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Abstract
A nucleus is said to be stable when the N/Z ratieufron number to proton
number ratio) becomes that of the nuclei whichiarthe beta stability line of
the Segre chart. Highly unstable nuclei which beae or below the valley of
stability near the proton drip line or neutron diige are called exotic nuclei.
These unstable nuclei attain stability by emittimagliations. They undergo
decay processes suchwmslecay,p decay,y decay, nuclear fission, exotic or
cluster decay and particle emission. The presemlysis an investigation of
exotic nuclear decay in Tungsten (W), Rhenium (Rayium (Ir) and
Platinum (Pt) isotopes. Exotic decay or clusteiaactivity is the emanation
of a cluster of nucleons with mass number heawnean tthat of an alpha
particle and lighter than that of the lightest ifiss fragment. This
phenomenon is a radioactive decay process inteateedetween alpha decay
and spontaneous fission. The model employed ingtudy is the effective
liquid drop model (ELDM), in which the interactimmptential is the sum of
Coulomb, surface and centrifugal potentials. Allsgible combinations of
parent and cluster have been considered for whelQtvalue is positive. The
half-lives are evaluated for the probable exoticagemodes in W, Re, Ir and
Pt isotopes in the mass range 150 < A < 200. Theligied values are
compared with another theoretical model and withdkailable experimental
data. The effect of shapes of parent and daughigeinon exotic decays are
analysed. The decay characteristics of the probaki¢éic decay modes are
investigated. The role of neutron magicity in egatecay is studied. Finally,
we have derived a general equation for half-lifeegaing the probable exotic
decay modes in these nuclei.

XV



CHAPTER 1
INTRODUCTION

1.1 Radioactive decay in nuclei

At the beginning of the twentieth century, thesffinformations about
the atomic nucleus were obtained by studying radiai&y. This led to the
fields of particle physics, nuclear physics, ratiemistry as well as to many
applications in medicine, biology, industry andiagiture. While trying to
see a connection between Wilhelm Conrad Roentgetrsays with
fluorescence phenomena, Antoine Henri Becquerebglexed a “mysterious”
radiation from uranium salt in 1895. Pierre and ilaCurie found that
thorium also emits this radiation and they discedethe new elements
radium and polonium, which were the strong emittdfeom scattering
experiments, Ernest Rutherford deduced that atopadicles consisted
primarily of empty space surrounding a well-defineentral core called
nucleus. He transmuted one element into anothdiciaity and elucidated
the concepts of the half-life and decay constanth&ford demonstrated the
production of oxygen by bombarding nitrogen wittpha particles. The

atomic nucleus was discovered around 1911.

Geiger and Nuttall, in 1911 gave a semi-empirredhtionship of the
alpha decay half-life versus the range of alphdéiges in the air. Gamow [1]
explained this by tunneling the alpha particle tigio the barrier which was
the first application of quantum theory to nucléahn William Strutt and
Lord Rayleigh introduced the liquid drop model (LIDNh a series of papers,
treating liquid droplets charged with electricitgydathe capillarity instability

of an infinite jet of fluid [2].



In 1930, Gamow attempted to calculate the nuckeading energy
using the LDM, which was finally accomplished byn/@/eizsacker in 1935.
Otto Hahn and Fritz Strassman, in 1939, discovehed induced fission,
which was explained by Lise Meitner and Otto Fribghusing the LDM. The
name fission was borrowed by Otto Frisch from kggloof cell division.
Many properties of the fission process were expldiby Bohr and Wheeler

[3] and they stated that fission was more likelpoour with***U than®®U.

Only three kinds of nuclear decay modes(andy) have been known
for a long period of time. They explain three oé ttundamental interactions
in nature : strong, weak and electromagnetic. $pmdus fission, which was
discovered in 1940 by Petrzhak and Flerov, had lbathary and peaceful

applications of the neutron-induced fission.

Other kinds of decay modes like proton radioattiwere predicted in
1960 by Goldansky. Karnaukhov et al. [4] and Hofman al. [5,6] observed
the proton radioactivity from the ground state. BThand*°Be accompanied
cold fission decays were discovered in 1998 [7]ingshe macroscopic-
microscopic approach [8], the mass asymmetry aidis fragments and the

shape isomers could be explained.
1.2 Cluster radioactivity

The emanation of a cluster of nucleons with massvier than that of
an alpha particle and lighter than that of thetkghfission fragment was first
predicted by Sandulescu et al. [9] in 1980. Thierq@menon, identified as
cluster radioactivity or exotic decay, is a radibsec decay process
intermediate between alpha decay and spontanessisrfi Experimentally,
cluster decay was first observed by Rose and Jdfgsn the year 1984, in
the radioactive decay 6f°Ra by the emission df'C cluster, with***®Pb as

daughter. Many such emissions were discovered [laiér This rare decay is



experimentally found in the mass region A > 22thvdaughter arount®®Pb
and is also predicted aroun®sn and**’Sn daughters [10,12,13], based on
the quantum mechanical fragmentation theory (QME#)15].

Usually, the emitted clusters in this processthesisotopes of C, O,
Ne, Mg, Si, etc. In earlier years, the phenomeraitead cluster radioactivity
was found mostly in actinide nuclei like uraniuradium, etc. Recently, it has
been noticed that such decays occur in lower meg®nm nearBa. The
exciting experimental discovery ofC cluster emission frort‘Ba resulting
in 1°°Sn [16,17,18], attracts a lot of attention and efene broadens the scope

of cluster radioactivity.

Researchers tried to find other radioactive denagles in which heavy
nuclei break up by emission of fragments of intedtiae mass. Theoretically,
the interest in these decays is found in the evialuaf lifetimes, branching
ratios and decay constants and hence deduce vamopsrties of the nuclei
involved in these decays. Over last three decaditls,the help of various
models, the lifetimes for the emitted cluster fraguts from radioactive nuclei

have been assessed and compared with the expealrdatd.

There are various theoretical models to investiglh¢ phenomenon of
cluster radioactivity. Generally these models @altler two categories : 1) the
unified fission model (UFM) and 2) the preformedster model (PCM). The
physics of both the models is entirely differemt.the UFM, cluster decay is
simply considered as a barrier penetration phenomemithout worrying
about the preformation of cluster in the parentlews In the PCM, some
cluster of nucleons is assumed to be preformed parant nucleus, before
penetrating the nuclear potential barrier. Thedpsesumption of the UFM is
that clusters have equal probability of being pmeied, but in PCM, clusters

with different sizes have different probabilitie$ lmeing preformed in the



parent nucleus. The idea of the two approacheseisymgly different, though

there are some similarities between them [19].

The cluster radioactivity is based on the fragragon theory [14,15],
where the cold fission or fusion reaction valleye geen [20-23] in the
estimated fragmentation potentials. In accordanitie tive earlier calculations
in the case of transactinides, cold reaction vallaye formed by the shell
effects of one or both the partners of the reactimr the radioactive nuclei,
the significance of cold reaction valleys, whichrrespond to the observed

cluster emissions was later illustrated explidilyGupta et al. [24].

As mentioned earlier, experimentally, cluster oadiivity was
established as a new decay process for theifimstin the spontaneous decay
of *C emission fronf?Ra nuclear system. However, in literature there was
an old fission data df'Ne decay of*?U, observed by Jaffey and Hirsch [25].
This implies that cluster decay was already fousctarly as 1951 and the
authors could not distinguish it from the procekspmntaneous fission. Few
years back, Bonetti et al. [26] have ascertained the®*Ne emission from
23, observed in 1951, is not due to spontaneoumfissince the presently
measured upper limit of spontaneous fission de@mgtant is smaller than
the then observed decay constant. Only three nacieiobserved to decay
emitting two heavy clusters other than alpha plartithey ar¢*'Pa,***U and
%8Py, but no nuclei are found to decay with the eimissf more than two
heavy clusters. Also, it is now possible to meadhee spontaneous fission
probability and cluster decay probability simultansly in the same
experiment [26]. Since the spontaneous fissionhads are smaller than the
cluster decay half-lives, cluster decay differarirthe spontaneous fission in

radioactive nuclei.

A fine structure, equivalent to that observed &pha decay by

Rosenblum [27] was also experimentally observed2/@sfor **C decays of



2222224 nuclei. Over the years, various measuremenisafching ratios of
alpha decay versus those of cluster decay to tb#eexstates of daughter
nucleus were carried out. So far, this has beesilpesonly for the branching
ratios of ““C emission to the *lexcited state of®®Pb and to the *Land 2°
excited states of’”*Pb. In the case d°*Pb, some events corresponding to a
transition to the "8 excited state o”*Pb were also seen #iC emission from
?2Ra nucleus. Here the calculations of Greiner anuei8ic[30] were done
before the experiments [28]. They showed that dageto excited states is
taken into account in addition to the decay to gheund state of daughter
nucleus, the decay constant corresponding toerluktcay can go up by a
factor of 5. In these cases, it has been obsehadhe decay to excited states

Is far more increased than that to the ground stat@ughter nucleus.

So far, the heaviest cluster observed*si, which is far from the
lightest fission fragment measured until now. Timgiting value of the mass
asymmetry for the normal fission or the clusterajers not established yet.
There is also a possibility for the two processeewverlap for some range of
asymmetry. Recently, some attempts were perfori@&ptd find out the very
light cold fission products with maximum kineticexgy, having the size of
the exotic clusters. This would lead to many newsjalities and questions,

some of which are studied in recent times.

In cluster decays, the observed daughter nuctealvays a proton or
neutron (or both) closed shell, or almost nearh® ¢losed shell spherical
nucleus. This led to the prediction of new clustadioactivity based on
earlier calculations. In the earlier calculatiotis2 minimum value in the
evaluated fragmentation potential energy surfacentpd to at least a
spherical closed shell nucleus. This implies thlaister decay is not an
isolated process in nature. It must be relatedttieroprocesses like the cold

fission and cold fusion in which similar closed kledfects play an important



role. This problem was analysed by Gupta et al]. [B@rthermore, the topic
of either the spherical or both the deformed arftespal closed shell effects
becomes significant due to the observation of tigt@nce of stable deformed
closed shell effects in nuclei [33,34]. At presehgre exists no experimental

data of cluster decay referring to deformed daughte

Theoretically, the question comes up whether algbeay, cluster
decay and the spontaneous fission are simply thee thypes of a unified
fission process with super-asymmetric, asymmetrid aearly-symmetric
fission fragments or both alpha and cluster deeagsindistinguishable and
stick to the Gamow theory of alpha decay but diffem the spontaneous
fission. Both the possibilities have been studiedemsively by various
groups [35,36].

Apparently, the fission theories are used to ustded the cluster
decay phenomenon. In the saddle point fission m(sleF), the charge and
mass distributions of the fragments are determatethe saddle point, after
the penetration of the decaying system througlb#iger. This supposition is
on the basis of an earlier computation in whicheaplicit time-dependent
Schrodinger equation, in the charge and the magarastry co-ordinates and
the relative co-ordinate, was solved. Here both abkgault frequencies and
barrier penetrabilities are independent of the eizthe fragment and they are
difficult to calculate. In one of the SPF modelse tdecaying nucleus is
assumed to arrive at the touching configuration] #imen penetrates the
interaction barrier. Up to the touching configuoati the SPF model uses the
idea of an incessantly deforming shape of a nudswergoing fission and
then uses the potential barrier of the alreadyathetd fragments, since in such
potentials, the touching configuration lies beftire barrier height. In another
SPF like fission model [37,38], the neck degreefreedom is taken into

account and minimizing the action integral, soltiof a second order



differential equation in multidimensional defornwati space is found out.
There are other theories of cluster decay whichvepmrmany new exotic

concepts but are not studied in detail yet.

Considering that cluster decay competes with tiphaadecay and
distinguishes itself from spontaneous fission, & definition was suggested
for radioactive nuclei : a radioactive nucleus i owhich spontaneously
disintegrate to other stable nuclei either by @iesor by the emission of a
cluster, the alpha particle, the beta particle d@hd gamma ray or a
combination of these. The branching usually occhetween the alpha
particle and the cluster or between the fissiogrfrants and the cluster. If we
establish the use of clusters in radiation studhgs,definition would be more

appropriate.

Theoretical studies of cluster decay exhibited diferent nuclei
involves evaluations of parameters like spectipscfactor or preformation
probability, barrier penetrability, assault freqogndecay constant, etc. Based
on these calculations, half-lives of various clustecay modes are usually
predicted for different parent nuclei. These inigzdtons are done either by
using various theoretical models by assuming diffekinds of potentials as
interacting potential or by employing model-indegent or model-dependent
semi-empirical formulae. These studies have bedelwidone around doubly
magic nuclei, in support of the predictions by macl shell model. This is
because of the fact that the most experimentalgibde cluster decay modes

are those resulting in the production of doubly matpughters like®%Sn,

132Sn and®®Pb.

