mechanical view, the
cluster is supposed to vibrate near the surface of the parent
nucleus under the influence of a harmonic oscillator potential
[39]. Furthermore, some attempts were made [40,41] in which
modified assault frequency parameters were introduced. It is
assumed that the preformation factors are included in such
calculations. In the present paper, an attempt is made to
explore the role of effective assault frequency parameters in
terms of the Q value of the decay channel.

As discussed earlier, the o particle emission is one of
the major common emission modes in a radioactive nucleus
which may attain a stable configuration under the influence of
proton or neutron shell closure effects. It will be of interest
to study such effects for a chosen set of nuclear isotopes. In
this paper,  decay analysis of '8-218Po isotopes is performed,
which after o decay gives the lead (Pb) isotopes as daughter
fragments. The calculations are performed using PCM, and
the primary goals of the work are (i) to study the behavior
of the preformation probability, penetration probability, and
assault frequency with respect to the neutron number of the
parent or daughter nucleus; (ii) to make a comparative anal-
ysis of « decay half-lives using different choices of assault
frequency; and (iii) to explore the relevance of the effective as-
sault frequency parameter, which may further help exploration
of the o decay properties. The overview of this paper is as
follows. Section II gives a brief description of the preformed
cluster model (PCM). In Sec. III, « decay analysis of Po
isotopes is carried out using different assault frequencies. The
effective frequency parameter is given, and further this param-
eter is used to calculated the decay half-lives of Rn isotopes.
Finally, a summary of the observations and conclusions drawn
is outlined in Sec. IV.

II. PREFORMED CLUSTER MODEL (PCM)

In the present paper, the calculations are performed using
the preformed cluster model (PCM). PCM is based on the
quantum mechanical fragmentation theory (QMFT) [52-54].
The main assumption of the model is that the cluster is in
a preformed state within the parent nucleus, as follows the
collective clusterization approach, which treats all probable
decay modes such as o decay, CR, HPR and spontaneous
fission on parallel footing. The methodology mainly works out
in terms of the mass (or charge) asymmetry coordinate n and
R coordinates. The stability analysis of a nucleus is estimated
by calculating the decay half-life 7;,, and decay constant A,
which can be obtained as

In2
Tl/zzT, X:UP()P. (1)
Here, v and P, are the barrier assault frequency and preforma-
tion probability respectively, and P refers to the penetration
probability (R motion). The assault frequency can be calcu-
lated via different methods or sometimes taken as constant
(nearly 10?"). In the present work two type of assault frequen-
cies, i.e., classical assault frequency (v,) and quantum assault
frequency (v,), are explored. In the classical view, the assault
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FIG. 1. The scattering potential V (R) for the o decay using (a)
effective sharp radius R; (without surface diffuseness) and (b) Stiss-
mann central radii C; (with surface diffuseness).

frequency v, is calculated as

QB
-2

where Ry is the radius of the parent nucleus, w is the reduced
mass, and E; is the kinetic energy of the emitted cluster. Since
the emitted cluster and the daughter nucleus are produced in
the ground state, the entire positive Q value of the decay is
the total kinetic energy (Q = E| + E)) available for the decay
process, which is shared between the two fragments, such that
the energy of the emitted cluster is (1 and 2 stand, respectively,
for daughter and cluster)

; @)

¢

A
@:f@ 3)

and E; is the recoil energy of the daughter nucleus. In
quantum picture, the cluster is assumed to be vibrating in a
harmonic oscillator potential near the surface of the parent
nucleus [39]. The quantum assault frequency (v,) is given as
G+ 3)h
v, = % )
1.2w uR
G denotes the global quantum number of a cluster state and is
given using the Wildermuth rule [55]:

4
G:2n+l:2g[. (5)
i=1
The value of g; is given as 4 for (N, Z) < 82, 5 for 82 <
(N,Z) < 126, and 6 for (N, Z) > 126, where N, Z are the
neutron and proton numbers of the parent nucleus. For further
details see Ref. [39,56,57]. The fragmentation potential V
reads as
2
V() = =Y B(Ai. Z) + Ve(R. Zi. B )
i=1

+Vp(R, A;, Bii, 00). (6)
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FIG. 2. The fragmentation potential V as a function of fragment mass A, for (a) '*Po, (b) 2*>Po, and (c) *'®Po isotopes using deformed

and spherical (inset) choices of the decaying fragments.

