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ABSTRACT

The decay characteristics of 1-neutron and 2-neutron halo nuclei from 20316116, 2318118 and 27#-320120
even-even nuclei is studied within the frame work of the Coulomb and Proximity Potential Model
(CPPM). Halo structure in neutron rich nuclei is identified by calculating the neutron separation
energies and on the basis of potential energy considerations. A comparison of the decay half-life is
made by considering the halo nuclei as spherical cluster and as deformed nuclei with a rms radius.
Further, neutron shell closure at neutron numbers 150, 164 and 184 is identified form the plot of
log,,T,, verses the neutron number of parents. The plots of 0" verses log,, T,, and —In P verses
log,,T,,, for various halo nuclei emitted from the super-heavy elements are found to be linear showing
that Geiger-Nuttall law is applicable to the emission of neutron halo also.

1. Introduction

The stability of a nucleus is mainly determined by the binding
energy per nucleon. For stable nuclei, the typical value of
binding energy per nucleon is in the range of 6-8 MeV. The
addition of protons or neutrons takes the nucleus away from
the region of stability and becomes unstable and radioactive.
The stability of the nucleus ends at the drip lines where the
last nucleons are no longer attached to the nucleus by the
strong nuclear interaction [1]. This leads to an important
observation in many nuclei near the drip line; the last one
or two nucleons, either proton or neutron, are found to
be very loosely bounded to the core of the nucleus. The
separation energies of such nucleons are very low, typically
less than 1 MeV. As a result, these weakly bound nucleons
are free to occupy a larger volume and the nuclear matter
density distribution is found to be extended more in space
leads to a nuclear radius which is much larger than that of
the normal nucleus. Such nuclei are known as halo nuclei.
Halo can be either a neutron halo or a proton halo [2, 3].
Neutron and proton ‘halo’ became an interesting topic for the
nuclear physicist since from its discovery by Tanihata et al. in

1985 [4]. The existence of halo was confirmed by Hansen and
Jonson in 1987 based on theoretical calculations [5].

The neutron halo was first observed in weakly bound
"Li nucleus and their existence was confirmed in many
nuclei such as °He, *Be, ""Be, “Be, “C, “C etc. The first
neutron halo produced in the laboratory was ‘He from a
Be target [6]. Other predicted neutron halo nuclei include
GHC, SHe’ ]]Be, 12Be, 17B’ ]9B’ 17C’ 19C, 20C’ ZZC’ ZZN’ ]90’
20, *'F, °F, 7F, ¥F, ®Ne, *'Ne etc. [7-13]. The experimental
confirmations of many of these halo nuclei are not yet
available.

In halo nuclei, almost half of their life time, the
unbound nucleon is beyond the range of the core potential.
This acts as a hindrance in applying the shell model or
the Mean Field (MF) model approaches to describe the
properties of halo nuclei. Even the study of the formation
of alpha cluster in heavy and super-heavy nuclei involves
detailed mathematical calculations. Calculations based on
parameter free microscopic model [14], multi-step shell
model method [15] etc., could accurately predict the
structure and formation probability of alpha cluster from
heavy nuclei like '*Po. In 2017, Chang Xu et al. used a
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quartering wave function approach for the microscopic
calculations of alpha cluster formation from heavy nuclei
[16]. The theoretical models used to describe halo nuclei
include, Hartree Bogoliubov model with and without
Fock term, Relativistic mean field model with Hartree
approximation [17], deformed relativistic ~Hartree
Bogoliubov (DRHB) theory [18]. The structural models
include, two body systems [19], three body systems such
as all bound, Borromean [20], Tango and Samba [21]
configurations. The interaction cross section measurements
performed by Tanihatta et al. in 1985 to study the large
density distribution of ''Li proved that, it as an effective tool
for studying the halo nuclei [5]. Currently, the interaction
and reaction cross-section studies and measurements are
widely used to study the structure and properties of halo
nuclei. Recently, in 2014, M. Takechi et al. confirmed the
existence of the so far heaviest halo in ¥Mg through the
measurement of reaction cross-section and N. Kobayashi
et al. studied the 1n halo configuration of the same [22, 23].
A large number of studies on the interaction and reaction
cross-sections involving halo nuclei near the drip line can
be found in the literature [24-28]. In 2009, V. Rotival
et al. proposed a new method to investigate the neutron
halo nuclei where internal wave-function of the N-body
system is decomposed in terms of overlap functions. This
approach allows a “model-independent analysis of medium-
range and asymptotic properties of the internal one-body
density” and provides a quantitative estimate of the number
of neutrons participating in the formation of halo [29].
Recently in 2016, Angelo Calci et al. studied the ground
state parity inversion and the 1n + '“Be halo structure of
""Be using chiral two- and three-nucleon force and found
that only certain interactions that produces extremely large
El transitions between the bound states are capable of
reproducing the parity inversion [30]. The s-orbital halo of
»Ne and the s- or p- orbital halo of *'Ne was predicted by
M. Takechi et al. from the measurements of interaction
cross sections of Neon isotopes [31]