In the early years, cluster radioactivity displdyBy heavy parent
nuclei, resulting in the production of doubly madaughter nucleu$®pPb or
in the neighbourhood of it were studied both thecadly and experimentally.

This type of radioactivity was named as Pb radigdgtor trans-lead cluster



radioactivity. Subsequently, there began invesbgat of cluster decay near
other doubly magic nuclei. As a result, anotheandl of cluster radioactivity
was predicted near doubly madféSn and"*?Sn isotopes. This was termed as
Sn radioactivity or trans-tin cluster radioactivit€luster physics is, in

general, a common topic in physics, especially atemal science.
1.3  Objectives of the present work

A nucleus is said to be stable when the N/Z rateutron number to
proton number ratio) becomes that of the nuclectvlare in the beta-stability
line of the Segre chart (see Fig. 1.1). Highly ahk nuclei, which lie above
or below the valley of stability near the protonpdiine or neutron drip line
are called exotic nuclei. These unstable nuclairatstability by emitting
radiations. They undergo decay processes suochdagsay, decay,y decay,
nuclear fission, exotic or cluster decay and pirtemission. The present
thesis is an investigation of exotic nuclear decayungsten (W), rhenium
(Re), iridium (Ir) and platinum (Pt) isotopes usitigg effective liquid drop

model.

Nuclei in the mass range 150 < A < 190 are preditd exhibit cluster
radioactivity [39]. Therefore W, Re, Ir and Pt reichre chosen hoping they
provide a good platform for the study of exotic @gcAlso, exotic decay of
these nuclei is not studied theoretically or expentally yet. Both cold
nuclear fusion and fission involving either singtyagic or doubly magic
component are considered as feasible paths fosyhthesis of heavy and
superheavy nuclei. We also explore, whether théiedecay will be possible

around singly magic daughter nuclei.
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Fig. 1.1. Segre chart
The main objectives of the present work are

To evaluate the half-lives of probable exowcay modes in W, Re, Ir
and Pt isotopes in the mass range 150 < A < 20tgusie effective
liquid drop model (ELDM).

To compare the half-life values predicted byDBA with other

theoretical model and with the available experirakdata.

To study the shapes of parent and daughteeinuniolved in exotic

decays.

To study the decay characteristics of the grtebaxotic decay modes

in these nuclei.
To investigate the role of neutron magicitexotic decays.

To derive a general equation for half-life, govng the probable

exotic decay modes in W, Re, Ir and Pt isotopes.



1.4  Organisation of thethesis

The thesis comprises of eight chapters. The secbagter introduces
various theoretical approaches which are in useéh@rstudy of exotic decay
process. The effective liquid drop model which mspéoyed to carry out the
present work, is also discussed in this chapteap@n 3 gives a review of
earlier works on the theoretical and experimentadiiss of exotic decay or

cluster radioactivity.

In chapter 4, exotic decay in W isotopes is stidising the effective
liquid drop model. The half-lives are evaluated toe probable exotic decay
modes in W isotopes in the mass range 150 < A < 2B@ predicted values
are compared with another theoretical model andh vite available
experimental data. The role of neutron magicityciaster radioactivity is
studied. Geiger-Nuttall plots are drawn for thelaiole decay modes in W
isotopes and we have derived a general equatiohdibdife governing the
probable exotic decay modes in W isotopes. Sirstiadies are carried out for

Re, Ir and Pt isotopes in chapters 5, 6 and 7 otispéy.

Chapter 8 gives the summary of the present studiesur predictions

and findings are summarised here.
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CHAPTER 2
THEORETICAL MODELS

Different types of formalisms or models are usualhgployed for the
theoretical study of exotic decay process. Someahem relevant to the
present study are discussed here. In the presedy,stve have used the
effective liquid drop model (ELDM).

2.1 The Quantum Mechanical Fragmentation Theory

The phenomena like cold fusion, cold fission andtiexdecay can be
described using quantum mechanical fragmentatiororth (QMFT)
[1,2,3,4,5]. Taking the mass asymmetry and thetlterg the nucleus as
dynamical co-ordinates, the closed shell effectsegposed for one or both
the reaction partners for fusion or that of theayeproducts for fission and
exotic decay. The potential energy and dynamicasrae calculated using

the asymmetric two center shell model (ATCSM).

The collective Hamiltonian is given by

H= T(R’BliBZin’nZ’R’BI’BZ’ﬁ’ﬁZ) + V(R’ Bli BZ’ n, T]Z) (21)

where R is the relative separati¢ii,andp, are quadrupole deformations.
and n, are the dynamical collective co-ordinates of massl charge
asymmetries and are represented as

_A1-A;
A

Z1-Z;
Z

and mn,= (2.2)

where A and Z are mass and charge of the paremusicespectively. The
collective potential V is calculated with the stardl Strutinsky method [6,7]

and is given by

14



V(Rnmz) = Vipw +6U (2.3)
where \(py is the liquid drop model potential add is the shell correction.

The stationary Schrodinger equation is obtainecgssuming that the
relative motion R is slow compared to theandn, motions and that the

coupling betweem andn,is weak.

-n* 9 1 a8 W) (1) = g

Here B is the mass parameter defining the kinetic parh H [8,9]. The
vibrational states‘{’g’) are counted by the quantum numbers 0,1,2,... The

probability [P ()|, which is obtained from the ground state=(0) solution

of equation (2.4), is proportional to the perceeptatass distribution yield,

Y(A2) = W (F By, () (2.5)

The effects of higher excited states# 0) can be taken into account through

Boltzmann — like occupation function
PRl =25 - o ¥R Pexp(£R” /6) (2.6)

where© is the nucleus temperature in MeV. The excitagmergy [10] is

calculated as
E' =-A0’-0 (2.7)
The shell effect will be damped by the excitatioergy in the form
92
V= VLDM + SUGXp('E (28)
0

The paramete®, = 1.5 MeV is chosen so that shell effect vanisiveen
E > 60 MeV.

15



2.2 Analytical Super Asymmetric Fisson Model (ASAFM)

By extending three variants of liquid drop model]jifinite range of
nuclear forces model [12] and Yukawa plus expomaé¢ntnodel [13] to
systems with charge asymmetry different from massnaetry, a numerical
super asymmetric fission model (NSAFM) was deveilbpg Poenaru et al.
[14,15,16]. Since, within WKB approximation, halN4s computed are time
consuming, an analytical relationship for half-lithat is, analytical super
asymmetric fission model (ASAFM) [17] was develogeddescribe angular

momentum and small excitation effects.

For a system, logarithm of the half-life time isen by
log T = 0.43429(K, + KJ) — log E, — 20.8436 (2.9)
where E is the zero point vibration energy which is caitatl as
E, = Q[0.056 + 0.039exp[(4 A,)/2.5]] for A,> 4 (2.10)
and Ky, is the action integral corresponding to the oyerkgion and is given
by the analytical expression,

- /
Koy = 0.2196(5gA1A2/A)1’2[(b2 —a)2 — Tn [@]‘ (2.11)

Also Ks is the action integral corresponding to separatediguration and is

expressed as

: 1/2
K= 0.439287%2| "Ryt (2.12)

where Q' = Q + E+ E, with E being the fraction of the excited energy
concentrated in the collective mode leading to s#jmmn. The interaction

energy at the top of the barrier is given by
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14427, | 20735 10+1A
R¢ REA A,

E=E+E = (2.13)

R = Ry — Ry is the initial separation distance, whergd$Rthe radius of parent
and R is the radius of the daughter nucleus.=RR; + R, is the touching
separation distance, wherg R the radius of the emitted cluster, R the

outer turning point of W.K.B penetrability and isvgn by

_ReEc[1, 1, QEY?
Rb—T[E-l- [Z+E_%] ] (2.14)
. 11/2
a= t{QE‘gQ] ‘b=R-R (2.15)

Tme = (¢ + m = Yqr(c - r) + m}?

4& [ . c-2r . c—2 ]
,|aresin o= —aresin
2vm[r(c-r)+m]'/2+ cr + 2m
+m ln[ r[2vym(c+m-1)1/2 + c+2m] (2.16)
where r = RR, ; m = FE/Q’ ; ¢ = rE/Q (2.17)

2.3  Proximity potential model by Shi and Swiatecki

In this model [18], the explicit formula for defoation energy is given

by
V(L) =-Q + ZiZ,&r + Vy(z)  forL>L (2.18)
V(L) =a(L -Lg)®  forLo<L <L (2.19)

where L is the major axis of the configuration dngis the diameter of the
parent nucleus. L is the sum of fragment diameters and Q is the gnerg
released. By applying the smooth continuity cowodition potential at

touching configuration, the parameters a andre determined. z is the

17



distance between the near surfaces of the fragnas is the separation

between fragment centres. The proximity potentjgis\given by

V(2) = Ko(z/b) (2.20)
where K = 4Ryb (2.21)
¢ is the universal nuclear proximity function.

o(E) ~ -4.4167%™78 for £>1.9475 (2.22)
o(&) ~ -1.7817 + 0.9279+ 0.01696° — 0.05148% for 0<&<1.9475 (2.23)

& = z/b, b is the width of nuclear surface #b1fm) andy is the specific

nuclear surface tension.

y=0.9517[1 — 1.7826(N — ZA? MeV/fm? (2.24)
The reduced radiu® = ¢c)/(c; + ) (2.25)
where ¢ (i = 1,2) is the central radii of the fragments.

¢ ~R-HR (2.26)
The effective sharp radius,

R =1.28A%-0.76 + 0.8A" (2.27)

The Gamow penetrability factor is
2 Zexi
G = x> [l 2M,V dz} (2.28)

Here M is the effective mass ang and z,; are approximate zeros of the

integrand. The absolute value of lifetime is cadted as

T =16 (2.29)
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wheret, is the frequency factor and is taken ag?&for even-A and Iff's

for odd-A parent nuclei [19].
2.4  Cubic plus Yukawa plus exponential potential model (CYEM)

In this model [20], the potential for post scissregion is given as
V(1) = ZiZo€r + V(1) = Q (2.30)

where Q is the energy released angrVis the nuclear interaction energy

[13], given by

r—rg| I'

V() = -D[F + exp(r — r)/a] (2.31)

a r

Here ¢is the sum of sharp radii of fragments. D is teptl constant given by

_ 4a%g182e"/2[Cs(1)Cs (2)]'/2

D = (2.32)
The constant F is given as

F:4+g—§—;—22 (2.33)
where ¢= (R/a)cosh(Ra)— sinh(R/a) (2.34)
f; = (R/aysinh(R/a) (2.35)
Cy(j) = a(l — Kd?) (2.36)
and L =(N-Z)A ; (=1.2) (2.37)

Here p=1.16 fm, a = 0.68 fmgsa& 21.13 MeV and K= 2.3.

The potential for the overlap region is approxirdatg a &' order polynomial
[20] as

V) =€+ V) + Elfs 2] - s, [ ] (238)

r't— rj r't— rj
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E, isthe zero point vibration energy which is givey [21]

. /
E, - mh /W2 (2.39)

2 (C1+Cy)
u is the reduced mass; @nd G are the central radii of fragments.
CG=118"°-048 ; (i=1,2) (2.40)
The half-life time of the system is given by [22]

_1.4333x10721
E,

T [1+ exp(K)] (2.41)

where K :g fr:t[ZBr(r)V(r)]l/Zdr + g frrtb [2B,(r)V(r)]*2dr (2.42)

Here ¢ and p are two approximate zeros of the integrand apd) B the

effective mass, which is deformation dependent.[23]
2.5 Microscopic model by Blendowske et al.
In this formalism [24,25], the potential is caldeld as
U(R) = V(R) + Vou(R) + VL(R) (2.43)

where V(R) is the semi-empirical heavy ion potdn¥a,,(R) is the Coulomb

potential and Y(R) is the centrifugal potential.
VeoulR) = ZiZo€Ir (2.44)
VL (R) =hL(L + 1)/2M (2.45)

where M is the reduced mass and L is the angulanentum. The semi-

empirical heavy ion potential [26] is calculated as

V(R) = -50 MeVAM—222 exp[-(R — R — Ry)/a] (2.46)

Rq
R1+ Ry

where a = 0.63 fm
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R =1.233° - 0.978, " fm ; j=1.2 (2.47)
Within WKB approximation, the decay constant iscoéted as

Ao = (W/2R)P (2.48)
where P = exp-2 ["* dR[(2M/h*) (UR) — Q]2 (2.49)

Q is the Q value for the reaction; iR the inner turning point andyRs the

outer turning point.

