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Analysis of various competing binary and ternary decay processes of the >**Es nucleus
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The ground state binary and ternary decays of the >*Es radioactive nucleus are investigated using the quantum
mechanical fragmentation theory (QMFT) based cluster decay models. First, the relative fragmentation of
233Es is analyzed within the framework of the preformed cluster model (PCM). The PCM-calculated binary
fragmentation structure is explored for two types of nuclear potential, i.e., Yukawa plus exponential and
proximity potentials. The structure of the fragmentation potential and the location of potential minima are found
to be independent of the choice of nuclear potential. It is observed from binary fragmentation structures that «
(*He) decay, cluster (*°Ar) emission, heavy particle (**Ge) radioactivity, and spontaneous fission fragmentation
(**In) are the possible ground state decay modes of the >**Es nucleus. The competitive emergence of these
decay channels is explored by studying the preformation probability Py, penetrability P, and half-lives T;,,. The
calculated half-lives of « and spontaneous fission match nicely with the experimental measurements. Also, the
half-lives are predicted for cluster and heavy particle radioactivity, for which experimental verification would be
of further interest. Further, an effort is made to explore the possibility of ternary fission (particle accompanied
fission) for the decay of the 23Es nucleus using the three-cluster model (TCM), where “He is observed to
be the third fragment along with two binary fission fragments. A comparison of relative yields of binary and
ternary fission confirm that the probability of the binary fission decay mode is larger than that of ternary fission.
Moreover, closed shell effects play a significant role in the symmetric and asymmetric fission of binary and

ternary fission, respectively.
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I. INTRODUCTION

After the discovery of radioactivity by Becquerel [1]
numerous radioactive nuclei were detected, and vast un-
derstanding of different kinds of radioactive decay was
developed. It has been observed that the nuclei of the actinide
region are radioactive, and exhibit «-decay, cluster emission,
heavy particle radioactivity (HPR), and spontaneous fission
(SF) [2-7]. The dominance of one or more such decay modes
relies on the binding energy of parent nuclei and the fragmen-
tation structure associated with them. After the establishment
of w-decay and spontaneous fission processes, which are the
traditional decay modes of unstable nuclei, the cluster decay
mode, also called as cluster radioactivity (CR), came to be
known in 1980 [4,5]. In this process, the radioactive nucleus
decays via a fragment heavier than an o particle but smaller
than the lightest fission fragment. Recently, another decay
mode was predicted in which the size of the decaying frag-
ment is heavier than a CR fragment and lighter than a fission
fragment; it is known as heavy particle radioactivity (HPR)
[6,7].

In general, the unstable nucleus splits into two binary frag-
ments of comparable masses during the spontaneous fission
process. Sometimes one finds three fragments in the outgoing
channel instead of usual binary decay, and this process is
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known as ternary fission. Alvarez et al. discovered ternary
fission for the first time in 1947 [8]. Generally, the studies sug-
gest that the mass of the third fragment is much smaller than
the other two main fission fragments, hence it is also known
as light-particle-accompanied fission. In the most of the cases,
the third fission fragment is usually an « particle due to its
higher stability. To date, several theoretical and experimental
investigations have been done to analyze the ternary fission
of heavy and superheavy nuclei [9-12]. However, the mass
yields with the most preferred fission fragments, which pro-
vide the structural information associated with the decaying
fragments, are not studied extensively. Therefore, it would be
interesting to analyze the dynamics of ternary breakup of a
radioactive nucleus along with its usual binary fragmentation.

This paper aims to focus on the investigation of decay
dynamics of the 233Es radioactive nucleus [13]. To date, 17
isotopes of the einsteinium nucleus have discovered, i.e.,
A = 241-257, from a probable list of about a hundred iso-
topes [14]. The main properties of the >3 Es nucleus that we
are interested in the present paper are fragment mass dis-
tribution and the half-lives of « decay, cluster radioactivity,
heavy particle radioactivity, binary spontaneous fission, and
ternary fission processes. In the present work, these binary
decay mechanisms are analyzed within the framework of the
preformed cluster model (PCM) [2,15]. The *>’Es nucleus
is of interest because some relevant data on « decay and
spontaneous fission processes are available. It is relevant to
note that the half-lives of SF of the Es nucleus are very
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large as compared to the those for o decay. Hence, it has been
difficult to obtain sufficiently strong sources for study because
of the extremely high «-decay rates. The dynamic calculations
incorporating both the fragmentation potential (or preforma-
tion probability) of the decaying nucleus and penetration
probability of fragments are expected to impart useful insight
for better understanding of the aforementioned phenomena.
Moreover, it is clear from the literature that there are no
thorough studies on the particle-accompanied ternary fission
of einsteinium isotopes. Hence, the primary goals of present
work are (i) to explore the binary fragmentation potential
and preformation probability distribution for the competing
analysis of «-decay, CR, HPR, and SF processes; (ii) to iden-
tify the decaying fragments and calculate their half-lives for
all considered binary decay processes and compare with the
experimental and other theoretical observations; (iii) to study
the particle-accompanied ternary fission of the 2>*Es isotope
within the three-cluster model (TCM) [16,17], where the third
fragment is fixed with mass A = 4; and (iv) to investigate the
relative yields of both binary and ternary fission.