Here B; represents the ground state binding energies taken
from [58]. The quadrupole deformation (8,) values are taken
from [59]. V. denotes the Coulomb potential and V), is the
nuclear proximity potential, written as

Vpij(s) = 4n Ry bd(s), (7)

where s is the surface separation of fragments, y =
0.9517[1 — 1.7826(N — Z/A)*)] MeV fm~? (the surface en-
ergy constant), and » = 0.99 is the nuclear surface thickness.
R is the mean curvature radius and @ is the universal function;
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FIG. 3. The preformation probability P, as a function of neutron
number N, for 13-218Pg isotopes.

for more details, see Refs. [60,61]. The calculated fragmenta-
tion potential V is further used to calculate the preformation
probability by solving the Schrédinger equation in the 7 coor-
dinate at fixed R = R,,

+V v =E"Y'(n), (8
2/B,, 1 \/B,, 1 R(n)}lﬁ ) vi(m), (8)

withv =0, 1, 2, 3, ... referring to ground state (v = 0) and
excited state (v # 0) solutions. The penetration probabil-
ity of P of the emitted fragments is obtained using the
Wentzel-Kramers-Brillouin (WKB) integral, and determined
by following expression:

P = P,WP,. C))
Here, the transmission probability consists of three contribu-
tions, as shown in Fig. 1:

(i) the penetrability P, from R, to R;,

2 [k
Py = exp[—ﬁ f 2ulv®) - V(R,»)]}”ZdR}
RH
(10
(ii) the inner deexcitation probability W; at R,

W; = exp(—DE;); an

(iii) the penetrability P, from R; to Ry,

Ry

_ 2 1/2
P, = exp [_ﬁ {2ulV(R) — 01} dR]- (12)

R

This indicates that the penetration process begins
at R=R, and terminates at R =R, with V(R,) =Q
value. The concept of de-excitation probability W;
is taken unity from the excitation model of Greiner
et al [62]. The first turning point (R,) of the

034608-3



NITIN SHARMA AND MANOJ K. SHARMA

PHYSICAL REVIEW C 106, 034608 (2022)

penetration path is defined as

R, = Ri(a1) + Ry(a2) + AR

=R;(x) + AR (13)
with radius vectors R; (i = 1, 2),
Ri(e;) = Ro; [1 +y° ﬂMY;O)(a,-)}, (14)
A
where
1
Ry = [1.28Ai3 —0.76 + O.8Ai] fm. (15)

«; is the angle between the symmetry axis and the radius
vector of the colliding nucleus, and AR is the only param-
eter of the model (known as neck-length parameter), which
assimilates the neck formation effects. Further, the surface
diffuseness effects can enter through the Siissmann central
radii C; [63] as

Ci=Ri(l -V /R +---), (16)

where b is the diffuseness parameter.

III. CALCULATIONS AND DISCUSSIONS

This section represents the theoretical analysis of o emis-
sion from '88218Pg isotopes using preformed cluster model.
The calculations are done using quadrupole deformation (5,)
with cold-elongated configuration. First, in section III A, the
fragmentation analysis of Po isotopes is carried out using
the fragmentation potential. The importance of neutron shell
closure effects is explored using the preformation probability
and the penetration probability. The decay half-lives of the
polonium isotopes is calculated using two choices of assault
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frequencies (v, and v,). In sec.Ill B, the effective assault
frequency of the polonium isotopes is calculated and an effort
is made to estimate 77/2 using a Q-value dependent assault
frequency parameter. Further, in Sec. Il C, the « decay
half-lives of Rn isotopes are calculated using the effective
assault-frequency parameter v, given in sec.III B.