Blendowske et al. [24] assumed a kinetic energhiwithe barrier of
10° MeV in the case of alpha particle and the scakddes16(14/4) MeV in
the case of’C cluster. In the microscopic model, decay constnalculated

as
A =S (2.50)

where S is the spectroscopic factor, which is oleifrom the overlap of

proton/neutron states of the cluster with thostaéparent nucleus [24].
2.6 Preformed cluster model (PCM)

The preformed cluster model [27] consists of tweps: 1) cluster
formation and 2) tunneling of nuclear interacticarrier. The decay constant

and half-life time are calculated as
A =PywP (2.51)
T1 = (IN2)/ X (2.52)

where B is the probability of cluster formation,is the assault frequency and

P is the probability of barrier penetration.

Dynamical collective co-ordinates for mass asymyneind charge

asymmetry are given by
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n= —A1;A2 and Nz=

Z1-7Z,

. (2.53)

At a relative separation of R, the probabilityfofding fragments of

masses Aand A is obtained by solving the following Schrodingguation,

-2 4 1 8

2By a\/ B a

+ V(n,m,, R)[¥(n) = Eg.s¥(n) (2.54)

where B, is the mass parameter andn)y,R) is the potential energy of

collective interaction.

Normalization of the equation (2.54) gives thehataility of cluster

formation in the ground state,

Po(A2) = W()Fy/Byy = (2.55)

The collective interaction energy is given by

Z]_Zzez

r

V(nnzR) ==X, Bi(AL Z) + +V, (2.56)

where the first term is the experimental bindingregy, second term is the
Coulomb potential and s the nuclear proximity potential, which is given

as
Vp = %yb%(p(z/b) (2.57)

wherey is the coefficient of nuclear surface tension and the separation
between the nearby surfaces.

y =0.9517[1 — 1.7826(N — ZA? MeV/fm? (2.58)
¢ Is the universal proximity potential which is givby

0(¢) = -(1/2)(¢ — 2.54F — 0.0852( — 2.54F for { < 1.2511 (2.59)

o(€) =-3.437expE/0.75) for( > 1.2511 (2.60)
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where{ = (C — G — G)/b and b is the nuclear surface width #£bl). G
(i=1,2) is the Sissmann central radius of fragimevhich is related to radius

RasG~ R — (blei). The semi-empirical formula for; & given as
R=128-076+08"° (2.61)

The assault frequency is expressedvas (2E/u)"4R,, wherepu is
termed as the reduced massg,tRe nuclear radius of the parent andtle
kinetic energy for the emitted cluster. The tunmglprobability is expressed

as
P = PWP, (2.62)

where Ris the penetrability from Ro R, W, the deexcitation probability and
P, the penetrability from Rto R,. The deexcitation probability changes
exponentially with excitation energy &nd is given as W= exp(-bE). In the
case of clusters which are heavier than alpha gbartib = 0. The

penetrabilities Pand B are given as
P = exf— 2 [y [2u(V — V(R))]*/2dR] (2.63)

Py = exg{— 2 [ [2n(V — Q)]V/2dR} (2.64)
2.7 Cluster model by Buck et al.

In this model [28,29], the parent nucleus is assdito have a daughter
nucleus core of mass,;Aand a preformed cluster of masg Ahe interaction
between these fragments is described with a sitopk potential, which is

obtained by using a double folding integral, i.e.,

V) = Jf pl(r1)Pz(r2)U(|r +r1; — 1,[)dr; dr, (2.65)
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wherep, (r;) andp,(r,) are the respective densities of the fragments and

U(Jr, —1,|) is the effective nucleon-nucleon potential. Thguation can be

approximately written in the form of a simple pdtah

—Vg[1+cosh(R/a)]
cosh(r/a)+ cosh(R/a)]

V() =+ (2.66)

where \4 is the depth of the potential barrier and a isrtbezero diffuseness.

The radius R is expressed as
R = 1.04A%% + A%/3)1/2 (2.67)

The interaction potential between core and clustgiven by

V() = V() + V() +

E; L+ %]2 (2.68)

2

Here u represents the reduced mass(r)V the Coulomb potential and the
third term is Langer modified centrifugal barri@he classical turning points,
r, r, and g are obtained by numerically solving the equatidmn) \= Q, Iin
which Q is the Q value for the reaction. If L havexy small value, iris
approximately zero and if we neglect the nucleant¥y(r) in the asymptotic
region, the resulting quadratic equation can bgesblto find . The decay

width can be expressed as [30]
— i Iy
I'=PF ex—2 J* K(r)dr| (2.69)

Here P is called the preformation probability an@)Ks the semi-classical

wave number which is given by

K@) = |5 1Q - V(r)l]l/2 (2.70)

F is the normalization factor for semi-classicalubd state, which is

expressed as
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r 1 r 4 ' T _
F fr:%cosz [frl K(r)dr — Z]dr =1 (2.71)

Then the half-life time can be computed using #iation,

In2

T1/2 =h T (272)

2.8 Doublefolded Michigan-three-Y ukawa (M 3Y) potential model

In this model [31], the M3Y potential involves Couib plus nuclear

interaction between the separated fragments agxpiessed as
Vmsv(R) =fdr1dr2p1 (rl)pz (r)V(ry2) (2.73)

with V(r;,) being the nucleon-nucleon interaction potenal [and is given

by
V(ri2) = Voo(riz) +Jo0d(r12) + Vo1 (r12) 1012 (2.74)

Voo (1) is the central component in M3Y force and is egpeel as

_ e—4r e—25r
Voo(r) =[7999 <—— 2134 | Mev (2.75)
e—4r e—25r
V. (r) = [—4885.5 — +1175.5 2_5r] MeV (2.76)

Joo is the zero pseudopotential which approximatesetehange effects of a
single nucleon and is given By, = -262 MeVfm. The spin-spin component
V1o and spin-isospin component .V are neglected since their final
contributions are small. The final nuclei are assdnas coaxial spheroids

with nuclear density,

p(r) = po{l + expi(r - %[1 + BZYZO(COSO)])}_l (2.77)

Here po is a constant, which is fixed by normalizing theutton and proton

densities to neutron number N and proton numbereZpectively. ,
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represents the quadrupole deformation whereas Cegepts the usual

constant which obey the condition for volume cowagon,

[ &3r L (2.78)

3

C can be expressed in term$eohas

1/3
C(B,) = [1 + Zpi 4+ — fﬁj‘ (2.79)

14n

R and a are the two parameters for Fermi densitr. light clusters,
R = 0.95A" fm and a = 0.67 fm. For heavy daughter nuclei, REOA"® fm
and a = 0.63 fm.

In this model, the penetrability is calculated as
P = ex{—2 JR°[2u(V(R) - Q)1"/2dR} (2.80)

The distance between the separated fragment mass<es represented by R
and the reduced mass is represented.l#% is the inner turning point andyR

is the outer turning point and they are defined by
V(Ri) = V(R) = Q (2.81)

where Q is the Q value for the reaction. The h#&ftime is calculated as

Ti= (2.82)

VP()P
wherev represents the collision frequency andtRe preformation factor.
2.9 Dynamical cluster model (DCM)

This model [33] is a reformulation of preformedister model (PCM)
of Gupta and collaborators [27]. DCM is mainly usadthe decay of hot,

rotating compound nucleus. Here, the orientatioth @eformation effects are
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considered in addition to the angular momentum tenaperature effects. In
DCM, calculations are done in terms of the collextco-ordinates of mass
asymmetry and charge asymmetiy=(A; — A))/A, nz = (Z; — 2,)/Z) and the

relative distance between the fragments (Randnz determines the division
of nucleons between the fragments. R charactettieekinetic energy transfer
from the entrance channel to the exit channelhéndase of decay of a hot

compound nucleus,
E¢n + Qou0) = TKE®) + TXE(0) (2.83)

Ecy represents the excitation energy for the compooadeus which is

expressed in terms of temperataras
Ein = (1/9)Acn0® -0 (2.84)

Qout IS the Q value for the exit channel. TKIE(s the total kinetic energy and
TXE(0) is the total excitation energy of the fragmenifie decay cross

section is expressed as

6 =5 Xma (2l + 1)PoP (2.85)

where k = /szcm/hZ, P, denotes the preformation factor corresponding to

motion and P is the penetrability correspondingRtanotion. The reduced
mass of the fragments is representeduldnd [, represents the maximum

angular momentum. P ang &te functions of and6. Forl =0,
6o = E PP (2.86)

which is similar to the equation for decay consiant voP,P) in PCM. R is
obtained from the solution of the Schrodinger eiguat

-2 4 1 8

9.1 2 My = EIWE)
2,/Bay 0 /By 01 + V(R 1, 0) [ ¥V () = BV () (2.87)
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with v = 1,2,3,... corresponding to the solutions in grostate and excited
state. B, represents the smooth hydrodynamical masses. ralgenéntation

potential is given by
V(RN.0) = X2, Vipm(AiLZi,0) + X2, du, exp(0%03) + V(R,Z,0)
+ MR,Ai,e) + V|(R,Ai,e) (288)

where \py is the liquid drop potentialpu the shell correction, ¥the
Coulomb potential, ¥ the nuclear proximity potential and;Ms the

centrifugal potential.

Po(A) = = /By, (AP (2.89)
i = 1 or 2 represents cluster or daughter fragmehé solution$¥™(n) is
given by

yPPO(n) == [¢WYO | 2exp(-EV/6) (2.90)

The first turning point is given by

R, = Ri(0) + Ry(0) + AR(0) = R(6) + AR(6) (2.91)
Radii is expressed in terms of temperatues

Ri(6) = [1.2847° — 0.76 + 0.8, /*](1 + 0.000P?) (2.92)

AR(0) is the neck length parameter which accounts tidear deformation.

Using WKB approximation, the penetrability is cdited as

P = extf{—2 [2°[2n(V (R 0) — Qu)1/*dR} (2.93)
with
V(Ra) = V(Rp) = Q (2.94)
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where R denotes the second turning point.

The critical value of angular momentum where te&dn barrier of the

entrance channel vanishes is given by

le = R{21(Ecn— V(Ram,| = 0)]"*/n (2.95)
wherep = reduced mass and. = bombarding energy

2.10 Generalised liquid drop model (GLDM)

This model [34,35] has been used to evaluate tlieliies of the
unfavored and the favored alpha decay. GLDM cagrdesin a unified way,
the phenomenon of shape evolution from the systeone body to that of
two separated fragments. Within the GLDM, the macopic energy is

determined as
E=B+E+E+Ewwt Ecedr) (2.96)

where E is the volume energy,ihe surface energy.Ehe Coulomb energy,
Eorox the proximity energy and E(r) the centrifugal potential energy. When

the fragments are separated,

E, = -15.494[(1 — 1.8)A, + (1 — 1.8})A,] MeV (2.97)
Eo = 17.9439[(1 — 2.8)A>"* + (1 - 2.6})A%®*] MeV (2.98)
E. = 0.66Z2/R; + 0.66Z2/R, + €Z,Z,Ir (2.99)

where A are the mass numbers,tde charge numbers; Be radii and;lthe

relative neutron excesses for the two nuclear@ given by
R = (1.2847* —0.76 + 0.84™%) fm (2.100)

For one-body shapes,
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E, = -15.494(1 - 1.8)A MeV (2.101)
Es= 17.9439(1 — 2.8)A%3(S/4tR%) MeV (2.102)
E. = 0.6€(Z°/Ro) x 0.5[(V(0)/V,) (R(0)/Ro)3sinddd (2.103)

S is the surface area for one-body deformed nucM(®) the electrostatic
potential present at the surface andr¥presents the surface potential of the
sphere. When nucleons are present in the neck eorgdp between the
separated fragments, proximity energy must be tak#o account to
incorporate the effects of nuclear forces presemvéen the close surfaces.

The proximity energy is expressed as
Eprodl) = 2y fh*:::Xq) [D(r, h) /b]2zhdh (2.104)

Here h is the distance that varies from zero omtek radius to the height of
the neck border. D is the separation between tHfac@s under consideration
and b is the surface width, which is given as b.890m. ® represents the

proximity function of Feldmeier [36]y is the surface parameter, which is
given by the geometric mean taken between the cni@rameters for the

two fragments.
The centrifugal potential energy is given by

h? 1(1+1)

Epofr) = 1= 1D (2.105)

2n r?
where r denotes the separation between the twoniats.