In addition to this, we would like to mention that we
have made an attempt to study the decay possibilities of the
1p-halo nuclei ®B, '"2N, E, %Al 2¢?7%P, and 2p-halo nuclei
’C, 78Ne, Mg, #¥S from the parents with Z =103 to
114 [32]. We have also studied [33] the structure of various
exotic fragments such as "Be, '*!'C, 1> 1% 10, "Ne, ***'Na
and Mg by computing the separation energy and decay
half-lives. In the present work, we made an attempt to study
the possibility for the existence of 1n- and 2n- halo nuclei
with Z = 2 — 20 through the decay of superheavy elements.
The details of the theoretical model used in our study is
given in section 2. In section 3, the results of our study and
the discussions are presents. The major conclusions are given
in the section 4.

2. The Coulomb and Proximity Potential
Model

For our study we have used the Coulomb and the Proximity
Potential Model. This is a well-established model and is
extensively used by K.I» Santhosh et al. for the last one
decade [34-36]. The model can be used for accurate
predictions of alpha decay chains [35, 36] and heavy particle
decays from heavy and superheavy elements [35]. The model
has been modified for deformed nuclei by considering the
quadrupole, octupole and hexadecapole deformations and
is used to study the effect of deformation on the half-life of
decay [37].

In this model, the interaction potential barrier is taken
the sum of Coulomb, proximity and centrifugal potentials for
the touching configuration and for the separated fragments.
For the overlap region, a simple power law interpolation
is used which was proposed by Y.J. Shi and W.]J. Swiatecki
[38] in 1985. The importance of the proximity potential is
that, it reduces the height of the potential barrier and results
of calculations obtained through this model is in good
agreement with the experimental data.

For a parent nucleus exhibiting exotic decay, the
interacting potential barrier can be written as;

R (141)

2

2
e (z)+

cforz>10 (1)
r 2ur

Vv

In the above expression, Z, and Z, are the atomic numbers
of the daughter and the emitted cluster, z is the distance
between the near surface of the fragments, r is the distance
between the fragment centers, which is given as » = z +
C+ C,. The quantity /is the angular momentum quantum
number, W is the reduced mass and V (2) is the proximity
potential. The proximity potential is given by Blocki et al

[39, 40] as;
o|Z 2
[ b] o

where, ~ is the nuclear surface tension coefficient, & is the

Cl C2

V (z) =4nyb m

P

width of nuclear surface (diffuseness), C are Siissmann
central radii and @, the universal proximity potential. These
equations are applied to spherical nuclei.

The nuclear surface tension coeflicient [41] is given by,

y= 0.9517[1—1.7826(N—Z)2 /Az}MeV/fm2 3)
where, IV, Z and A represents the neutron number, proton

number and mass number of the nucleus. The universal
proximity potential [41] is given by the expression;
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P(e)=—4.41e "7 for ¢ >1.9475 4)

and;

()= —1.7817 +0.9270¢ + 0.0169¢>

®)
—0.05148¢’,for 0 < ¢ <1.9475

where & =(z/b) with b~ 1. The Siissmann central radii C,
of fragments are related to the sharp radii R, as;

2

C=R- [”_J ©)
Ri

The sharp radii R, can be calculated by using an empirical

formula in terms of the mass numbers A4, as [41];

R =1284" —0.76+0.84 " 7)

‘The potential for the overlap region of the barrier is given as;

V=a,(L-L,)" for z<0 (8)

In this expression, L=z+42C +2C, and L, =2C
. The constant , and the parameter 7 are determined by
the smooth matching of the two potentials at the touching
point.

The barrier penetrability P can be obtained by using
one dimensional WKB approximation and is given as;

P:exp{—%j,/Zu(V—Q)dz] )

where 2 and & are the turning points given by, V(a) =V(b)
=Q and Q is the energy released in the decay process.

Also p=mA A,/ A is the reduced mass with 4
and A, are the mass numbers of the emitted daughter and
cluster nuclei respectively. This integral can be evaluated
numerically or analytically to get the half life time of decay

as;
r,—n2_Ih2 (10)
A vP
2F
where, ,/:i: " the number of assaults on the
T

barrier per second and £, is the zero-point vibration energy
and is given by the empirical formula of Poenaru et al.