The overview of this paper is as follows. Section II de-
scribes the methodology used in this work. The collective
clusterization approach of the preformed cluster model and
the three-cluster model are briefly discussed, to analyze the
binary and ternary decay mechanisms, respectively. The cal-
culations and results of binary and ternary fragmentation are
discussed in Sec. III. Finally, a summary of the observations
and conclusions drawn are outlined in Sec. IV.

II. METHODOLOGY

The binary and ternary decay analyses of the >>’Es ra-
dioactive nucleus have been carried out within the preformed
cluster model (PCM) [2,15] and the three-cluster model
(TCM) [16,17], respectively. Both PCM and TCM approaches
are based on the quantum mechanical fragmentation theory
(QMFT) [18-20]. This theory considers the mass (and charge)
asymmetry coordinate

A A
A+ A

a—a> (1)

(and 2= Zy+ 2,

nA
as a dynamical coordinate for the mass and charge flow in
the nuclear decay process. Subscripts 1 and 2 represent the
heavy and light fragments. Another collective coordinate of
this theory is relative separation (R) between the decay frag-
ments. Note that these decay modes are based on collective
clusterization criteria which treat all the decay mechanisms
(e.g., light particles, intermediate mass fragments and fission
fragments) on parallel footing. This aspect of handling various
decay processes on parallel footing is not available in the
majority of competing models.

A. Preformed cluster model (PCM)

The binary decay processes of >%Es, such as « decay,
cluster emission, binary spontaneous fission, etc., are studied
within the PCM method. Based on the aforementioned coor-
dinates, i.e., n and R, the collective fragmentation potential
is calculated within the Strutinsky macroscopic-microscopic

method [21] at fixed distance R, (the first turning point of the
penetration path), and given as
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B(A;, Z;), the binding energies of two fragments, are the
sum of the macroscopic liquid drop term (Vipy) and the
microscopic shell correction term (§U), and taken from the
experimental compilation of Audi and Wapstra [22] and from
the theoretical estimates of Moller et al. [23] whenever not
available in [22]. In Eq. (2), the second term denotes the
Coulomb potential and Vy is the nuclear attractive potential,
explained further in Sec. II C.

The decay half-life 71/, and decay constant A are obtained
from following relation:

In2
T1/2 = T = UP()P. (3)

Here, v and P are the barrier assault frequency and barrier
penetrability, respectively, where P refers to R motion. The
preformation probability [Py = [ ((A))? By, Af—w] refers
to n motion, which describes the probability of finding certain
mass fragments at position R on the decay path. The Py is
estimated by solving the Schrodinger equation in 1 coordinate

using fragmentation potential as an input, at fixed R = R,:

{ m_o 13 + Vi( )}W( )=E"Y(m), B
== T Ve n) = "),
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with v =0, 1,2, 3, ... referring to ground state (v = 0) and
excited state (v # 0) solutions.