The penetration probability is expressed as
P = exqd— = [n"[2B(1)(E() — Eqpr)]"/?dr} (2.106)

The deformation energy with respect to the spheamiall up to the point of

rupture between the fragments, B the inner turning point and,Ris the
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outer turning point of the WKB action integral. Tapproximation, B(r) 51

may be used. The decay half-life is expressed as

In2
Tip= — (2.107)

wherev is the assault frequency and is taken as<110”° s™.
2.11 Universal decay law (UDL)

Universal decay law was put forward by Qi et a@l7,B8] for the study
of alpha and cluster decays. This is a linear imaderived from the
microscopic mechanism of radioactive decay anduthike R-matrix theory.
This model provides the relation between the Idagariof decay half-life and
two variables,y’ and p’, which depend on the charges and masses of the
nuclei which are involved in the decay and alsalen Q values of outgoing

clusters. In this model, the expression for hd#-is given by

l0G10T 12 = AZZ4 \/é +b JAzczd(Ag/ S+AY® +c (2.108)
=@d+bp +c (2.109)

where A =248 (2.110)
Ag+ Ac

Ag4 and A are the mass numbers of daughter and clusteratesgg. Z; and

Z. are the atomic numbers of daughter and clustpentisvely and Q is the Q
value of the decay. a, b and c are constants [88ngby a = 0.4314,
b =-0.4087 and c = -25.7725. These are obtaindtmg to experiments of
alpha and cluster decays. Clustering effects acerporated in the term
bp’ + c. This relation for half-life, which is a geradization of Geiger-Nuttall
law [40], holds for all known cluster decays aner#iore it is known as

universal decay law.
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2.12 The present model : Effective liquid drop model (ELDM)

This model [41,42] can explain alpha decay, cluseioactivity and
cold fission considering different inertial coeféats. The nuclear system can
assume either fission-like or cluster-like shape the basis of shape

parameterization chosen in this model.

In the case of cluster-like approach, the prefdionaof cluster within
the parent nucleus is assumed and the inner tunpamgt in the Gamow
penetrability factor is evaluated. The radius ahdpg of the cluster remain
unaltered throughout the dynamical evolution ofdieeaying nuclear system.
For fission-like approach, inner turning point daoé determined and for all
the systems, it is taken as 1 x®10For both approaches, the half-life and

decay constant are evaluated.

Assuming the geometrical constraint that is negs® preserve the
shape of the nuclear system with a fixed volumenguthe whole process, the
multidimensional evolution of the nuclear systemsimplified to a one-
dimensional one and Gamow penetrability factorvial#ated. In this model,

the shell effects on the surface potential arertaki® account.

The geometrical configuration of the decaying eacl system is
approximately assumed as two intersecting spheffediferent radii.
Disregarding the position of centre of mass of thelear system, four
independent co-ordinates are considered for theplmien specification.
Fig. 2.1 shows the shape parameterization of tayieg nuclear system.;R
and R are the radii of cluster and daughter repey. & is the
distance between the plane of intersectiod geometrical centre of the

daughter nucleus.
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Fig 2.1. Shape parameterization of decaying sy$4din

C represents the separation between the two gewaletentres. At the
touching configuration referring to the end poifhtle pre-scission phase, the
nuclear system attains a limiting configurationhamivo spherical fragments
of radii R, and R for cluster and daughter respectively. The inttiea of
spherical fragments is a circumference of radiuBhe geometrical constraint

Is given by
a’=R —&=R - ((-9° (2.111)

The volume of the nuclear system in terms of theseh co-ordinates is

expressed as
2R+ R) + 3[R -8+ R E]-[((-8°+ & = 4R (2.112)

Rp is the radius of parent nucleus. The third constfarovides two different
descriptions in the case of mass transfer throbgwindow that connects the
two spheroids. VMAS (varying mass asymmetry shage¥cription is

characterized by regarding the radius of lightaginent as constant, i.e.,

R -Ri=0 (2.113)
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R; denotes the final radius of the cluster. In CMASnstant mass asymmetry
shape) description, where mass of the fragmentsirentonstant during the
molecular phase, the volume of each spherical feagnis constant and the

volume conservation in terms of B given by

2R} +3R((-8) - ((-9°-4R =0 (2.114)

In this model, Coulomb and surface energy conteibio the total
potential barrier. Gaudin’s expression [43] is usedalculate the Coulomb

potential \,
Ve = gra’e(xaxa)pe (2115)

Herep. denotes the initial charge densityis a function of angular variables,
X;=m—0,and % =0,—=n and a is the sharp neck radius. The expression

for e(xy,Xp) is given by

— (cot % + cot xl) —

sin?x, sin®x4 n2x, sin?x,

] [f(xz) f(xl) 2) +7 PO +7

e(X1,Xo) = [sm X2 T sin? X1

1
sin?x;sin2x,

[fCs + %) + Zsin?(xy + x)] + Z[g(x0) + 90%)]
(2.116)

where f represents the derivative of f. f,@nd g are the auxiliary functions

which are expressed as

f(X) = 1 - x cot x— > tang (2.117)
' 2x-sin(2x) X

f(x)+— === -ta ﬁ (2.118)
g(x) =[1.5+ taﬁ + 0.3 tafd~ ]tan + 2 (2.119)

sm X

34



To calculate the surface potential energy, thectiffe surface tension
oerf IS iNntroduced to the deformed system. By assurthiag the difference in
initial and final energy of the system is equivalémthe energy released in

the decay, the Q value, we can detggthrough the equation,

3 ZZ Z2 ZZ — —
2¢l2- Lo 2+ dou(RE-RI-R) = Q (2.120)

where Ze (i = P, 1, 2) denote the nuclear charges of dremnt, cluster and
daughter nuclei respectivel = M — M, — M,. M, M; and M represent the
masses of parent, cluster and daughter respectiVly mass values have
been obtained from the Nuclear mass data table. [filgn the surface

potential energy is given by

Vs =0er(S1 + S) (2.121)
where

S =nRi(R; + ) (2.122)
in which

&={C_§' :; (2.123)

After the scission point, the centrifugal potengakrgy is given by

h? 1(1+1)
2p ¢

V, = (2.124)

The reduced mags= M;M,/(M; + M,). The total potential is expressed as
V=V.+V,+V, (2.125)

The final radii of the spherical fragments are gy

_ 7:.11/3 .
R=|2|"Re, i=1,2 (2.126)
Zp.
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The radius of parent nucleus; R given by

Re =AY (2.127)
where p = 1.37 fm. The barrier penetrability factor is givby

P = exf— 2 [[2u(V (©) — QIV/d} (2.128)
whereyp is the inertia coefficient is the inner turning point which is given
by

G =Re- Ry (29
C. Is the outer turning point and fbr 0,

(. = ZiZEIQ (2.130)
The decay constant is

A =AP (2.131)

where ), is the assault frequency and is taken & 6 The half-life is
expressed as

Tie= o (2.132)

To define the inertia coefficient, Werner-Wheeler's approximation
[45] for the velocity field of the nuclear flow igsed. Werner-Wheeler’'s
inertia coefficienyy, s expressed as

1 -2 _l 22

E [ pV-dr =~ By G (2.133)
where p denotes the mass density of the systémepresents the relative
velocity for the geometric centres of the fragmeamdVis the velocity field
obtained by solving the continuity equation usitge tirrotationality and
incompressibility of the nuclear flow.
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CHAPTER 3
REVIEW OF LITERATURE

3.1 Review of experimental work on cluster radioactivity

Cluster radioactivity is a rather young membethia family of nuclear
radioactivity. Here we attempted to present theeerpental works which
confirmed the prediction of this phenomena and rotlseibsequent

investigations in a chronological order.

Through a systematic study of the characterisifcsuclei which are
heavier than lead nucleus, Rose and Jones [1] cmi&tt radioactive decay
(cluster radioactivity) accompanied by the emisswdnparticles which are
heavier than alpha particle. They have identifiadhsdecay mode fodf°Ra
parent with'“C cluster emission with the help of a counter wdes. They
have stated that the branching ratio for the emmissf **C with respect to the
emission of alpha particle frori*Ra parent is (8.5 + 2.5) x 18
corresponding to a preformation probability whishsmaller by a factor of

approximately 10to 10.

Aleksandrov et al. [2] have also observed spomtasi@mission of'C
from ?**Ra isotope. They have reported that their resgitseawell with the
experimental data obtained by Rose and Jones [ldy had used\E - E
telescope method, witlf*’Ac source, where there was a radioactive

equilibrium betweei”Ra isotope and actinium decay products.

Price et al. [3] have produced sources’dfr and®*?*Ra isotopes
using ISOLDE on-line isotope separator at CERN. yThHeave used
polycarbonate track-recording films which are sewesito carbon nuclei but

insensitive to alpha particles and have discovéf€dcluster emission from
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?Ra and*’Ra isotopes. They had also measured the branciiog (B) for

cluster emission with respect to alpha decay 4 and**'Ra.

Barwick et al. [4] have detected the cluster einissf *‘Ne from?*2U
isotope with the help of polyethylene terephthalateck-recording films,
sensitive to particles with Z > 6. They have memid that the branching ratio
for the emission of’Ne cluster with respect to alpha particle emisdimn
% is (2.0 £ 0.5) x 10~

Kutschera et al. [5] experimentally studied therdpneous decay of
C from ?*Ra isotope with &*Th source that contained 9.2 mCi %fRa
nucleus. They have identified the mass of the enhitluster unambiguously.
They have used Enge split-pole magnetic spectrbgragph which alpha
radiations were suppressed to identifg@ cluster. They have calibrated the
spectrograph with tandem-accelerated beam¥@f'°C andC clusters.
They have observed 24'C cluster emission events in 6 decays with a
branching ratio, B = (4.7 + 1.3) x 10 for **C cluster emission frorff*Ra
parent. They have reported that their measuredesafgree well with the

corresponding values obtained by Rose and Jones [1]

Barwick et al. [6] have investigated the systensaif spontaneous
emission of fragments of intermediate mass fronvheauclei. They have
used polycarbonate track-recording films to conffi@ cluster decay from
*?’Ra isotope. They have fixed stringent upper limitghe decay rates dfC
cluster from?*'Ra, ?’Fr and***Ac isotopes. They have noticed that the decay
of C cluster exhibits a pronounced odd-even effecthan@ found that the
hindrance factor for odd-even parents with respe&ven-even parents is 10
times greater for’C emission than for alpha particle emission from Ra

isotopes.
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Moody et al. [7] have investigated the emissionhefvy ions from
*Am isotopes using phosphate glass detectors, wiisfe the ability to
withstand a background dose of approximately* 1@ particles per cf
They have measured the branching ratid“&i cluster emission with respect
to alpha particle emission frorfi’Am parent, which varies from 4 x 1dto
4 x 10 They have mentioned that they couldn’t find arysters with
12 < Z < 16, using®”Am source. Price [8] has discovered 12 various
radioactive decay modes including the emission ohoenergetic clusters
such as carbon, neon, magnesium and silicon nudkeihas measured the
partial half-lives which range from ¥to 1G° and also the branching ratios
with respect to alpha decay ranging from*1€ 10°. The author has stated
that both super asymmetric fission models and etusbdels fit well with the

corresponding experimental data.

Ogloblin et al. [9] have experimentally investigatthe radioactive
decay of ***Pu. They could detect two cases of emissioA®dfg cluster from
2%%py isotope with the help of solid-state track regtion detectors. They
have reported the partial half-life f6iMg cluster emission as 1.5 x ‘0.
They have also measured the relative probabilit’idfy cluster decay with

respect to alpha particle emission and is give?xd0™.

Tretyakova [10] has studied the emission of nuabdasters during the
spontaneous fission in heavy nuclei. He could detex emission of Ne and
Mg clusters from heavy nuclei with proton numbej £290. To conduct the
experiment, he had used dielectric detectors withemamitted resolution of
AZ = £ 0.15.

Bonetti et al. [11] have experimentally investagtneon cluster
emission from uranium isotopes. They have measiimedpontaneous decay

rates for the emission of monoenergetic Ne ffofu parent. They have
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stated that their results point to the revisionrate of decay which were

reported earlier for the emission of Ne clusteosrff>*%*U isotopes.