[42 ] as;

(4_A2)
2.5

E, = Q{0.056+0.039exp

], for 4, >4 (11)

The zero-point vibration energy E,, vary only slightly with
the mass A, of the cluster and “this stability of £, is a useful
property for life-time predictions” [42].

3. Results and Discussion

In the present work, we have studied the decay of 1n- and
2n- halo nuclei with Z = — 20 through cluster radioactivity
from the superheavy elements °*'°116, #**'¥118 and
778320120 by using the Coulomb and Proximity Potential
Model (CPPM). The proximity potential was first used
by Shi and Swiatecki [38] in an empirical manner and has
been quite extensively used over a decade by Gupta et al.
[43] in the Preformed Cluster Model (PCM). The CPPM
was used by K. Santhosh et al. and is well established in
predicting the barrier penetrability and half-life of decay of
light and heavy clusters in heavy and super-heavy region
[44-48]. Also, the CPPM is used for predicting the decay
characteristics of proton halo nuclei [49] and neutron halo
nuclei [50] in heavy and superheavy region. For a halo
nucleus, the separation energy of last one or two nucleons
is less than 1MeV. A neutron halo is known as In- halo if
the 1n- separation energy is lowest and 2n- halo if the 2n-
separation energy is the lowest. In terms of mass excess, the
1- and 2- neutron separation energies are defined as [51],

S(n)=—AM(A,Z)+AM(A-1,Z)

12
+AM, :—Q(%n) (12

and

S(2n)=—AM(A,Z)+AM(4—-2,Z)

+2AM, =—0(v,2n) (13
where S(n) and S(27) are the 1n- and 2n- separation
energies respectively. The quantities; AM, AM(A,2),
AM(A—1, Z) and AM(A-2, Z) are the mass excess of the
neutron, the parent nucleus, mass excess of the daughter
nucleus produced during one neutron radioactivity and
mass excess of the daughter nucleus produced during two
neutron radioactivity respectively. Also Q(v,7) and Q(~,27)
represents the Q values for one neutron and two neutron
radioactivity.

In the region Z < 10 the 1n- halo nuclei are '"Be, B,
5C, VC, C, 2N, 20, and ***°FE. 'The 2n- halo nuclei with
Z <10 are °He, *He, ''Li, ?Be, “Be, B, “B, 2C, and ?*F.
These 1-n and 2-n halo candidates are directly taken from
a recent work of K.P. Santhosh et al. [50]. For nuclei in
the range Z = 10 to Z = 20, we have calculated the S(»)
and, S(27) of various isotopes using the mass excess table
of Wang et al. [52]. These are tabulated and given in table
1. On the basis of our calculation of S(n), the possible
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In- halo candidates in the region Z = 10 — 20 are *Ne,
3'Ne, **Na, ¥Na, *Mg, Mg, “P and **Ca. The isotopes of
Z =10 — 20 nuclei showed a lower 2n- separation energy
than In- separation energy only for **Ne and can be
considered as a candidate for 2n- halo. Even though the 2n-
separation energy of *He, '?Be, “Be, "B, ¥*’F [50] and **Na
are greater than 1MeV, they are considered as candidates for
2n- halo nuclei. A. Leistenschneider et al. in 2001, pointed
out that such increases in the neutron separation energies
may be due to the collective soft dipole excitations [53].
However, this is not verified experimentally.
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Figure 1: The driving potential (V-Q) as a function of the light
cluster mass A, for n-halo nuclei, *Ne and *'Ne.

Calculation of neutron separation energy is a basic tool to
identify the halo structure in a nucleus. The existence of halo
structure in a nucleus can be verified from the calculation of
driving potential (V' — Q) for the touching configuration,
where z = 0. To calculate the driving potential, we have
taken the interaction potential as the sum of Coulomb,
proximity and centrifugal potential. The centrifugal part
is included by considering | = 1, 2, 3 states. The driving
potential is calculated for all the halo candidates included in
the table 1. A graph is plotted (V' — Q) verses the fragment
mass A,, which is the mass of the emitted clusters such as
In, 2n, “He, °He, etc. The plots are given the Figures 1,
2, 3, 4 and 5. From the plot of driving potential verses
the fragment mass, it is clear that the minimum value of
driving potential occurs at 1 = 0 state. The decay probability
is maximum when the driving potential is minimum. The
importance of the plot is that, we can find a cluster 4 core
configuration with minimum value of the driving potential
and a maximum quantum mechanical probability for the
existence of halo structure. We have considered different
cluster + core configuration for the calculation of driving
potential. When we get the deepest minimum for a 1n +
core configuration, we consider it as a 1n halo if the In