A. o decay analysis of '33-218Pg isotopes using different
assault frequencies

In this section, isotopic analysis of Po nuclei is carried out
using the preformation probability (F), penetration probabil-
ity (P), and the assault frequency (v). The explored data of P,
P, and v are used to estimate the half-lives of the Po isotopes.
The decay half-lives are also affected by the surface diffuse-
ness of the decaying fragments. It is suggested by different
authors [64,65] that the surface diffuseness along with the
deformation effects play important roles in the decay mech-
anism. Similarly, in [66] it is concluded that nuclear surface
diffuseness is an important property that must be added along
with the deformation effects for lighter clusters (A, < 20).
As we are interested in « particle emission in this work, as
a first step a comparison of barrier characteristics without
surface diffuseness (R;) and with surface diffuseness (C;) is
made and shown in Fig. 1. Here, we are interested in studying
the interfragment radii with inclusion of surface diffuseness
(C)) or without surface diffuseness (R;). The difference in the
barrier characteristics is due to the change in the proximity
potential and the Coulomb potential. The barrier position and
the barrier height are different for both cases. Hence, the pen-
etration probability for both cases gets modified accordingly.
We performed calculations using both radii, and C; gives bet-
ter agreement with experimental data (this will be discussed
in detail in Fig. 6).

9.5

1(b)
9.0 [ ]

8.5

8.0 \ \

754\
| \

7.0 ]

| \. "
Y \

6.0 n

5.5 | |

5.0

Q value (MeV)

LA L B DL B B BN L B
100 104 108 112 116 120 124 128 132 136

Neutron Number N, of the daughter fragment

FIG. 4. The PCM calculated (a) penetration probability P and (b) the Q value of the o decay channel as a function of neutron number of

the daughter fragment N,.
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FIG. 5. Calculated (a) quantum assault frequency (v,) and
(b) classical assault frequency (v.) as a function of neutron number
of the parent nucleus.

After the analysis of surface diffusion effects, the fragmen-
tation potential Vx(n) is calculated, which will further help
us to choose the most probable decaying fragments of the
exit channel. The fragmentation potential for '**Po, 2Po, and
218pg isotopes as a function of fragment mass A, is shown
in Figs. 2(a)-2(c). The fragmentation structure for spherical
choice of the decaying fragment is also shown within the
insets. The minima in the fragmentation potential represent
the most probable decay fragment along with its comple-

mentary fragment for both spherical and deformed choices.
One can observe from the figure that A, = “He is located at
minima for all three isotopes and may be treated as one of
the most probable fragments along with its complementary
fragment. It may be concluded that, independent of deforma-
tion effects, the « decay is the most prominent decay choice
among its competing decay channels for the chosen isotopes
of polonium. Furthermore, one can observe that the fission
region changes from symmetric to asymmetric mode when
one goes from '38Po to >!8Po isotope for the spherical choice
of the decaying fragment. For the deformed choice, the fission
region changes from asymmetric to nearly symmetric mode.
It is relevant to note that o decay is observed experimentally
for this nucleus; other decay modes such as CR or SF are not
yet observed. Hence, in the present work we are interested
in studying the « particle emission only. Further, the prefor-
mation probability Py is calculated by solving the stationary
Schrodinger equation in terms of the n coordinate. In Fig. 3,
preformation probability is plotted with respect to neutron
number N, of the daughter fragment. It is observed that P
decreases with increase in the neutron number up to N, = 124
(for parent nucleus N = 126) and increases abruptly with
addition of two more neutrons in the parent nucleus. Such
behavior of P, is due to influence of neutron shell effects
(N = 126), and one may conclude that the « cluster prefor-
mation probability decreases as the nucleus approaches the
shell closure. The Py value is found to be maximum at N, =
126 (with N = 128) because the preformation probability
is higher for the case where the o particle is accompa-
nied by a stable nucleus complementary fragment. Hence,
preformation factors strongly depend on the shell effects ef-
fects of the parent nucleus as well as those of the decaying
fragments.

After the analysis of Py, the penetration probability P is cal-
culated using the WKB approximation. Figure 4(a) represents

TABLE 1. PCM calculated preformation probability (P), penetrability (P), and the assault frequency (v.) for the  decay of '#2!8po
isotopes and a comparison of these values is made with theoretical models SAM and GLDM [42,43] calculated values.