Moody et al. [12] have experimentally studied thester radioactivity
in %'Np isotope. They have found tiavg and*Si-cluster emissions are the
most probable modes of decay fréfNp parent. They have measured the
branching ratio relative to alpha particle emissisrB < 1.8 x 16". From the
experiments, they have fixed the upper limit of naotang ratio for the
emission of clusters with atomic number, 4@ < 14 from**’Np isotope as
1.5 x 10™,

Price et al. [13] have experimentally studied thester radioactivity
in 2'Pa isotope. They have detectéd and*’Ne-cluster emissions frofi'Pa
parent. They were able to collect approximately@tt@cks of monoenergetic
clusters which were emitted frof'Pa with the help of track-recording
phosphate glass detector. They have measured #mehing ratio for the
emission of“Ne cluster with respect to alpha particle emissiod is given as
B = (13.4 + 1.70) x 1% and for ?*'Pa, the half-life is 3.28 x 1@rs. They
have predicted that the emission 8F cluster is the decay mode which has

second highest branching ratio in the case of éoniseom#*'Pa isotope.

Bonetti et al. [14] have observed 27 eventsaf cluster emission
from %?®Th isotope. They have used solid-state nucleak tdatectors which
were arranged inl2geometry to conduct the experiment. They havertego
the branching ratio with respect to alpha decafids + 0.22) x 10° and the
partial half-life as (5.29 + 1.01) x i%. They have reported that they are the

first to observe the emission of oxygen clusters.

In another study, Bonetti et al. [15], in 1993va investigated nuclear
structure effects in the cluster radioactivity?dfAc parent. They have used

track-recording glass detectors withAc source generated at ISOLDE, the
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electromagnetic separator and have collected 3@tgvof ““C cluster
emissions fronf?°’Ac isotope. Their measured branching ratic“@f cluster
emission relative to alpha particle emission was .0 + 1.3) x 13 They
have stated that their result indicates that sucleraission from nucleus of
odd-Z is dominated by a transition to the grouradesor the first excited level

of daughter nucleus.

In the following year, Bonetti et al. [16] haveudted carbon
radioactivity in?**Fr and *’Ra isotopes and have investigated the hindered
decay of odd-A emitters of exotic type. They hawed?Fr and*'Ra
sources which were produced at ISOLDE, the on-tiress separator. They
have measured branching ratios 10fFr and®?'Ra parents and are given by
B =(8.79 + 1.14) x 16* and B = (1.15 + 0.91) x 18 respectively. They have
mentioned that their results exhibit a hindranceoné-order-of-magnitude
relative to even-even parent nuclei with the sam@eprability for the

emission of*C cluster.

Tretyakova et al. [17] have experimentally invgated the cluster
radioactivity of 2®U parent. They could detect six tracks of magnesium
cluster emission with solid-state track detectditsey have reported that in
the case of*U isotope, the probability for this decay is appmuately
2 x 10" of the probability of alpha decay. They have meagpartial decay

half-life for magnesium cluster emission and isegias 1.2 x 18 yr.

Attempts to explore the possibility of trans-tiadroactivity from
barium isotopes had been initiated by Oganessi8hift 1994. They have
produced'**Ba isotope in the reaction®Ni(**Ni,2n)'*Ba. They have used
polycarbonate track detectors to detect the emissid’C cluster from'‘Ba
isotope. They have assumed the total half-life'féBa isotope as 0.1 s and
have obtained the lower limit of partial half-lifer *°C cluster emission as
T.>10s.
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In 1995, Guglielmetti et al. [19] have experimdiptastudied cluster
radioactivity of *“Ba isotope which was produced FiNi + **Ni reactions.
Using the on-line mass separator located at the Gdlac, they have
detected new barium isotopes having mass numbes, 124 - 116 and 118.
They have observed the emission'®® cluster from'**Ba isotope with the
help of barium phosphate glass detectors and nehsunalf-lives for*He
decay and'“C decay and are given as T > 500 s and 1.7 x 14 s
respectively. They have mentioned that their expentally measured half-
life values for cluster emission from***Ba isotopes match well with those
predicted using theoretical models. It was fourat the branching ratios for
the emission of carbon with respect to alpha ewmsss 8 orders of

magnitude larger than those for actinide nuclei.

In 1995, Guglielmetti et al. [20] continued thefforts and studied the
cluster decay in*Ba nucleus that was produced through the reaction,
*5Ni(°®Ni,2n)**“Ba. They have measured the production cross sestibfiBa
isotope. Using track detectors they have measuwatdite for the emission of
12C cluster from**“Ba isotope and it is given as ¥ 1.1 x 10 s. They have
stated that the detection 6fC decay from''“Ba isotope would help in
understanding the cluster radioactivity in nucléiietr are in the trans-tin
region. Further, they have concluded that this @ogive information
regarding the significance of nearly double shédkere in'%%Sn that is far

away from the stability line.

Hourani et al. [21] have investigatédRa nuclear spectroscopy in the
emission of*C cluster. They have estimated the energy specfouni’C
cluster emitted from***Ra source, with the spectrometer SOLENO at
ISOLDE. They have obtained the highest statistic839 events and best

resolution for energy in their measurements. Thayehmeasured hindrance
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factors for the transition to ground state anditst excited state ofPb

daughter nucleus.

Tretyakova and Mikheev [22] have provided albexmental data of
cluster decay probabilities for atomic nuclei whiwkre measured by them.
They have also investigated further possibilibésdetecting various other
modes of cluster decay experimentally. It was oeed that experimental
studies are motivated to investigate the compatibetween cluster decay and
spontaneous fission and to study the dependentieegirobability of cluster
decay on the neutron number of parent nucleus. Theese presented a

complete list of cluster decay data which were @rpentally measured.

Guglielmetti et al. [23], in1997, had producE®Ba in the reaction,
*%Ni(*®Ni,2n)"“Ba using on-line mass separator. They have searfchedC
cluster radioactivity in"**Ba isotope by separating the isotope as a beam
containing**Ba’®F" and implanting it into a stopper foil located lag tcentre
of a group of track detectors. They have implar(ted + 1.7) x 16 Ba
atoms but no event of the emission'#E cluster was observed. They have
obtained the branching ratio with an upper limit3of x 10 for the emission
of *°C cluster from'*“Ba isotope which is considerably lower when comgare

to the limits observed in previous experiments.

In the same year, Guglielmetti [24] had presetéxdlief review of the
experimental investigation carried out in the avéaluster radioactivity. He
had also described about the experimental techsiqu@ach were widely
used. It had also discussed the problems that mselwed and the possible

experiments related to them.

Ardisson et al. [25], in 1998, report&$c cluster emission froAt°CH.
They conducted experiments with phosphate glassctbes and multiple

HPGe detectors and measured the probability oteriukecay.
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Ogloblin et al. [26], in 2000, had detect&€8i cluster emission from
242Cm parent, with track-recording phosphate glaseatets. For this decay
mode, they had obtained the partial half-life and given as
(1.4 + 0.5/-0.3) x 18 s. The corresponding branching ratio with respect
alpha particle emission is 1.0 x T0and that with respect to spontaneous
fission is given as 1.6 x 0 They had also provided the comparison of
predictions by semi-empirical systematics and déifie theoretical models

with experimental results.

Tretyakova and Sagaidak [27], in 2003, suggestedsorements of
fusion-fission and elastic scattering cross sestiohthe decay products in
cluster decay to investigate the mechanism of etusdecay. Their
experimental data o’C + ?®Pb permitted them to choose the best one
among different theoretical models. They had aldecussed cluster

radioactivity of **?Ba parent.

In the same year, Tretyakova and Ogloblin [28prged a report on
the advances in cluster decay studies. They haddae experimental data on
spontaneous fission and cluster decay attained cntdfic groups from
Moscow, Milan and Dubna in the previous years.Heirt own experiments

they had used solid state track detectors as tieetdey medium.

In 2007, Bonetti and Guglielmetti [29] had preseh&inother report on
the current status of experimental studies in tlea &f cluster radioactivity.
They had also discussed about various theoretjgatoaches and made a
comparison between their results GNe and®*Si cluster emissions and the

available experimental data.
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3.2 Review of theoretical work on cluster radioactivity

Here is presented the developments of various igeaelated to
cluster radioactivity in a chronological order aancbe seen from the
bibliography. As is generally seen, the theoretieaplanation for new
observations always motivates researchers to putstiger. In addition to
this, new theoretical predictions act as a guidafarecarrying out new

experiments. Thus theory and experiments alwaysa@tipach other.

Theoretically, the phenomenon called cluster ractigity was first
predicted by Sandulescu, Poenaru and Greiner in0O 1f8)]. This
phenomenon was experimentally discovered by RodeJanes in 1984 [1].
Later, Poenaru et al. [31] modified the model tocfuster decay rates with
experimental data. Sandulescu and his collabora®ptained intermediate
mass systematics and alpha decay systematics ummadytical super
asymmetric fission model (ASAFM) within the unifidgchmework. On the
basis of quantum mechanical fragmentation theoIKQ), they predicted
that cluster decay might occur among nuclei wittmat number (Z) greater
than 88. These predictions were based on the faat there are cold
rearrangements of a large number of nucleons ffmngtound state of the
parent nucleus to the ground state of the daughtet the emitted cluster is

such that one of the partners is or around the Igaulgic nucleu$®®Pb.

Employing a formalism extended from the fission elodf alpha
decay, Poenaru et al. [31] have evaluated lifetmhesome heavy nuclei
exhibiting cluster radioactivity in the lead regiofhey observed that the
probability of emission of a cluster is high forodfe cluster decay modes
which lead to the generation of a daughter nucleite neutron number,
N = 126, which is a magic number. However, thegmatumber is not always
magic like Z = 82, instead it could be 83, 84, 886. They have stated that

the neutron shell effects dominate over the pratbell effects in the lead
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region. Also, they have observed that pairing efptays a crucial role in the
cluster radioactivity exhibited by heavy nuclei. it also found that the
probability for even-Z cluster decay is more thhattfor odd-Z cluster decay
from heavy parent nuclei. They have viewed thaintgteous heavy cluster

emission can be taken as a very asymmetric fission.

Poenaru et al. [32] have investigated heavy clustaission from
trans-zirconium stable nuclei. By using ASAFM, thiegve shown that all
stable nuclei which are lighter than lead with atomumber greater than 40
were metastable with respect to the spontaneossecldecay. They included
even-odd effect in the zero point vibration eneagy obtained half-lives of
the order 1¢ - 10°° s for nuclei with atomic number greater than 6Beyl
have further remarked that the area of metastalafjainst predicted cluster
decay modes was offered beyond thatdodecay. They have noticed that, in
some cases, the rate of decay for clusters wegerlghan that for alpha
decay. They predicted emission of clusters sucfi@s°0, ***%i, *%Ca and

®Ni for the stable nuclei with proton number excegd0.

Sandulescu et al. [33] have studied cluster dedaf”®a isotope
emitting *“C cluster. They interpreted cluster radioactivisyahighly mass-
asymmetric fission. They mentioned that the Coulamdraction barrier rises
considerably with the rise in proton number of ¢émeitted cluster. As a result,
the barrier penetrability of the cluster will berydow. They have argued that,
as a result of the nuclear shell effects for s@aent-cluster combinations,
the barrier penetrability becomes compatible withttin alpha decay. They
have evaluated barrier penetrabilities for différeluster decay modes with
proton number (Z) = 4 to 30 from different heavyrgrd nuclei. In those
calculations, the preformation probability of ckistvas not included due to
the fact that there had been no experimental observof such cluster decay

modes. They stated that the preformation probglilitheavy clusters in the

49



parent nucleus was comparatively lower than thiaglpha particle. They
mentioned that the probability of cluster decay lddoe maximum only for
those decay modes resulting in the production afbtjo magic daughter
nucleus. They suggested some other possible cadedidéor cluster
radioactivity such a&'C radioactivity of ?*Ra, ***Ne radioactivity of U,

?Ne radioactivity of *2Th and**Mg radioactivity of>*'Np isotopes. They
concluded that the predicted cluster decay modaddworovide proofs for

nuclear clustering and importance of shell effactsluster radioactivity.

With the help of proximity plus Coulomb potenti®@KCPM) model,
Shi and Swiatecki [34] have evaluated lifetimes écotic decay of heavy
nuclei through the emanation of alpha particles endters such aSC. In
their calculations, the radioactive decay lifetimas taken as the product of
two components, i.e., Gamow penetrability factor d@formation energy
barrier and frequency factor of the range of cdélMecnuclear oscillations.
They have provided a closed formula for the Gameweprability factor and
gave explanation for experimentally estimated bnarg ratios between'C
and alpha particle emission frofff*?*?*Ra isotopes. Also they applied this
method to evaluate branching ratios for Ne and @Gsioms fromf?%%3#Ra

isotopes.

Poenaru et al. [35] have evaluated kinetic energres half-lives for
spontaneous heavy ion decay from different nudleey listed nuclides with
atomic number (Z) = 47 - 106 and total half-livesager than 1 s which
consists of the most probable decay modes by thesem of heavy ions.
Using the ASAFM model, they have established a sampirical formula for

alpha decay lifetimes.