separation energy is less than 1MeV. From Figure 1, it is
clear that in the case of #3'Ne, the (V' — Q) is minimum
for the 1n + core configuration. Similarly, Figures 2 to 5;
shows that for *Na, ¥Na, Mg and **Ca have also the 1n +
core configuration has the deepest minimum corresponding
to the most probable configuration. Hence, they can be
considered as candidates for 1n- halo nuclei. Similarly, in
Figure 2, 3, and 4; we can see that *Ne, **Na and “P shows
a 2n + core configuration corresponding to the minimum
value of the driving potential. Even though the S(7) of P is
lower than its S(27), it can be considered as a 2n- halo since
it has a minimum at 2n +core configuration. Therefore, the
2-n halo candidates are *Ne, **Na and “P. From the plot
of driving potential, in the case of ¥Ne, *'Ne and ¥Mg, we
can see that with the increase in the angular momentum
quantum number (/), the In + core configuration is
shifted to 2n + core configuration This kind of changes
are observed when the ground state spin and parity of the
decays are not conserved [33]. The spin and parity of 24Na,

+ A+ 5
*Ne and ¥Mg are ins_’_ and — respectively and the
22
1+
emission of In |—| in the / = 0 state violates the spin

and parity conservation. It has been reported that this kind
of observation is possible when the ground state contains a
mixture of states with different spin and parities [54] and
needs further investigations.
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Figure 2: The driving potential (V-Q) as a function of the light
cluster mass A, for n-halo nuclei, **Ne and *Na.

However, the halo nuclei prefer the lowest angular
momentum state (/= 0) since large angular momentum will
give rise to a centrifugal potential that would tend to confine
the nucleons [7]. Only very loosely bound neutrons in an
s- state (/ = 0) relative to the core form an ideal halo; any
other angular momentum will ultimately be confined. Only
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the s-wave neutrons will show considerable probability of
staying outside the potential well at very low separation
energies. This is evident from the fact that almost all
reported halo nuclei have an s- wave halo structure. Only a
very few nuclei such as *'Ne, *Na and ¥Mg exhibit p-wave
halo structure [24, 55, 56].This is also evident from the
fact that the formation of neutron halo in many nuclei
such as ""Be, Be, N, 20 and *F etc., depends directly
on the occupation of outer electrons in the 2§, , state [57].
Therefore, we feel that such shifting will not have much effect
on the probability for the formation of the halo structure.
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Figure 3: The driving potential (V-Q) as a function of the light

cluster mass A, for n-halo nuclei, **Na and *’Na.
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Figure 4: The driving potential (V-Q) as a function of the light

cluster mass A, for n-halo nuclei, Mg and “P.

Further, the angular momentum carried away in the
decay of halo nucleus, as appearing in eq. (1) is very small
(~5h). This small unit of angular momentum will be
making considerable contributions to the life time of the
emission of light particles, like protons. Its contribution

to half-life of decay of heavy cluster is very small and the
angular momentum effects can be neglected [49]. Therefore,
in the present study, the calculations are performed
assuming zero angular momentum transfers. Also, in this
model, the preformation probability is taken as unity for
all clusters irrespective of their masses. Cluster radioactivity
is energetically possible only when the Q-value of the
reaction is greater than zero. The Q-values of the reactions
are computed using the tables of KTUY [58] using the
equation,

M(A’Z)_M(Al’zl)_M(szzz)

- (14)
+Hﬁj—ﬁ%)

where M(A,2), M(A,,Z)) and M(A,, Z)) represents the mass
excess of the parent, daughter and emitted halo nucleus
respectively. The term k(Z; , =275, ) is introduced to

account for the screening effect of the atomic electrons as
suggested by V.Y. Denisov et al. [59]. The value of 4 and
¢ depends on the Z value of the parent nucleus. Based on
relativistic Hartree-Fock-Slater calculations, K.N. Huang
et al. made an estimate of the values of £ and ¢. For nuclei
with Z > 60, # = 8.7¢V and € = 2.517. For nuclei with
Z < 60, they are 13.6 €V and 2.408 respectively [60]. For
the emission of 1n- halo nuclei ''Be and '“B the calculated
Q-value is very low and value of the decay half-life is very
large; far above the experimental limit of 10%° seconds.
Similarly, for the 2n- nuclei; °He, *He, ''Li, “Be, "B and
YB also the Q-value is very small or even negative and
hence are energetically forbidden from majority of the
selected superheavy elements except from a very few at the
higher mass end; that too with very large values of decay

half-life.
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Figure 5: The driving potential (V-Q) as a function of the light

cluster mass A, for n-halo nuclei, *F and *Ca.
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Table 1: The values of 1n- and 2n- separation energies of halo
nuclei and their halo configuration.