The penetration probability P of decaying fragments is ob-
tained from Wenzel-Kramers-Brillouin (WKB) integral, and
determined by following expression:

P = PWP, &)

Here, the transmission probability consists of three contribu-
tions as shown in Fig. 1:
(i) the penetrability P, from R, to R;:

R;
&=mpP%/Tumwm—vmmwwﬂ; (6)
R,

(ii) the inner deexcitation probability W; at R;:
W; = exp(—bE); 7
(iii) and the penetrability P, from R; to Rj:

_ 2 (R 172
P, = exp “n ) {2ulV(R) — O]} /~dR|. 3

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 from the excitation
model of Griener et al. [24]. In Eq. (7), E; is the excitation
energy of the daughter nucleus, which is the energy difference
between V (R;) and the Q value of the decay products. At this
point, the excitation of the daughter nucleus is a consequence
of nuclear and Coulomb interactions of the decaying frag-
ments. Furthermore, if parameter b of Eq. (7) was allowed
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FIG. 1. The binary scattering potential V (R) for the « decay of
the 2>*Es nucleus for two kinds of nuclear potential, i.e., Yukawa plus
exponential and proximity potentials. Also, the schematic represen-
tation of all the parameters is given.

to depend on R; (see Fig. 2 of Ref. [24]), then it should
become a process of multiple de-excitations and proceed as
a steplike process. In the present work, the de-excitation of
the daughter nucleus is restricted to only a single transition.
The parameter b is taken to be negligibly small which means
that the excitation of the decay fragments plays a minor role,
and hence W; = 1. The first turning point R, is defined as
R, = Ry + R, + AR. Here R; and R, are the radii of decaying
fragments and are calculated as R; = 1.16A3 3. AR is the
relative separation distance between two fragments or clusters
and is supposed to assimilate the neck formation effects, and
hence is referred to as the neck-length parameter.

B. Three-cluster model (TCM)

Recently, the TCM was developed by Manimaran et al.
[16,17], as an extension of the preformed cluster model. It also
works out in terms of mass (n4) and charge (nz) asymmetry
coordinates. For the case of ternary fission, the third fragment
which is represented by A3 is fixed, and hence mass and charge
asymmetry is considered only between A; and A,. The relative
separation among the three fragments is R;; = R;; + s;; where
Rij = ro(4;” + A;”) (rg = 1.16 fm) and s;; is the surface
separation between decaying fragments. s;; is considered to
be zero for the touching equatorial configuration of three frag-
ments, as shown in Fig. 2. The fragmentation potential for the
equatorial configuration of ternary fission decay is calculated

Ternary fission
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FIG. 2. The ternary fission scattering potential V (MeV) as a

function of surface separation (s) for *>*Es is plotted with the use
of Yukawa plus exponential and proximity nuclear potentials.

as

3 3 Z,Zjez
Vie = ZZBi + Veij| = R + Wij.- 9

i=1 j>i Y

The penetration probability of the ternary fragments cross-
ing the potential barrier is estimated as [17]

_ 2 (= 12
P—CXP[—E/ {21123V (s) — O} dS:|~ (10)

s is a first turning point and s, is the second turning point
satisfying V (sp) = Q as shown in Fig. 2. The Q value for the
decay of three fragments is obtained as Q = M — Z?:l m;. In
Eq. (10), 1123 is the reduced mass of three fragments,

1243 ) (11

Mi23 = <— m
Hi2 + Az

where w1, = A1A2/(A1 + A,) and m is the nucleon mass.

The relative yields for all the fragmentation channels for
both binary and ternary decay processes are calculated as the
ratio between the penetration probability of a given fragment
over the sum of penetration probabilities of all possible frag-
mentations as [17]

P(Aiv ZI)

YA,Z)= ————.
( ) XP(A;, Z)

12)

C. Nuclear potential

In Egs. (2) and (9), Vyi; is the attractive nuclear potential.
In the present work, two different types of attractive nuclear
potentials are used for the calculations. The first is the short-
range Yukawa plus exponential nuclear potential, which is
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given as [25]

2
Veiy = =4( ) amaslsis 4+ §) = g1~ &if)]

XeXP(—$)7 (13)
3
where § = R} /a, and the functions g and f are
gr = ¢ cosh¢ — sinh ¢ (14)
and
fe=¢7sinh g, (15)

where ¢ = Ry /a with the radius of the nucleus being R; =
roA}c/ 3. Here a = 0.68 is the diffusivity parameter and the
asymmetry parameter is ay, = ay(1 — wl?) with a, = 21.13
MeV,w =2.3,and [ = 1%.

Alternatively we have used the nuclear proximity potential
from Ref. [26]. It reads as

Vpij(s) = AT Ry bd(s), (16)

where s is the surface separation of fragments, y =
0.9517[1 — 1.7826(N — Z/A)*] MeV fm~?2 is the surface en-
ergy constant, and b = 0.99 is the nuclear surface thickness.
R is the mean curvature radius and @ is the universal function;
for more details, see Ref. [27]. The fragmentation potential
using these nuclear potentials is calculated for both binary
and ternary decays, and the relevant results are discussed in
Sec. I11.