Parent PCM SAM [42] GLDM [43]
nucleus log, Py log,oP log,,PoP v/10* (s7') log, Py log, P log,,PoP v/10?! (s7!) log,yPy log, P log,,PoP v/10?! (s71)
8po  —3.531 —12.950 —16.482 2.942 —1.832 —16.089 —17.922 1.452
199py  —4.319 —14.091 —18.410 2.859 —1.348 —17.17 —18.518 1.41 —1.477 —17.228 —18.706 1411
92po  —4.496 —15.197 —19.694 2.771 —1.336 —18.34 —19.676 1.37 —1.350 —18.407 —19.758 1.371
Y4po  —5.080 —15.925 —21.006 2.704 —1.325 —19.47 —20.795 1.33 —1.387 —19.488 —20.875 1.335
%py  —5.370 —16.913 —22.284 2.630 —1.312 =20.69 —22.002 1.30 —1.341 —=20.690 —22.032 1.299
%po  —5.710 —17.936 —23.646 2.551 —1.299 —22.09 —23.389 1.26 —1.357 —22.081 —23.439 1.259
20py  —5.953 —19.033 —24.987 2475 —1.286 —23.52 —24.806 1.22 —1.522 —23.513 —25.036 1.222
22py —6.689 —20.394 —27.084 2.408 —1.274 —24.84 —26.114 1.19 —1.600 —24.764 —26.364 1.188
04py —6.490 —21.077 —27.567 2.354 —1.265 —25.89 —27.155 1.16 —1.642 —25.861 —27.503 1.161
200py  —6.882 —21.819 —28.701 2311 —1.257 —26.73 —27.987 1.14 —1.718 —26.647 —28.366 1.141
Mpy  —7.273 —21.893 —29.166 2.279 —1.939 —27.242 —29.181 1.126
20pg 7712 —21.365 —29.078 2.313 —1.257 —26.24 —27.497 1.14 —2.187 —26.118 —28.305 1.142
22pg 4712 —9.762 —14.475 2.966 —1.365 —13.41 —14.775 1.46 —1.467 —13.337 —14.804 1.466
24po —4.952 —13.232 —18.184 2.765 —1.334 —1642 —17.754 1.36 —1.058 —16.365 —17.424 1.366
2pg  —6.501 —14.719 —21.220 2.588 —1.306 —19.47 —20.773 1.28 —1.010 —19.435 —20.445 1.278
28pg 7571 —17.661 —25.232 2.427 —1.278 —22.65 —23.928 1.20 —0.961 —22.546 —23.507 1.199
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TABLE II. PCM calculated half-life times log,, 7}, for the & decay of '*2!¥Po isotopes using different assault frequencies v, and v,, and
a comparison of decay half-lives is made with the experimental data [44] and calculated values of different theoretical formulas (CPPM, ADF,
UDL, SLH, SLB, and SemFIS) [22,45-51]. The optimized value of neck length parameter AR is also shown in the table.

Parent PCM (v.) PCM (v,)