By introducing an appropriate collective asymmetg-ordinate,
Herrmann et al. [36] described in a unified waye thtrinsic odd multi-pole

moment in the nuclear ground states and the fidsjonluster emission and
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cluster configurations. This approach was basethemmethods of standard

collective potential energy used in fission theory.

By using ASAFM model, Poenaru et al. [37] have mated decay
half-lives of heavy clusters from various pareuntlei, within the trans-lead
region. They have given a unified description fdpha decay, cluster
radioactivity and nuclear fission process. They ehaeported that the
calculated decay lifetimes of more than 140 chssfeom various parent
nuclei, with proton number, Z = 2 - 24 and neutrmmber, N = 3 - 31 are
less than 1¥ s. They also mentioned that some stable nucléi pibton
number (Z) > 40 were found to be metastable ineetspf various new cluster

decay modes.

By employing microscopic wave functions, Blendowsieal. [38]

have evaluated the probability of detectifig from Ra parent nuclei.

By considering the shell effects as well as thelgarcground-state
deformations, Shi and Swiatecki [39] have deterohities lifetimes of cluster
decay of a large number of nuclei. These correstame found to be of the
order of 18. They have observed that the inclusion of shé#iat$ as well as
nuclear deformations doesn’t change the agreemsmielen experimentally
measured values and theoretically calculated valties authors have studied
the odd-even effect in the nuclear exotic decayeHehe emitted cluster was
presumed to be spherical and the parent and/or htlugiucleus were
considered to possess an axially symmetric defeomathey suggested that
since the masses of daughter nucleus, emittedeclasid parent nucleus
contain shell effects, the resulting barrier peatatities and interacting
potential barrier should exhibit the shell effedicectly. This was the reason
for the strong shell effect displayed #Pb daughter nucleus. They remarked
that the relative indifference of deformations ko#c decay of nuclei was

due to the fact that majority of the interactionrriea relates to separated
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fragments and the deformation of parent nucleusc&dfonly the region of

pre-scission of potential barrier, that is relayvamall.

Using a microscopic approach, Blendowske and Wall[¢0] have
estimated the decay constant for cluster decayclwis determined by the
product of preformation probability and Gamow pealeility. They showed
that the preformation probability has a simple ndeysendence on the cluster
emitted. Their calculated values are found to agweell with the

experimental data. Few predictions have also besgerhy these authors.

Ivascu and Silisteanu [41] have suggested a miops@pproach to
find the rates of cluster decay. They have analysedare decay modes with
the help of a simple theory of microscopic decalgeyl have estimated the
absolute decay rates by using resonance formasictors, shell model and
optical model penetrability. They have deduced tesonance formation
factors from the form of strong interaction, in waiithe wave function of the

internal region is depicted with regard to compouandleus decay.

In 1988, Sandulescu [42] made an analysis of magimactivity. The
author described in a unified way, various decag@sosuch as cluster decay,
alpha decay and new form of symmetric fission, whene or both decay
products have proton number or neutron number egual nearly equal to
magic numbers. He considered only the static peispé the nuclear
evolution which is based on the shell effects. Bur inertia parameters,

simple assumptions were made and dissipation wiasiciaded.

On the basis of open quantum nuclear dynamicsrentasv collective
modes are used as open quantum systems, Sand{d8$aliscussed about
the new natural radioactivities accompanied by eéhenation of*‘C, **Ne
and ®Mg clusters. Neglecting the dissipation, the authas predicted

different valleys like Pb valley for cluster decapha valley in the case of
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alpha decay and Sn valley for cold fission on tbteptial energy surfaces. As
a result of this observation, the decay modes hviniere mentioned above
could be described in a unified way as spontandecay modes, where one
or both the decay products have neutron numberatop number equal to or
almost equal to magic numbers. This has been redards magic

radioactivity. The author has concluded that a8 ffhenomena which are
subjected to large rearrangements of nucleons chaldiescribed as open

quantum systems.

With the help of ASAFM model, Poenaru et al. [44vh obtained
some significant results regarding alpha decatefuadioactivities and cold
fission. The authors have obtained the half-liféuga in the range 1bto
107° s for MC, #*?>*Ne, Mg and **Si cluster emissions from different
heavy parent nuclei. It was stated that the bramgchatios with respect to
alpha decay have been observed in the rang®-100°. They concluded that
shell effects in the neighbourhood BfPb nucleus are responsible for cold
fusion reactions and cluster decay of parent intthas-lead region. They
mentioned that though the nuclear shell effectS%h are not as powerful as

those of®Pb, it plays a significant role for cold fissioropesses.

Malik and Raj Gupta [45] have suggested a new mudélustrate the
mechanism of cluster radioactivity in radioactiveckei. In their model they
have described the mechanism of formation of ctuated its penetration
through the interaction barrier in radioactive miicThe probability of cluster
formation is considered as a quantum mechanicghfeamtation process and
an analytical equation for WKB penetrability hasbeobtained. Using their
model they have analysed the emission’effrom ?****Ra isotopes and the
emission of?*Ne cluster from??U isotope. They have observed that the

branching ratio fof*Ne cluster decay 6f“U is comparatively larger than that

53



for **C decay of*U. They have made a comparison between the bramchin

ratios for’*Ne emission and that f&fC emission fronf>2U.

Buck and Merchant [46] have studied alpha decawels as exotic
decay from heavy nuclei as a phenomenon of quahtaneling. This is done
within the framework of semi-classical approximatimy employing a cluster
model where they used effective cluster-core p@kimin the basis of the
folding procedure. They have obtained good agreéemvih all the available
experimental results of the half-lives f8€ and*Ne emissions from heavy

nuclei.

Barranco et al. [47] have evaluated lifetimes dodecay, Ne decay,
Mg decay and spontaneous fission using superflindeling model, without
free parameter. They have reported that the catkuibgalues agree with the
experimental ones. They have concluded that*farisotope o decay, cluster
decay and spontaneous fission can be describednifiad way by superfluid

tunneling model without free parameter.

Sobiczewski et al. [48] have investigated deforraeein-even nuclei in
the superheavy region, with neutron number (N) 2 15210 and proton
number (Z) = 112 - 130. They have studied equiliorideformation, fission
barrier, ground-state potential energy and haHdivof alpha decay and
spontaneous fission. In addition to the sphericalei, they have reported the
existence of superdeformed superheavy nuclei hakiadflives which are
long enough to observe experimentally. They haventimeed that the
superdeformed nuclei might be synthesized easitiieriaboratory since they

are near to the already known nuclides.

Shanmugam and Kamalaharan [49] have investigdiedetfect of
deformation on the half-lives of exotic decay ofr@heavier nuclei which

belong to the trans-lead region. They have consdié¢ne deformations of
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parent and daughter and emitted cluster has besmmasl as spherical.
Despite the fact that deformation has negligibkeafon the decay lifetime,
branching ratios of exotic decays are found todmuced as a result of the
incorporation of fragment deformations. For evempakent, they noticed that
the addition of deformation effects in the decaif-hife calculations lowers
the evaluated half-lives. They have also noted thatinfluence of parent
deformations on the decay half-life values domisateer the effect of
daughter deformations. They have noticed that, assalt of nuclear shell
effects, the apparent preference of emitted cluatet daughter is to be

spherical.

Buck and Merchant [50], in 1990, had investigateel $ize effects in
the alpha decay and exotic decay of heavy nusieigua cluster model that
employed an effective cluster-core potential. They confirmed that their
cluster model offers a consistent theory to evaluhe lifetimes for cluster
emission with clusters ranging fromto Mg and Si. They have reported that
the experimental half-lives can be reproduced witlm order of magnitude

by using this model with a fixed set of parameters.

By incorporating the deformation effect to alphacale studies,
Shanmugam and Kamalaharan [51] have extendeddiuster decay model.
They mentioned that in the exotic decay of nudles, charge-to-mass ratio of
both the emitted fragment and the parent nucleusn®st the same. This
indicates that for a given fragment mass, the teldigion of charge is very
small and can be neglected. But for alpha decaig, td&rm has to be
considered. Therefore, in the post-scission regtbery have made some
suitable modifications to the Yukawa plus exporedrgbtential. By using this
modified model, they have evaluated half-lives lpha decay for even-even
nuclei with and without the incorporation of chardestribution and have

compared their results with the experimental datey have also evaluated
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lifetimes of alpha decay for even-even Ra, Th, d &u isotopes and have

compared the results with the experimental values.

Buck et al. [52] have proposed a unified model dodecay and
cluster decay of heavy nuclei. To evaluate exodicags to an almost similar
degree of accuracy, they have extended their nfodellpha decay of some
even-even nuclei. They have concluded that witlediparameters, their
model reproduces all the experimental partial ihies of some even-even

nuclei.

Poenaru and Greiner [53] have shown that fissian-inodels and
preformed cluster models are equivalent and theybma used to provide a
unified description of alpha decay and cluster oadiivity. They have
interpreted the cluster preformation probability #se probability of
penetration of the pre-scission region of theratgon barrier. They have
also got linearized universal curves for differehister decays and have
observed that the obtained formula explains theeggrirend of deviation of

experimental result.

Poenaru and Greiner [54] have mentioned that thenpeter Z/A can
only be applied in the case of symmetric fissiod aased on the theory of
heavy ion fusion reactions, a similar parameterlmaobtained in the case of
asymmetric fission. They have stated that the Idgarc half-lives of
symmetric fission evaluated using liquid drop modeh function of fissility
and for cluster radioactivities, they have obtaiaedifferent dependence of
logarithm of half-lives of asymmetric fission. Théyave reiterated that the

parameter ZA provides no information about an asymmetriciias

By incorporating odd-even effect into the ASAFM regdPoenaru et
al. [55] have presented disintegration energy araduated partial half-lives

for possible cluster decay modes of the nuclei wgtoton number
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(2) = 52 - 122. They have also included the nutdeiaway from the beta-
stability line and superheavy nuclei. They havesemoonly those parent
nuclei where the branching ratio correspondinglpia particle emission is

greater than I8 and the half-life for cluster decay is less thaff s.

Raj Gupta et al. [56] have stated that nuclearctire effects regarding
the stability of deformed shell have been foundo#& contained in exotic
decays. They have found that the superdeforff&dis very stable against all
exotic decay modes whereas the adjacent and eqdafiyrmed®’Sr is
unstable atleast for some exotic decay modes. Tiaey interpreted this
result as a reinforcement shell gap effect of pratamber~ 38 deformed

shell on neutron number38 deformed shell.

Raj Gupta et al. [57] have studied the effect dfudeness of nuclear
surface on half-lives of cluster decay using thefgmmed cluster model
(PCM). They have found that even for spherical eridhe influence of
nuclear surface diffuseness is much larger whenpeoed to the effect of
deformation of the parent and daughter nuclei. Thaye stated that these
two effects act in opposite direction and are ofilsir order. Further, they
have noticed that due to the cluster emissionntiedear surface effects were
observed to be significant for both the penetratiand preformation
probabilities. They have reported that if the eedittluster has a mass number
larger than 20, the effects of surface diffusenes® observed to be small for

the evaluations of half-lives.

Sandulescu and Greiner [58] have discussed thetapswus cluster
decay of C, O, Ne, Mg and Si from various nucleingstwo extreme
approaches, i.e., fission-like or alpha-decay-likeeories. They have
mentioned that the phenomenological formulationgtvkery well reproduce
experimental data provide information about nuckgancture that is useful

for the prediction of new decay modes. The autlhange interpreted cluster
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decays as a new collective motion with large amgét They have reviewed
cold fusion and cold fission and have also providexv path for the

formation of spherical superheavy nuclei.

Sarbjit Singh et al. [59] have investigated synthesf superheavy
elements through cluster decay. Using preformedtetumodel they have
studied cluster decay of heavy and superheavy npaeuced in heavy-ion
reactions. They have reported that in the caseowfesexotic decay modes
from excited to excited or ground to ground staths, evaluated half-lives
were observed to be within the experimental limlisey have found that in
the selection of most probable exotic decay modescald fusion reactions,
the effects of shell stabilization due to both tledormed and spherical shell

closure play a significant role.

Using ASAFM model, Poenaru et al. [60] predictedvneegion of
neutron-deficient parent nuclei showing clusterigadtivity. They have
calculated branching ratios and half-lives 16, *°0 and®’Si decay and
some other cluster decay modes of parent nuclainatitron number (N) and
proton number (Z) in the range N = 58 - 72 and B6=- 64. They have
concluded that these parent nuclei can be formedeactions which are
induced by radioactive beams. They have statedthigaexotic decay from
these neutron-deficient parent nuclei leads tgptioeluction of doubly magic

daughter nucleu8°Sn or nuclei in the neighbourhood of it.