III. CALCULATIONS AND DISCUSSIONS

This section represents the theoretical investigation of bi-
nary and ternary decay mechanisms of the >>’Es nucleus
within the cluster-decay models. First, in Sec. III A, the
competing analysis is carried out for various decay modes
of 3Es such as o decay, cluster radioactivity (CR), heavy
particle radioactivity (HPR), and spontaneous fission (SF).
The fragmentation structure is analyzed to explore all the
possible fragment emissions. The decaying fragments are
identified and their corresponding half-lives are calculated and
compared with available experimental and other theoretical
observations. It is worth mentioning here that such fragment
identification is not available in the reported experiments for
cluster, HPR, and SF cases; also no experimental information
is available for the half-lives of CR and HPR channels. The
calculations are made using two kind of nuclear potentials,
i.e., Yukawa plus exponential and proximity potentials within
the framework of PCM. Further, Sec. III B presents the cal-
culations for the particle-accompanied ternary fission of >>*Es
for the equatorial configuration using TCM (see Fig. 2). Also,
the relative yield is calculated, and decaying fission fragments
are identified in terms of mass and charge numbers. Finally, a
comparative analysis of binary and ternary fission is made in
Sec. III C.

A. Competing binary decay mechanisms of >**Es nucleus

First, the barrier characteristics for the o decay of the >*Es
nucleus are analyzed by plotting the scattering potential in
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FIG. 3. Binary fragmentation potential V (MeV) as a function of
fragment mass A, for 2>*Es nucleus calculated using Yukawa plus
exponential and proximity potentials. The deepest minima of the
fragmentation potential are also marked.

Fig. 1 for both Yukawa plus exponential and proximity nuclear
potentials. It is evident that the two potentials show different
barrier characteristics. The barrier position and barrier height
are different for the two cases, and hence the penetrability
probability gets modified accordingly. The Coulomb barrier
is smaller for the case of the proximity potential, and one can
say that the probability of o emission is higher for that case.
A similar trend can be seen from Fig. 2 for the case of ternary
fission of the 2>*Es nucleus.

The collective illustration of a nuclear dynamics is
exploited by studying the fragmentation potential and prefor-
mation probability. In order to examine the dynamics of the
radioactive nucleus, the collective potential energy (or frag-
mentation potential) is calculated, which is the key ingredient
to the Schrodinger equation [see Eq. (4)]. By studying the
deep valleys in the fragmentation potential at all 5 values,
the relative stability of decaying fragments can be estimated.
Thereby, the binary fragmentation potential Vx(n) (MeV) of
253Es was calculated, and the results are plotted in Fig. 3. The
investigation of fragmentation potential is carried out for both
Yukawa plus exponential and proximity nuclear potentials.
A deep analysis of the prominent dips in the fragmentation
plot leads to the observation that most preferred decay frag-
ments are the same for both choices of nuclear potential.
However, there is a significant difference in the magnitude of
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FIG. 4. Preformation probability P, as a function of fragment
mass A; for the 2*Es nucleus calculated using Yukawa plus expo-
nential and proximity potentials.

fragmentation potential. It is evident from Fig. 3 that the clus-
ters or fragments corresponding to the deepest minima of the
fragmentation potential are 1n, “He, *°Ar, 3’Ge, and '®In. The
o particle (*He) along with the 1n have lower fragmentation
potential. However, the present work aims primarily to ex-
plore the relative abundance of radioactive processes, so only
o decay is compared to heavier cluster emissions. As stated
above, the decay fragments for CR, HPR, and SF decays are

identified, respectively, as OAr, 82Ge, and 'PIn (along with
complementary fragments).

Figure 4 represents the PCM-calculated preformation
probability Py as a function of fragment mass A; for binary
decays of > Es using Yukawa plus exponential and proximity
potentials. The minima in the fragmentation potential corre-
spond to the maxima in the profile of preformation probability
Py. This indicates that the fragment having the highest value of
preformation probability forms the most favorable fragment
in the exit channel. The decaying fragments are identified
as marked in the preformation plot. The spontaneous fission
decay of the **Es nucleus favors symmetric fragmentation
("»In+ '?Sn channel), and this choice of most probable
fission fragments depicts the importance of closed shell ef-
fects near Z = 50. The reason behind the emergence of the
predicted clusters and/or fragments is apparently due to the
magicity of the corresponding daughter products in all the
decay channels.