nucleus A R (fm) logy T1,2 AR (fm) log,, T2 Expt. CPPM ADF UDL SLH SLB SemFIS
188pg 1.92 —5.11 1.92 —5.09 —3.40 —3.50 —3.64 —442 —404 343 —3.88
190pg 1.91 —3.20 1.90 —321 —262 —238 —257 =322 —288 —223 —2.78
192po 1.93 —1.90 1.92 —1.90 —-147 —121 —146 —-198 —165 —098 —1.64
194pg 1.61 —0.58 1.61 —0.57 —0.41 —0.08 —0.41 —-0.80 —0.47 0.20 —0.53
196po 1.51 0.70 1.51 0.70 0.76 1.13 0.72 0.46 0.78 1.46 0.64
19%po 1.36 2.14 1.36 2.08 2.26 2.53 2.02 1.90 2.21 2.90 2.00
200pg 1.25 3.43 1.26 3.41 3.79 3.98 3.35 3.38 3.67 437 3.40
202pg 1.35 5.47 1.32 5.47 5.15 5.32 4.57 4.74 5.02 5.73 4.69
204pg 1.19 6.03 1.21 6.04 6.28 6.43 5.58 5.86 6.13 6.84 5.75
206pg 1.20 7.17 1.30 7.71 7.15 7.28 6.33 6.70 6.99 7.70 6.55
208pg 1.00 7.64 1.10 7.89 7.96 7.89 6.88 7.32 7.62 8.33 7.14
210pg 1.20 7.55 1.20 7.54 7.08 6.75 5.81 6.18 6.56 7.26 6.04
212pg 1.00 —6.45 1.00 —6.41 —6.52 —6.26 —-6.62 =731 —6.42  —5.82 —6.57
2l4pg 0.50 —3.41 0.50 —3.38 —-3.80 —328 —368 —4.10 =328 —2.67 —3.65
216pg 0.70 —0.35 0.70 —0.34 -0.82  —0.21 —-0.72 —-0.87 —0.13 0.49 —0.65
218pg 0.90 3.76 0.90 3.74 2.28 3.03 2.31 2.45 3.10 3.76 247

the penetration probability with respect to neutron number
of the daughter nucleus, N,. The penetration probability P
decreases with respect to increase in neutron number and
shows behavior similar to what we observed in the case of
Py. It may be noted that the penetration probability P depends
on the Q value of the decay channel [36]. We have plotted
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FIG. 6. PCM calculated decay half-lives using quantum assault
frequency v, and classical assault frequency v. as a function of
neutron number of the parent nucleus for spherical and deformed
choices of the decaying fragments. The calculated decay half-lives
are compared with the experimental data [44].

the Q value of the decay channel as a function of neutron
number of the daughter nucleus, N,, in Fig. 4(b). The trend
of barrier penetrability P is similar to that of the Q value:
both decrease till N = 126 and get maximum value for the
case of N, = 126. Hence, the penetrability and Q value are
also influenced by the shell effects. Further, the classical
assault frequency v, and quantum assault frequency v, are
also calculated and plotted as functions of neutron number N
of the parent nucleus in Fig. 5. One can note that the assault
frequencies (v, and v,) start diminishing as one approaches
N = 126. Such variation in v, is basically due to the influence
of the decay energy (Q value) which is shared among the two
decaying fragments. Further, the global quantum number [39]
plays an important role in the case of v,;, due to which the
assault frequency starts decreasing till N = 126. It is con-
cluded that the assault frequency is also influenced by the
shell effects of the parent nucleus. Hence, Py, P, and v play
key roles in the o decay process, and many other theoretical
approaches such as SAM and GLDM [42,43] also explore
the importance of these factors for polonium isotopes. The
PCM calculated Py, P, and v are compared with these factors
in Table I. It may be noted that the PCM calculated assault
frequency v and log;, PoP value compare nicely with the
literature, and few-order difference is seen for the calculated
Py and P values. PCM is based on collective clusterization,
which treats all the decay processes (such as light particle,
a particle, cluster, intermediate/heavy mass fragment, and
fission decay) on parallel footing. Since the PCM deals with
collective clusterization approach, the relative preformation
probabilities of all minimized binary fragments are calculated
by solving the Schrodinger equation in the mass asymmetry
coordinate 1. The penetration probability is calculated in a
three-step process following the excitation model of Greiner
et al. [62]. However, In GLDM and SAM, the penetration
probability P is calculated in a single-step process and the
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verification of the G-N law.

Py values are given using the experimental half-lives and the
empirical relation.

After studying the behavior of Py, P and v, the o decay
half-lives are calculated using two choices of assault fre-
quencies V. and v, and results are reported in Table II. The
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FIG. 8. The calculated effective assault frequency as a function
of Q value for N < 126 and N > 126.
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FIG. 9. The calculated decay half-lives of Po isotopes using ef-
fective assault frequency parameter (v,) and their comparison with
previous calculations [PCM (v,)] and the experimental data [44].

calculated results are compared with the available experimen-
tal data [44] and other theoretical models such as CPPM, ADF,
UDL, SLH, SLB, and SemFIS [22,45-51]. It can be observed
from the table that the calculated decay half-lives are in good
agreement with the experimental and the theoretical data.
The PCM calculated values seem independent of the assault
frequencies, except for the lightest and heaviest isotopes of
Po chosen for the analysis.