Cluster +
Core
Configuration

Structure  Nucleus S(n) Si(2n)
MeV MeV

In- halo PNe 0.9713 4.7926 In+**Ne
INe  0.1713 33626 In+"Ne
¥Na 01713 31026  In+*Na
Na  0.8410 08426  In+’"Na
PMg 07543 54649 In+ Mg
Mg 02413 3.5726 In+*Mg

Ca 1.2613  5.1026 In+*Ca
2n- halo *Ne 1.2313 03026 2n+*Ne
¥Na 0.0013  1.5220 2n+*¥Na
5p 0.7013  3.0220 2n+ P

Therefore, in this work we have investigated the possibility
for the formation of 1n- halo nuclei °C, VC, C, N, 20,
#2F Ne, **Na, ¥Na, ¥Mg, >Ca and 2n- halo nuclei,
12Be, 7F, 2, 3Ne, *Na, “P from 20316116, 22315118 and
778320120 through the computation of barrier penetrability
and half-life of decay using the CPPM. The half-life for the
emission of halo nuclei is calculated by considering them
as spherical clusters whose radius is given by the equation
(7), where the radius R, is considered as a function on 4,
alone. However, a halo is in a highly deformed nuclear state.
The characteristic feature of the halo nuclei is its large root
mean square radius. Therefore, we have made a comparison
of half-lives of decay by considering the halo nucleus as a
spherical cluster with radius R, and as a deformed nucleus
with a rms radius given by [61];

<ers >2 — <Rsph> +iﬂ—<ﬂz >2

Here, R, =R, A/ is the radius of the normal nucleus.
The quacfrupole deformation 3, is taken from the nuclear
data tables of P Moller et al [62]. For the nuclei with
Z < 10, the rms matter radius is directly taken from the data
provided by Suhel Ahmad et al. [63]. For nuclei with Z =
10 to Z = 20, the rms matter radius is calculated in terms
of the quadrupole deformation 3, using the formula (15),
which provides a good approximation to the rms radius of a

2

(15)

nucleus including halo. For example, for *E the rms radius
given in [63] is 3.17 £ 0.05/m and using the equation 15, we
get the rms radius of *F as 3.225 fin.

The results of our calculations are given in the Figures 6-11,
where the logarithmic value of decay half-life (log, T, )
is plotted against the neutron number of parents (V). The
experimental upper limit of half-life of decay for the detection
of a cluster or a halo nucleus is 10*° seconds. Based on our
calculations, we found that the decay half-life is within or near
above the experimental limit only for the emission of C, 2O,
2627F 2Ne and >°Ca halo nuclei. For the emission of other 1n-
halo nuclei, 7C, ¥C, 2N, *F, *Na, *Na, Mg and the 2n-
halo nuclei ?Be, ¥E *Ne, *Na, B the computed half-life of
decay is much larger than the experimental limit. Therefore, it
is to be mentioned that the possibility for the emission of 1n-
and 2n- halo nuclei from the selected super heavy isotopes is
very less. However, we could find certain finite probability for
the emission of neutron halo nuclei °F and **Ca with a half-life
less than 10%° seconds and the results are given in Table 2.
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Figure 6: Comparison of the predicted heavy particle decay

half-lives of cluster and the neutron halo, *C, 2O and *F from

2643161 16 even-even nuclei.

E B —m—7F Cluster|
120 .\.\l‘l & A—7F Halo
B8-g o
80 1  § l'ltl:l'l:l:.\. i
xR
40 ey
O - —
?20 ‘ . |-m—2Ne Clusterl
o [ A | 29y
"9_,80 : ‘7:_ : . A—“Ne Halo
o Ay"mpgy,
. e
L e [~m—%Ca Cluster]
g0 "hug l.."“ —A—Ca Halo
40 llluuu“."i“;.
150 160 170 180 190 200