The competing nature of all four decay channels of >°Es
can be seen from Figs. 5(a)—(c), which show the behavior
of fragmentation potential, preformation probability F,, and
barrier penetrability P (calculated at the corresponding fitted
AR’s). It is observed from Fig. 5(a)that the o and spontaneous
fission fragment (‘*In) have lower magnitude of fragmen-
tation potential than the cluster (**Ar) and heavy fragment
(¥ Ge). Consequently, the magnitude of P, is larger for the o
and SF fragment than other two decay channels, which means
the probability of o emission and SF decay channels is higher
for the 2>°Es nucleus. However, Fig. 5(c) depicts that barrier
penetrability increases with increase in mass number of decay
fragment. It is noticed that proximity and Yukawa nuclear
potentials show similar structural behavior for all kinds of
binary decay processes (also shown in Fig. 3). However, there
is a significant difference in magnitude. Knowing that half-
lives are the combined effect of preformation probability Py
and penetrability P, the PCM-calculated results are presented
in Table 1. The half-lives of the o and fission fragment are
smaller than those of the cluster and heavy fragment, as shown
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FIG. 5. The competitive analysis of all the binary decay mechanisms («, CR, HPR, and SF) via (a) binary fragmentation potential V (MeV),
(b) preformation probability Py, and (c) penetrability P as a function of fragment mass A,.
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TABLE I. PCM-calculated half-lives of a, CR, HPR, and SF decay channels of the 2>*Es nucleus are compared with the experimental data
[28,29] and other theoretical observations [30]. The optimized values of neck-length parameter AR with other calculated quantities are also

presented in the table.

Decay Decay 0 value AR (fm) Half-lives log,, 71,2 (s)

mode channel MeV) Yukawa Proximity Yukawa (PCM) Proximity (PCM) Expt. Theoretical
o “He + **Bk 6.75 —0.20 0.75 9.0 6.45 6.2 7.16 [30]
Cluster 4 Ar +207T] 128.7 0.70 —0.85 20.81 25.54 24.37 [30]
HPR 82Ge +""Ho 199.2 —0.40 -1.0 19.94 30.03

SF 125In 4 1288n 2433 —0.40 —1.0 2.77 12.65 13.29

in the table. However, the half-lives for the « and SF chan-
nels show nice agreement with the experiment measurements
[28,29] with the use of the proximity potential. This is due to
the different barrier characteristics of the two the potentials, as
shown in Fig. 1. The best-fitted values of neck-length parame-
ter and Q value for all the binary decay channels are presented
in Table I. The comparison of PCM-calculated half-lives with
other theoretical observations [30] is also made.

B. Decay of 23Es through ternary fragmentation

In this section, the possibility of ternary decay of the >°Es
nucleus is investigated, within the three-cluster model (TCM)
[16,17]. The ternary fragmentation potential using Eq. (9) is
calculated for the considered radioactive nucleus using the as-
sumption of equatorial configuration [16], and plotted in Fig. 6
as a function of fragment mass A,. The calculations are made
at surface separation s = 0.8 fm as the scattering potential

95

Ternary fission fragmentation
904 253

. Es—A A +A,
85 £

Proximity Potential
80

75 1
701
65 |
604
551

504"

Fragmentation potential V (MeV)

45 1

40—+ T T T T T T T T T T T T T
0 20 40 60 80 100 120

Fragment Mass A,

FIG. 6. Ternary fragmentation potential V (MeV) as a function
of fragment mass for 2>*Es for different A; = 4 combinations.

V (s1) corresponding to first turning point s; should be greater
than the Q value of the decay process for the penetration
of the barrier to occur. Note that the third fragment mass
is fixed, i.e., A3 = 4, and the possible choices of fragments
for mass number 4 are taken as *H, “He, and *Li. As men-
tioned in Sec. II B, the fragmentation potential is minimized
in mass-charge asymmetry coordinates for the remaining two
binary fragments (A; + A;). It is evident from the figure that
the magnitude of ternary fragmentation potential is lower for
Az = *He (than *H and *Li fragments). This indicates that the
Az = *He accompanied ternary fission is most favored for the
233Es nucleus. This preference of the “He fragment as a third
fragment for the ternary decay of the considered nucleus is
in accordance with [31]. Hence, the further investigation is
carried out by considering “*He as a third fragment for the
ternary fission decay of the >°Es nucleus.