The calculated half-lives are plotted as a function of neu-
tron number of the parent nucleus (N) in Fig. 6 for v, and
v, using spherical and deformed choices of the decaying
fragments, and comparison is made with the experimental
data. It can be observed that the decay half-lives increase with
increase in neutron number N of the parent nucleus, and their
magnitudes are maximum at N = 126. This result is in agree-
ment with the results obtained for Py, P, and v. The deformed
choice of the decaying fragments gives better results than the
spherical choice. Additionally, the half-lives calculated using
C; give better results than those using R;. It may be concluded
from the above analysis that the decay half-lives and other fac-
tors (Py, P, and v) strongly depend on the shell closure effects,
Q value of the decay channel, and associated deformation
effects. The Q value dependency on the decay half-lives can be
visualized using a Geigger-Nuttal plot, where linear variation
is observed between decay half-lives and Q~!/2. After the
analysis of decay half-lives, verification of the Geigger-Nuttal
(G-N) plot is done by plotting log,, 71,2 vs @~'/? in Fig. 7. Itis
observed that log,, 7; > varies almost linearly with increase in
the value of Q~!/2, with slope 141.437 and intercept —54.04.
Hence, the calculated T, are in agreement with the G-N law,
which means that the decay half-lives are strongly influenced
by the Q value of the exit channel.
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FIG. 10. The calculated Q value for Rn isotopes as a function of
neutron number of the daughter nucleus.

B. Study of the effective assault frequency of polonium isotopes

In the previous section, behavior of penetration probability
P, preformation probability Py, and the assault frequency v
is studied with respect to the neutron number of the daughter

fragment (V) or that of the parent nucleus (V). It is concluded
that all of the three parameters play crucial roles in the stabil-
ity analysis of the radioactive nucleus. The stability further
depends on the shell effects and the Q value of the decay
channel. In the past [40,41] different preformation parameter
or assault frequency parameter values were introduced which
depend on the Q value, isospin, and the charge number of the
daughter nucleus accompanying the « particle. Additionally,
some parameters are given which contain both assault fre-
quency and preformation factor. Such a parameter is known as
the modified assault frequency or effective assault frequency
(v.). Following this work, the product of the quantum mechan-
ical assault frequency (v,) and the preformation probability is
plotted as a function of Q value for N < 126 and N > 126
and shown in Fig. 8. It can be observed from the figure that
the effective assault frequency increases with increase in the
Q value. Using this plot a second-order polynomial is obtained
which is basically assault frequency parameter as a function of
Q value as given by

log,yve = AQ* + BQ +C a17)

where A = —0.06315, B=2.10074, and C = 5.76766
for N <126 and A = —0.53702, B=8.9285, and C =
—19.91152 for N > 126. The validity of these parameters is
analyzed by calculating the decay half-lives of the polonium
isotopes using Eq. (17). The v, calculated decay half-lives
are compared with the calculations performed in Sec. III A
and the experimental data and shown in Fig. 9. Here in the
plot PCM (v,) denotes the calculations which are performed
in Sec. Il A and PCM (v,) is the calculations performed
using the frequency parameter [Eq. (17)]. It can be observed
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FIG. 11. The calculated (a) effective assault frequency (v,) and (b) barrier penetrability P as a function of neutron number of the daughter

nucleus, N,.
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TABLE III. PCM calculated half-life times 7, for the o decay
of 1%8220Rn isotopes using effective assault frequencies v,; a com-
parison is made with experimental data [44]. The optimized value of
neck length parameter AR and Q value are also shown in the table.