Neutron Number of Parents

Figure 7: Comparison of the predicted heavy particle decay half-
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2043161 16 even-even nuclei.
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In Figures 6 and 7, the plot of log, T, verses the neutron
number of parents for the emission of various 1n- and 2n-
halo nuclei from #%3'°116 even—even nuclei are given. It
is observed that, in the case of °C, the half-life of decay is
increased when the normal radius is replaced by rms radius.
Similar result was obtained by K.P. Santhosh et al. in the case
of decay of "C nuclei from heavy elements with Z = 86 to
Z =100 [50]. This is due to the fact that the rms radius (R )

of °C is less than the normal radius (R). From the equation

(7), we get the radius as 2.72 fin and the rms radius of "C is
given in reference [63] is 2.59 fm. In the case of other halo
nuclei, the rms radius is larger than the normal radius and it
is found that the half-life of decay is decreased when the rms
radius is included in the calculation. For example, the value
of log /T, = 18.52 for the decay of *F from *"*118 when
it is considered as a spherical cluster and log, T, =16.08
when 2°F is considered as a deformed nucleus with an rms
radius.

Table 2: The predicted half-lives for the emission of different neutron halo nuclei from various isotopes of super heavy even-even nuclei by

considering the emitted nuclei as cluster and halo nuclei.

Parent  Emitted Q- Barrier Penetrability P Decay Constant LogygT 2 (5ec)
Muclei Halo Value
Nuclei (MeV) Normal Halo with rms Normal Halo with Normal Halo with
Cluster radius Cluster rms radius Cluster rms radius

16 *Ca 15949  6.15286e-T1 1.4716Te-62  2.65762e-39  6.35664e-31 R4l 30.03
W8 16 *Ca 160.78  3.37012e-68 0.8528e-60 1.46744e-36  4.29017e-28 35.67 27.20
WEL 16 *i(Ca 16115 3.73641e-67 1.15953e-58 l.63068e-35  5.06053e-27 34.62 26,13
016 “Ca 160.71 1.3093e-67 31.76612e-59  5.69855e-36 16391527 35.08 26.62
16 “Ca 160,16 2.77874e-68  T7.31583e-60  1.2052Te-36  3.17322e-28 35.76 27.33
M16 *Ca 159.62  5.94066e-69 1.44108e-60  2.56806e-37  6.2295T7e-29 36.43 28.34
e 16 Ca 15922 223156e-69  5.124%e-61  9.62253e-37  2.20989e-29 36.85 28.49
s L 61.28 5.00331e-56  6.16077e-54  B30433e-34  1.02255e-32 3380 3183
W06 18 BE 03.1 8.78037e-52 1.10207e-49  1.50062e-30  1.8835]e-28 29.56 27.56
0818 BE 65.07 2.28474e47  2.79834e-45 4.02667e-26 4.93185e-24 25.05 2316
noprs WE 66.44 2.38092e44 274245242 428453e-23  4.93512e-21 22,18 20.25
18 BF 67.01 2.7185e-43 5.33904e-41  4.93398e-21  9.60017e-20 20.25 15,18
Mls HE 67.37 1.990]14e42 37678740 36314421  6.87529e-19 20.03 18,13
el HE 67.93 6.65771e-41 6.54124e-39  1.22494e-19  1.20351e-17 18.76 16.76
&R B 68.25 391806e40  3.66801e-38  7.24272e-19  6.78053e-17 18.52 16.08
WEL 18 *iCa 6346 43431 le-nl 3.65137e-42 1.92263e-39  Lolodle-30 3R.55 29.63
0818 %Ca 164.52 9.04595e-59  9.26860e-40  4.0304Te-37  4.12975e-28 36.23 27.22
o g %Ca 164.94  1.27735e-57 1.45282e-38  5.70582e-36 6.48%4e-27 35.08 26.02
L] (Ca 164.69  1.06117e-57 1.14121e-38  4.73323e-36  5.08997e-27 356 26.13
18 *Ca 164.24  3.68357e-58  3.39165e-38 1.63844e-36 1.51319-26 35.62 25.66
6118 *Ca 163.73  9.59738e-59  9.15930e4]  4.25563e-37  4.04902e-29 36.21 823
E 1R *Ca 163.17  2.08798e-58 1.5390%9e-40  9.25842e-37  6.80389e-29 35.87 2801
3020 B 67.18 4.353Te-56 473995049  T7.9218Te-34  B.32043e-28 33.94 26.92
120 L 68.68 T.17153e-53 6.8813e-44 1.33405e-31 1.25215e-22 30.71 21.74
420 e 68.48 3.91537e-53 1.04876e-40  7.26216e-32 1.9509e-19 30,97 18.55
38120 B 69.17 1.32502e-51 5.5087e-41 24823930 1.03344e-19 29.32 18.82
HE120 e 69.77 2.84206e-50 1.77863e-39  537071e-29  3.33222e-18 2811 17.32
120120 ®E 70.15 2.17089e49  3.57078e-38  4.12472e-21  6.74777e-17 20.15 l6.01
3020 “Ca 168.55 2.67283e-59 20912949  |.25829e-38  9.03754e-28 37.71 26.68
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20 SCa 16924 9.1538le-60  6.5544e-48
120 Cca 16992 2.43016e-59  5.67054e-45
6120 Ca 16814 2.4152e-58  2.15992e-4]
W20 YCa 16781 1.69562e-57  2.82743e-38
120120 “Ca  167.31  5.77315e-57  1.64696e-41