Next, to analyze the ternary decay of >°Es, we have con-
sidered two nuclear potentials, i.e., Yukawa plus exponential
and proximity potentials, as discussed in Sec. IIC. In Fig. 7,
the ternary fragmentation potential is plotted as a function of
fragment mass A, for both types of nuclear potential. Note
that results shown in Fig. 7 are calculated at common surface
separation s = 0.8 fm. It is clearly evident from the figure that
the magnitude of the fragmentation potential is small for the
attractive proximity potential as compared to the Yukawa plus
exponential potential. That means the probability of ternary
emission seems higher for the choice of the proximity poten-
tial. However, the fragmentation structure and the choice of
most probable A; + A, fragments are the same for both cases,
where the third fragment is fixed (A3 = *He). The minima
of the fragmentation path (say, using the proximity nuclear
potential) of the >**Es nucleus correspond to the following
combinations (**°Es — A; + Ay + A3):

(i) PEs — “He(Z=2, N=2) 4+ “°Ar(Z=18, N=28)
+28Au(Z=79, N=124),

(i) 2’Es — *He(Z=2, N=2) + ¥Ge(Z=32, N=50)
+197Tb(Z=65, N=102),

(iii) ’Es — *He(Z=2, N=2) + ''°Pd(Z=46, N=70)
+!38b(Zz=51, N=82).
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FIG. 7. Ternary fragmentation potential V(4,) of *Es for
Yukawa plus exponential and proximity nuclear potentials.

In cases (i), (i), and (iii), the emergence of minima is
associated with neutron magicity N = 28, 50, and 82 respec-
tively. Here, “He (doubly magic nucleus) is considered as the
third fragment in ternary decay. These results indicate the
conclusive role of closed-shell effects in the ternary fission
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fragmentation of 2>Es. An experimental verification of these
results would be of future interest.

C. Comparative analysis of binary and ternary fission

Finally, a comparative analysis of binary and ternary fission
of the **Es nucleus is carried out in this section. The relative
yields [as per Eq. (12)] of binary and ternary fission frag-
ments are calculated and the results are shown respectively in
Figs. 8(a) and 8(b). The scales of x and y axes are same in both
panels so that one-to-one comparison of binary and ternary
fission mechanisms can be carried out. As per Figs. 3 and 7,
the binary and ternary fission decays are more prominent for
the proximity potential, hence the calculations are done for
this choice of potential. The fission fragment mass distribution
is significantly different for binary and ternary fission. Ternary
fission fragmentation is more asymmetric as compared to
binary fission. The choice of most probable fragment, as
marked in the figure, is also different for the considered fission
decay mechanisms. Clearly, the relative yield of symmetric
fragments is higher for the case of binary fission decay rela-
tive to ternary fission. This observation also suggests that the
possibility of binary fission is higher as compared to ternary
fission.

IV. SUMMARY

Summarizing, the preformed cluster model (PCM) and the
three-cluster model (TCM) are used to study the binary and
ternary decay processes of the >*Es nucleus. The binary de-
cay mechanisms (such as «, cluster, HPR, SF) are explored
by calculating the fragmentation potential and preforma-
tion probability using PCM. The choice of most probable
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FIG. 8. The calculated relative yields for (a) binary fission and (b) ternary fission of »>*Es. The most probable fission fragments are also

marked.
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fission fragments depicts the importance of closed shell ef-
fects. The calculations are performed using two kinds of
attractive nuclear potentials, i.e., Yukawa plus exponential
and proximity potentials. It is observed that the two nuclear
potentials have different barrier characteristics. As a result,
the PCM-calculated half-lives of « and SF channels show
nice agreement with experimental results using the proximity
potential. However, the half-lives are predicted for cluster and
heavy particle radioactivity. Apart from this, ternary fission is
studied using TCM for the >>Es nucleus. It is observed that
233Es may also decay via particle-accompanied fission, where
the third particle is identified as “He. Further, a comparative
analysis of both binary and ternary fission is carried out. The

relative yield of symmetric binary fragments is higher than
in ternary fission. The most probable decay fragments are
identified for binary as well as ternary cases. Finally, it is
observed that magic shell effects near Z = 50 and N = 82
play an important role in the choice of binary as well as
ternary fission. It will be of further interest to incorporate
deformation effects in the binary and ternary decay analysis.
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