Parent Q value PCM (vg) Expt.
nucleus (MeV) AR (fm) logo T2 log,o T2
1%Rn 7.351 1.92 —2.35 —1.19
20Rn 7.045 1.85 0.07 0.04
202Rn 6.775 1.92 0.391 1.04
204Rn 6.547 1.90 1.437 2.00
206Rn 6.385 1.92 2.89 2.74
208Rn 6.262 1.93 2.90 3.38
210Rn 6.159 1.92 3.44 3.95
22Rn 6.386 1.90 2.15 3.16
24Rn 9.209 1.35 —6.87 —6.57
21Rn 8.198 1.30 —4.98 —4.35
218Rn 7.262 1.35 —1.76 —1.46
220Rn 6.405 1.00 1.79 1.75

from the figure that PCM (v,) calculated decay half-lives
are in good agreement with the PCM (v,) results and the
experimental data. Hence one may use Eq. (17) to cal-
culate the half-lives, where the Q value lies in the range
5-10 MeV.

C. Verification of effective assault frequency parameter

In the previous section effective assault frequency pa-
rameter v, is obtained, and half-lives calculated using this
parameter are in agreement with the experimental data. In
this section, « decay half-lives of '*®22°Rn isotopes are cal-
culated using effective assault frequency v, discussed in the
last section. First, the Q value is calculated for the o decay
channel from Rn (Z = 84) isotopes. The calculated Q value is
plotted as function of neutron number of the daughter nucleus
N,, in Fig. 10. It can be observed from the figure that the Q
value is minimum for N = 126 and maximum for N = 128,
hence the importance of shell effects is evident for Rn iso-
topes. As a next step, the effective assault frequency v, and
the penetration probability P are calculated and plotted as a
function of neutron number N, and shown in Figs. 11(a) and
11(b). The v, parameter varies linearly for N < 126 and has
parabolic variation in the case of N < 126. The calculated
penetration probability is minimum near N = 126. After cal-
culation of v, and penetration probability P, decay half-lives
are calculated and compared with the experimental data as
shown in Table III. The calculated neck parameter and the
QO value are also shown in the table. The calculated half-
lives are in good agreement with the experimental data [44].
The calculated decay half-lives of Rn isotopes are plotted as
a function of neutron number of the parent nucleus, N, in
Fig. 12. The decay half-lives are more for N = 126. Hence
the importance of shell closure effects is also observed in
the case of Rn isotopes. The effective assault frequency pa-
rameter v, successfully addressed the experimental half-lives
and the shell closure effects. Hence, we may incorporate
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FIG. 12. The calculated decay half-lives using the effective as-
sault frequency (v,) and barrier penetrability, and their comparison
with the available experimental data.

this parameter to find the o decay half-lives of radioactive
nuclei.

IV. SUMMARY

Summarizing, the a decay analysis of '33218Po isotopes
is carried out using the preformed cluster model (PCM). The
barrier characteristics of the « decay channel are studied with
and without the inclusion of the surface diffuseness parameter.
The fragmentation structure of 188py 202pg  and 28Po iso-
topes is explored, where the « particle is found to be the most
probable decay fragment for the chosen set of Po isotopes.
The preformation probability, barrier penetration probability,
and assault frequency (classical and quantum) are calculated
and influence of neutron shell closure of the parent nucleus
is explored. The PCM calculated Py, P, and v are compared
with the different theoretical approaches. The classical mode
of the assault frequency (v.) depends on the Q value of the
decay channel and the quantum mechanical mode (v,) de-
pends on the global quantum number. The decay half-lives
of o emission are calculated using both choices of assault fre-
quency and a comparison is made with the results of CPPM,
ADF, UDL, SLH, SLB, an SemFIS and with the available
experimental data. The deformed (8,) choice of the decaying
fragments gives better agreement with the experimental data
as compared to the spherical choice. The calculated « decay
half-life is found to be maximum near N = 126. The verifica-
tion of G-N law is done using the calculated decay half-lives,
and their dependency on the Q value of the decay channel
is explored. The effective assault frequency parameter v, is
obtained using P and the quantum assault frequency (v,). The
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a decay half-lives are calculated using v, and are found to be
in good agreement with the experimental data for Po and Rn
isotopes. It will be of further interest to calculate the effective
assault frequency v, parameter for other probable ground state
decay mechanisms (such as CR, HPR, SF, etc.) for heavy and
superheavy mass regions.
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