Raj Gupta et al. [61] have studied the instabgiagainst exotic decays
in stable nuclei with neutron number (N) and protwmmber (Z) in the
vicinity of various deformed and spherical closéells. Using PCM, they
have investigated the possible exotic decay modesome nuclei, in the
proton number range 50 < Z < 82. They have mentiadhat certain deformed
nuclei in the vicinity of spherical magic shell tviproton number (Z) = 50

and 82 and the deformed shell with neutron numbigr=108 are unstable
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against different heavy cluster decay modes. Tlaey meported half-lives for
®Be decay of®®*Hg and*’C and®O decay of *®Ba and they are found to be

less than the experimental upper limi{§& 10°%).

By extending their model of alpha decay, Buck et [6R] have
investigated the cluster decay of some even-evatenand other odd-A
nuclei. Their model has explained the exotic deday® even-even nuclei as
transitions from ground state to ground state hatexotic decay of odd-A
nuclei seems to have an excited final state. Thealuated half-lives for
exotic decay from even-even nuclei matches welthe experimental data.

They have also investigated the emissioffGfcluster from“Ba isotope.

Using PCM model, Satish Kumar and Raj Gupta [63jhstudied the
cluster radioactivity of****Ba isotopes. They have calculated half-lives for
alpha particle emission anéBe, *°C, *°0 and?*Ne cluster emissions. With
half-life Ty, ~ 10* s, it was found that for*Ba isotopeHe and™“C cluster
emissions are the most probable decay modes. Tdaypgointed out that the
minimum value of half-life for'’C decay of''?Ba isotope depicts the
importance of the role of doubly magic daughtecleus'®°Sn in trans-tin

region of cluster radioactivity.

Satish Kumar et al. [64] have studied the clusaeliqactivity of some
proton-rich Xe - Gd parent nuclei using PCM moitethe trans-tin region.
Their calculated half-lives and preformation prababés implies that the
emission of alpha-like clusters (A = 4n, Z = N) buas®Be, *°C, %0, “Ne,
Mg and?®Si from nuclei with proton number (Z) = neutron rhen (N) are
the most feasible exotic decay modes. They havedithiat most of the exotic
decay modes were within the upper limit of experitaé measurements,
which points to the significance of daughter nusl&Sn in the trans-tin
region of cluster radioactivity. They have alsorfdithat™*Sn radioactivity is

related to alpha-like cluster decays &fdPb radioactivity is related to non-
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alpha-like cluster decays. They have also mentiadhadt the probability of

emission of A = 4n clusters is more than that of An + 2 clusters.

Through their continued investigations, Satish Kumaal. [65] have
shown the cluster radioactivity of proton-deficiéffBa, **°Ce, **Nd, **°Sm
and*®‘Gd isotopes using PCM model. They have observedetsuation of
Q values for chosen decay modes based on shelcteffand their
corresponding preformation probabilities depictattthe chosen nuclei are
stable against the emission dfle and'®Be. Further, they have found that the
probability of emission of non-alpha-like clustexr more for other decay
modes. They have found that the most probable dexmes are those which

lead to the production df“Sn daughter nucleus that is doubly magic.

Poenaru et al. [66] have investigated the clustsrag of even-even
neutron-deficient Ba, Ce, Nd, Sm and Gd parenteiwding ASAFM model.
They have found that the cluster decay of thesenleads to the production
of doubly magic daughter nuclet®Sn or in the neighbourhood of it. They
have reported large branching ratios correspontbnigeta decay and alpha
decay and short half-lives for the emission 60 cluster from***Ce and
122\d isotopes and fof’Si decay from*°Sm and™*’Gd isotopes and also for

12C emission front*‘Ba isotope.

Poenaru et al. [67] have suggested that in even-euelei, the
strongest cluster or alpha transition takes pfem® the ground level of the
parent nucleus to the ground level of the daughieteus. In this work, they
have systematically investigated the transitionspament nuclei with odd
number of neutrons and/or protons. They have fabat*'F and®*°Ac act
like even-even nuclei. These nuclei are found t§’Ne cluster emitters and
*!Ne transition is from ground state to ground st&tewever, they have

mentioned that transition 6fNe from?3U is restricted.
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Bonetti et al. [68] have evaluated hindrance feciaralpha decay as
well as cluster (Ne and Mg) decay’dU parent within the framework of one
level R-matrix approach by incorporating the stmoet of internal wave
functions. For alpha decay, their estimated valueatch well with
experimental ones. They have also observed smafiching ratio between

?Ne and®®Mg cluster emissions.

Shanmugam and Kamalaharan [69] have formulated cqulbs-
Yukawa-plus exponential model (CYEM) with fixed bar height of the
interacting potential. Shell effects at groundesdtave also been included in
this model. In this model, zero-point vibration egeis included explicitly
without breaking the energy conservation and ttegslof interaction barrier
in the region of overlap is considered as a polyiabmwf third order. They
have also incorporated the inertial mass co-efiicitnat depends on the
distance of centre of mass. Using CYEM, they haxauated branching ratio
for 1*C cluster emission frofi'Pa and****l isotopes. They have compared
their calculated values of barrier height with #a@valuated using liquid drop

model and also with experimental values.

Later, Shanmugam and Carmel Vigila Bai [70] havweestigated the
distinction between cluster decay by nuclear fisssamd preformed cluster
emission. Using CYEM model, they have made a comsparbetween the
cluster mode and fission mode of cluster decayni the point of transition
from cluster mode to fission mode in the transrggion. Here, the parent
nucleus and the emitted cluster have been considesespheroid whereas
daughter nucleus is taken as spherical. They hawedfthat the fission model
can be applied to all cluster decays whereas té®mpned cluster model can
be applied to lighter cluster emissions. They hanantioned that transition
occurs from cluster mode to fission mode for thatteh cluster with mass
number, A = 16. Santhosh et al. [71] had also dowerk related to this.
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Raj Gupta et al. [72] have studied cluster radigdgtand cold fission
exhibited by**#*%}) isotopes. They have made the calculations obalsés
of preformed cluster model, saddle point fissiondeloand quantum
mechanical fragmentation theory. They have mentoimat in the case of
super-asymmetric mass region of cluster decayptbleability of cold fission
process is more than that of exotic decay procedshmt fission process.
They have found that exotic decay and cold fissppncesses become

identical for the emitted cluster with mass numher 46.

Santhosh and Joseph [73] have evaluated logaritimaliclives for
alpha particle emission arldC cluster emission from Ba isotopes by taking
interacting potential as Coulomb plus proximitygrttial (CPPM). They have
reported the calculated half-life fiC decay of-'?Ba and also stated that the
most probable emission is the emission'@® cluster from*“Ba. Their
calculated half-lives agree well with the corresfiog values calculated
using Yukawa plus exponential model. They have asmpared their
logarithmic half-life values with those evaluateding PCM and ASAFM

models.

In another work, Santhosh and Joseph [74] havesiigated the
cluster radioactivity of cerium isotopes using CPRibdel. They have
evaluated the half-lives fdBe, **C, *°0, *Ne, **Mg and?*Si-emissions from
different cerium isotopes. It is reported that émeission of*“C and*°O from
11%Ce isotope and that dfO from ''®Ce isotope are the most favourable
modes of cluster decay. They have also found tleatawest half-life for the
emission of*°0 cluster is from*°Ce isotope, which depicts the significance
of °°Sn (doubly magic) nucleus in the trans-tin regiboloster radioactivity.
Since the Geiger-Nuttall plots for various cluslecays were linear in nature,

they concluded that the addition of proximity pdiginto the interacting
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potential does not cause any variation to the timedure of Geiger-Nuttall

plots, other than reducing the barrier height.

Tretyakova et al. [75] have discussed about theeourrstatus of
research in cluster radioactivity. They have euvadahe mass distributions
for the energetically feasible decays of parentlaiugaving mass number
(A) > 112. They mentioned that the present expeartaledata denote that the
transition between adiabatic and sudden mechandnthe formation of
fragment takes place at the fragment mass number @5 - 40. They have
stated that a sensitive tool for the study of decagchanism is the
investigation of fusion-fission reaction or elassicattering. Also, they have

provided a list of new experiments to be conducted.

In another study, Santhosh and Joseph [76] hawesiigated cluster
radioactivity of xenon isotopes. They have caladathe half-lives for the
emission of alpha particléBe, *°C and*®O clusters. They have obtained the
lowest half-life for the emission oBe cluster from'®Xe isotope which
points out the significance df°Sn nucleus (doubly magic) in the trans-tin
region of cluster radioactivity. They have foundittthe excess of neutrons in
the parent nucleus slows down the process of clestession. They have
obtained the half-life fofHe decay of''°Xe which matches well with the

measured values.

Raj Gupta et al. [77] have studied the decay’™i  produced in the
%35 + #\Mg reaction at the incident energies E = 51.6 MeM &0.5 MeV
using the dynamical cluster-decay model (DCM). Trnisdel is usually used
for the study of decay of hot and rotating commbunclei produced in light
heavy-ion reactions. They have considered the lggrticles and complex
intermediate mass fragments as the dynamical ¢okemotion of preformed
clusters through the interaction barrier. Usings thiodel, they have shown

that the characteristics of light particles arefeddnt from those of
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intermediate mass fragments. The systematic vangtof light particle and
intermediate mass fragment cross sections calculasing DCM match well
with those evaluated using statistical fission nio@leey have compared their
average total kinetic energy spectra with the drpamntal data and found that
they are in good agreement, favoring asymmetricsnahstributions. They
have shown that light particle emission cross sadtias a strong dependence

on the type of particles emitted and on their rplittities.

Greiner [78] had presented a new insight for theagienodes of heavy
parent nuclei. He had given a brief review aboatftesion approach used in
the theory of alpha decay and heavy-particle radiméies. Employing
macroscopic-microscopic method, he had obtainegdbential barrier for the
emission of"’C from #*’Ra isotope. He had stated that the plot of potentia
energy surface against the mass asymmetry andiskence of separation
between fragments fof”’Ra shows the cluster decay and fission valleys
formed by the shell effects caused bYSn and?®®Pb fragments. He had
mentioned that the half-lives calculated using ASARgree well with the

experimental data for various exotic decay modes.

Biju et al. [79] have studied the exotic decay 6F*°Cf isotopes
based on cold valley in cold fusion and cold fissi®hey have located the
minima corresponding to alpha particle, S, Ar arddfiisters. On the basis of
their study, it was reported that these parenteaak unstable against heavy
clusters and stable against light clusters. Theyehfmund that the most
probable decays af@Ar and ***Ca cluster emissions, which points to the
significance of doubly magic clusters in exotic agcThey have extended
their model to the symmetric region and observed sfymmetric fission is
also probable which points out the significance’®8n nucleus, which is
doubly magic. They have reported that odd-A clusteission is favourable

from parent nuclei with odd mass number.
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Sushil Kumar [80] has studied the cluster radie@gti in
118-132.140-178 0 nyclei. He has studied the closed shells casrefipg to the Sn
daughter nucleus. He had obtained the minimum vafulealf-lives for the
emission of oxygen cluster when the number of noast of the daughter
nucleus is 50 and 82, which are magic numbers. &k doncluded that
minimum value of half-lives for decay modes resutiin *°°Sn and**?Sn
daughters denotes their high stability againsttetusmissions except at these

configurations.

Joseph and Girija [81] have investigated clusteragleof proton-rich
Er isotopes within the framework of fission modglpeoach. Employing
fission model potential, they have calculated thi-lives of exotic decay of
Er isotopes in the mass number range A = 150 - TB8y have studied the
instability against various cluster decays and Hasezl the measurable range
of half-life at 1d° s. They have stated that the minimum value ofhad for

a particular exotic decay mode implies the sigaifice of closed shell effects.

Bao et al. [82] have evaluated half-lives for diffiet cluster decay
modes of isotopes in the trans-lead region withhible of generalized liquid
drop model (GLDM). They have explained cluster geqaocess as an
asymmetric spontaneous fission and have evaluatédives of exotic decay
modes using WKB barrier penetration probabilityeyhave constructed the
potential barrier by considering mass asymmetrglaar proximity energy,
an accurate nuclear radius, microscopic shell cboe and
phenomenological pairing correction. The decay-Inadfs calculated using

GLDM are found to agree well with the correspondaxgerimental data.