Figures 8 and 9 are the plots of log, T , verses the neutron
number of parents for the emission of PC, %O, 2*¥F
¥Ne and *Ca nuclei from #*?'¥118 even—even nuclei.
The results are similar to that of the decay from *3'°116
nuclei. Except for PC, the half-life of decay is lower for
the halo than the spherical cluster. The plot of log, T,
verses the neutron number of parents for the emission of
various 1n- and 2n- halo nuclei from #7#32°120 is given
in the Figures 10 and 11, which also exhibits similar
results. From our calculations, based on the Coulomb
and Proximity Potential Model, we could find that
the probability for the emission of 1n- and 2n- halo is
considerably lower and significant probability is obtained
only at the high mass end of superheavy elements. Similar
results were obtained by K.P. Santhosh et al., for the
emission of In- and 2n- halo nuclei from elements in
the heavy region [50]. Also, many calculations showed
that there exists much more probability for the emission
of other cluster nuclei than the halo nuclei in an isotope
family. For example, among the various isotopes of Florin,
the decay of #F cluster from elements in super heavy
region showed minimum value for the half-life of decay
[37, 64]. Even though the probability for the emission
of halo nuclei is less from superheavy elements, we have
reported the emission of certain nuclei with decay half-
life less than the upper experimental limit. We hope that,
with the recent developments in experimental techniques,
in near future, such emissions can be detected. Moreover,
we hope that our studies will be helpful in the synthesis of
new superheavy elements.

Further, the plot of logloT1 ,, verses the neutron
number of parents gives an insight about neutron shell
closure and the existence of neutron magic numbers.
The nature of plot of half-life of decay verses the neutron
number of parents or daughters can be used for predicting
the neutron and proton magic numbers [65]. The neutron
shell closure plays a crucial role in determining the
stability of a nucleus against cluster decay. A peak in the
plot represents the shell closure of parent nucleus and a
dip in the plot represents the shell closure of daughter
nuclei from the decay of parent corresponding to the dip.
A closed neutron shell structure provides stability to the
nucleus. Usually, neutron shell closure occurs at neutron
magic numbers.
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Figure 8: Comparison of the predicted heavy particle decay
half-lives of cluster and the neutron halo, °C, O and *F from

272318118 even-even nuclei.
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Figure 9: Comparison of the predicted heavy particle decay half-
lives of cluster and the neutron halo, ¥E *Ne and *Ca from
272318118 even-even nuclei.

In Figure 6, there is a peak at N = 150 in all the three
plots. Also, there is a peak at N = 184, in the plots of %O
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and “*°E In Figure 7, there is a peak at NP = 150 in the
plot of ®Ne. This shows that the neutron shell closure of
the parent occurs at neutron numbers 150 and 184. This
indicates the stability of parent nuclei with Z = 116 against
the decay of halo nuclei ”°C, #O, *F and *Ne at N =
150. Also, it is stable against the decay of O and *F at
NP = 184. In Figure 7 and 8 there is a dip at N, = 162,
corresponding to the emission of ¥Ne from 431116 and
5C from #?318118 respectively, which indicates the stability
of the daughter nuclei formed. In Figure 8, a peak at
N, = 184 can be observed in all the plots and it shows that
the Z = 118 parent is stable against the decay of PC, 0O
and *F at N = 184.

In Figure 9, there is a peak at N, = 164, which indicates
the stability of 2118 against the decay of ¥’F halo nucleus
due to neutron shell closure of the parent nucleus. In Figures
6, 8 and 10, a dip is observed at N, 192 corresponding to
the emission of "C halo nucleus and indicates the shell
closure of the daughter nucleus formed.
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Figure 10: Comparison of the predicted heavy particle decay
half-lives of cluster and the neutron halo, C, 2O and *F from
278320120 even-even nuclei.

Thus, it is clear that the neutron shell closure occurs at 150,
164 and 184 and provides stability to the nucleus against
the decay of halo nuclei. It is to be mentioned that 184 is
already identified as a neutron magic number [65, 66, 67].
Usually it is observed that the predicted magic numbers vary
with the method used to calculate the Q-value. In 2019,
M. Ismail et al. [68], showed that the Q-values calculated
from the finite-range droplet model predicted neutron
magic numbers of 164, 170, 174, 180, 184 and 198, those
based on the Weizsicker—Skyrme model (WS4) indicated
different neutron magic numbers of 172, 178, 184 and 196.

Both predicts only one magic number in common, i.e. 184.
Ni et al. and Dong et al., also predicted the neutron shell
closure at 164. [69, 70]. L. Satpathy and S.K. Patra predicted
island of stability at neutron number 150 [71]. S. Cwiok
et al. predicted neutron shell closure at 152 [72]. The
nature of the plots of log, T, , verses the neutron number of
daughter nuclei, shows that neutron shell closure occurs at
164 and 184 which are already suggested as neutron magic
numbers. The kink at N = 150, in Figure 6 and 7, suggests
that neutron shell closure may occur at this neutron number.
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Figure 11: Comparison of the predicted heavy particle decay
half-lives of cluster and the neutron halo, ?’F, ??Ne and >°Ca from
278320120 even-even nuclei.
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Figure 12: Geiger-Nuttall plot of Q" verses log, T, for various
neutron halo nuclei from super-heavy nuclei with Z = 116.

Figures 12-14 represents the plot of Q"2 verses log, T, for the
emission of halo nuclei from the isotopes of Z = 116, 118
and 120 elements. The plot is known as the Geiger-Nuttall
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plot. The law was proposed by Geiger and Nuttall in 1911
to explain the alpha decay process. They found that the
logarithmic value of half-life of decay varies linearly with the
square root of the Q-value according to the expression [73];

log,, Ty, = MO +C 16)

where M is the slope of the plot and C'is the y- intercept. In
2012, Chong Qi et al. [74], showed that the Geiger Nuttall
law can be successfully applied to cluster radioactivity also.
From the linearity of the plots in the Figures 12-14, we can
see that the Geiger Nuttall law can be applied to decay of
halo nuclei also.
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Figure 13: Geiger-Nuttall plot of Q' verses log, T, , for various

neutron halo nuclei from super-heavy nuclei with Z = 118.
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Figure 14: Geiger-Nuttall plot of Q" verses log, T, , for various
neutron halo nuclei from super-heavy nuclei with Z = 118.

It is to be noted that Geiger-Nuttall law assumes only
Coulomb interaction, in the model used in our calculations,
the interaction potential is assumed as the sum of Coulomb,
proximity and centrifugal potentials. However, we have
neglected the centrifugal part by assuming zero momentum
transfer. Therefore, it is clear that the linearity of the plot is
not affected considerably by the inclusion of the proximity
potential and the CPPM can explain the decay of halo
nuclei from super heavy elements successfully.

Finally, Figure 15 shows the universal curve between
log,, T, and the negative logarithm of barrier penetrability
(—In P) for the decay of °C, 2O, *F and *Ca halo nuclei
from Z = 120 parent isotopes. All the plots have the same
slopes but different intercepts. The linearity of the universal
curve confirms the validity of Geiger-Nuttall law in the case
of emission of halo nuclei and also justifies the application
of CPPM for describing the halo emission.
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Figure 15: The universal curve for calculated logarithmic half-lives
versus negative logarithm of penetrability for various neutron halos
from the super-heavy nuclei with Z = 120.

Conclusion

The decay half-life of 1n and 2n halo nuclei from
270316116, #*318118 and #%32°120 is studied within the
frame work of Coulomb and Proximity Potential Model.
The halo structure is identified by calculating the In- and
2n- separation energies and by observing the cluster + core
configuration corresponding to the minimum value of
the driving potential. The decay half-life is compared by
considering the neutron halo nuclei as a normal spherical
cluster and as a halo with a rms radius. Our calculations
show that the decay half-life for *F and *Ca nuclei is less
than the experimental upper limit and no evidence for the
emission of 2n halo nuclei is found in our results. Except
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for PC, the emission probability is increased when the rms
radius is considered. Also, the occurrence of neutron shell
closure at neutron numbers 150, 164 and 184 became
evident form the plot of log ‘T, verses the neutron number
of parents. The linearity of the Geiger-Nuttall plots and
the universal curve shows that Geiger-Nuttall law can be
applied to halo nucleus also and it confirms the validity of
CPPM for describing the decay of halo nuclei from super-
heavy elements We strongly believe that our study will help
the researchers for proceeding further towards the structure
and properties of halo nuclei and proceeding towards the
synthesis of new super-heavy elements.
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