Santhosh and Biju [83] have investigated the stglaf **2*Tf nuclei
against alpha decay and cluster decay using CPPMelmd@hey have
mentioned that these isotopes are unstable aga@asty cluster decays and

stable against light cluster decays. They havergbdethat cluster emissions
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from these nuclides result in the production ofldgumagic daughter nucleus
?%pp or neighbouring one. They have studied the eftécquadrupole
deformation and hexadecapole deformation of pamsuighter and emitted
cluster on decay half-lives. They have reportedt tthae to quadrupole
deformation, the barrier height and width reducesd #erefore half-life

decreases.

Using CPPM model, Santhosh and Priyanka [84] havestigated the
feasibility for heavy particle decay and alpha jgletemission from even-
even superheavy nuclei having atomic number, Z & 21124. The cluster
formation probability is observed to be maximumtloe heavy particle decay
accompanying ®114. Accordingly the minimum half-life is obtainéar the

heavy particle decay resulting in the productiorf§1.14.

Recently, Kuklin et al. [85] have proposed a unifidescription of
alpha decay and cluster radioactivity of cold nuclging dinuclear system
model. They have determined the spectroscopic rfa@od barrier
penetrability of the nucleus-nucleus interactionteptial. They have
suggested a new method for evaluating the specipasdactor and have
studied the hindrance factors in the presence lotabrangular momentum.
They have found a genuine reason for the deviatibhalf-life from the
Geiger-Nuttall law in alpha decay of proton-rich**Rn isotopes. They have
predicted and characterized the fine structurdpifaadecays of uranium and
thorium isotopes. Using this model, they have dbedr alpha particle
emissions from the rotational band of nuclei wittereZ and even-N. They
have also discussed the cluster radioactivity iated nuclei. Finally, they
have analysed the relation of cluster decay tolhighformed nuclear states

and spontaneous fission.

In a different approach, Adel and Alharbi [86] kainvestigated

nuclear cluster radioactivity using microscopic gmiials within WKB
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approximation of quantum tunneling by incorporatthg Bohr-Sommerfield
guantization condition. They have numerically camsted the microscopic
cluster-daughter potential in the double-foldingd®mlo They have considered
a realistic form of M3Y-Paris NN interaction wigero-range exchange NN
force and finite-range exchange part. They haveshgated the effect of
nuclear deformations on the half-lives of clustecaly. On the basis of
available experimental data, they have extracted dluster preformation
factors from the experimental and the calculateftlives of cluster decay.
They have made some useful predictions about clasgeay half-lives for
emissions of already known clusters from possibielei, which may help in

future experiments.
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CHAPTER 4
EXOTIC DECAY IN TUNGSTEN ISOTOPES

4.1 Probable exotic decay modes

The decay half-lives have been evaluated for prebalecays in
proton-deficient and neutron-deficient isotopes toihgsten, using the
effective liquid drop model (ELDM). All probable dnids of cluster and
parent, for which the Q value is positive, haverbeaalysed. Within the
measurable range, i.e., fofI< 10 s, the possible decay modes in proton-
rich tungsten isotopes are observed as alpha dacdycertain alpha-like
cluster (A = 4n, Z = N) decays such %8, **C and'®°O decays. The mass
ranges of W isotopes exhibiting alpha decay andbuarcluster decays for
which T;, < 10° s have been shown in Table 4.1. It is observet kibth
alpha decay and observed cluster decays slow dowmnthe rise in mass
number of parent nucleus and therefore, these mmssare found to be

absent in the case of proton-deficient isotopdsimgsten.

Table 4.1. Mass ranges of W isotopes showing alpha andrdiifecluster

decays with half-lives in the rangg < 10 s.

Decays with T, < 10°s Mass range (A)
Alpha decay 158 — 180
®Be decay 158 — 165
12C decay 157 — 168
°0 decay 158 — 167
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4.2  Comparison study of decay half-lives

The comparison study of logarithmic half-life was calculated using
ELDM and UDL (universal decay law) [1,2] has bedmwn in tables
4.2 — 4.5, for various decay modes in W isotopes. &pha decay, it is
observed that the calculated decay half-lives agredbwith the experimental
half-life values [3]. Therefore, the effective ligudrop model is applied to
predict the half-lives of possible cluster decay#hen compared with the
universal decay law model, the ELDM half-life vaduior alpha decay and
®Be, 2C and™®O cluster decays are found to lie near the rand¢0if values.
Again cluster decays are found to diminish with ith@ease in the number of
neutrons. From the calculated half-lives of allaes; it is found that alpha
decay from™® isotope is the most probable decay mode in W isotopes,
since it has the lowest logarithmic half-life 0f.8932. Also,*?C emission
from *°4W isotope is found to be the most probable cludemay mode, since

it has the lowest logarithmic half-life of 17.388810ng cluster decays.

Standard rms deviations) of log,oT1» values for alpha decay is
calculated and it is found that, within ELDM model= 0.2609 and within
UDL model, c = 0.5406. The smaller the value @f better is the

corresponding model.
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Table 4.2. Comparison study of decay half-lives calculatedigi€£L. DM and

UDL models for alpha decay of W isotopes.

Mass number

LoQ1T 12 (T2 in Seconds)

of W Daughter ELDM UDL Experiment
(present) [3]

158 Hf -2.8932 -3.5702 -3.05
159 IS Hf -2.3548 -3.0008 -2.14
160 eHf -0.9566 -1.5293 -1.00
161 STHf -0.3787 -0.9207 -0.30
162 1St s 0.5980 0.1024 0.48
163 L Hf 1.2887 0.8248 0.83
164 1ot 2.3962 1.9806 -
165 oIt 3.6345 3.2686 > 3.40
166 o2 4.5471 4.2166 4.67
167 1o Hf 5.1820 4.8758 -
168 1ot 6.5978 6.3417 6.20
169 1o Hf 7.9153 7.7025 -
170 10t 8.9213 8.7406 -
171 o7 10.2725 10.1316 -
172 1ot 11.1708 11.0556 -
173 1o°Hf 13.4573 13.4021 -
174 Tt Hf 13.1119 13.0501 -
175 1Hf 15.2048 15.1936 -
176 172t 15.5581 15.5566 -
177 s 16.0384 16.0498 -
178 17t 18.9565 19.0296 -
179 LHf 22.0260 22.1580 -
180 Tt 25.4949 25.6870 -
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Table 4.3. Comparison study of decay half-lives calculatedigi€£L. DM and
UDL models fo’Be decay of W isotopes.

Mass number Log10T1/2(T12 in seconds)
Daughter

of W ELDM (present) uDL
158 1%p 27.0789 28.5368
159 Blyp 21.8553 23.1056
160 152yp 18.2100 19.2959
161 53vp 19.3020 20.4461
162 “Yb 22.2588 23.5428
163 55vp 23.7446 25.0971
164 1%%yp 26.4106 27.8754
165 b 28.7894 30.3490

Table 4.4. Comparison study of decay half-lives calculateigi€£L. DM and
UDL models for?C decay of W isotopes.

Mass number Log10T1/2(T12 in Seconds)

of W Daughter =2 5\ oresent) UDL
157 Er 29.9272 31.8849
158 14y 26.0024 27.7339
159 14y 24.5129 26.1566
160 = 21.7852 23.2518
161 ey 18.9856 20.2553
162 ey 17.3833 18.5370
163 = 18.4615 19.7053
164 gy 21.1454 22.5953
165 Er 22.8442 24.4202
166 = 25.3234 27.0710
167 Er 27.0934 28.9589
168 = 29.5568 31.5764
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Table 4.5. Comparison study of decay half-lives calculatedigi€£L. DM and
UDL models for*°O decay of W isotopes.

Mass number Log10T1/2(T12 in Seconds)

of W Daughter =2 5\ oresent) UDL
158 Dy 28.2240 29.9145
159 “Dy 27.5684 29.2166
160 "Dy 26.3601 27.9189
161 Dy 25.2188 26.6921
162 Dy 23.3129 24.6303
163 Dy 21.7643 22.9509
164 Dy 21.0295 22.1570
165 Dy 22.5431 23.8178
166 Dy 25.4773 27.0160
167 “py 27.1299 28.8153

4.3 Half-livesand B, values

Tables 4.6 and 4.7 show the deformation paranfgtef parent and
daughter along with the half-life f{8Be and™“C cluster decays of W isotopes.
B, values are taken from the Nuclear Data Table bylev et al. [4]. Here we
can see that minimum value of half-life is obtairied minimum 3, value of
daughter ff, = 0.000 for®Be decay and3, = 0.011 for*?C decay) which
corresponds to spherical and nearly spherical datghThis implies that the
probability of cluster decay will be high if thewghter nucleus has spherical
or nearly spherical shape. It is evident that thepe of the daughter nucleus

influences the cluster decay half-lives more theat of the parent nucleus.
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Table 4.6. Half-lives andB, values of parent and daughter $Be decay of W

isotopes.
Parent | B,(Parent) | Daughter | B, (Daughter) L(?I_glllzo-lrnl’ E(ECLO?]ZZ)
18y 0.085 % -0.167 27.0789
139 0.107 Blyp -0.125 21.8553
180y 0.128 152yh 0.000 18.2100
1ol 0.139 153yh -0.052 19.3020
163y 0.150 “Nb -0.104 22.2588
13y 0.162 5yb 0.118 23.7446
14 0.173 %5vh 0.139 26.4106
15 0.173 b 0.161 28.7894

Table 4.7. Half-lives andB, values of parent and daughter 14€ decay of W

isotopes.
Parent | B,(Parent) | Daughter | B, (Daughter) L(?I_glllzo-lrnl’ E(ECLO?]ZZ)
Ay -0.063 gy 0.219 29.9272
138y 0.085 140y -0.187 26.0024
1y 0.107 WEr -0.187 24.5129
180y 0.128 18y -0.146 21.7852
16dyy 0.139 1%y -0.094 18.9856
o4y 0.150 10y 0.011 17.3833
183y 0.162 gy -0.063 18.4615
14y 0.173 gy -0.084 21.1454
15 0.173 153y 0.129 22.8442
165y 0.184 ey 0.150 25.3234
1Ay 0.195 1%y 0.172 27.0934
168y 0.206 = 0.205 29.5568
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4.4  Plotsof half-lifeand Q versus neutron number of daughter

Figures 4.1 — 4.4 show the profiles of; (Neutron number of daughter
nucleus) against lagl,» and Q. In the plots of Q versus Bnd logeT,
versus N for alpha decay antBe, **C and'®O cluster decays, there is a
decrease in Q value corresponding to an increak®jgl 1> with the rise in
Ng and that results in the appearance of the platk, eme appearing as the
mirror reflection of the other. Since barrier peability factor is inversely
proportional to decay half-life, the probability @écay decreases with the rise
in logioT1/2. Therefore, the probability of cluster emissioesréases with the
increase in neutron number of daughtarthe plots for®Be, **C and*®0
cluster decays, a dip in lgff,,, can be observed atyN 82, a magic number.
At this point, the probability of cluster emissiowdl be high, which in turn
points to the significant role played by neutron giody in cluster

radioactivity.
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Fig. 4.1. Plots of logoT1/, and Q against Nfor alpha decay of W isotopes.
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45 Plot of half-life ver sus neutron number of parent

Fig. 4.5 shows the combined plot of half-life vessihl, (neutron
number of parent nucleus) for alpha decay #e *“C and'®O cluster decays
of W isotopes. The general trend of these plothas as the parent becomes
rich in the number of neutrons, half-life incregsghich in turn, slows down
the alpha and cluster emissions. When compareth&y emissions, half-lives
of alpha emission are found to be minimum for gdarange of N values,
favoring high probability of alpha particle emissitrom these isotopes. For
®Be, 1°C and"®0 cluster emissions, it is found that the minimuaiue of half-
life shifts towards the higher Nalues. Also, decay characteristics are found

to be similar forC and*O cluster decays.
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Fig. 4.5. Plot of logoT1/, against N for various decays of W isotopes.
4.6  Geiger-Nuttall plots

Figures 4.6 — 4.9 show the Geiger-Nuttall (G-N)tp| i.e., logoT 12
versus @' graphs for alpha decay and observed cluster degélythe plots
show linear behaviour which emphasizes the fadtttire@inclusion of surface
potential in the interaction potential does notseaany variation to the linear
nature that is usually observed in G-N plot for thgstem under pure
Coulomb potential. The intercepts and slopes of @ldtis for various decays
exhibited by W isotopes are shown in table 4.8. &ppt changes in the
slopes and intercepts are due to the shell eféextssurface potential included

in the interaction barrier.

82



log,,T,.(T,, in seconds)

log, T, (T, in seconds)

160 7 T v T v T T T v T T T T T

1 40; —=—alphadecay| _ |
120 4 .
100 A .
80 i
4 [ § i
60 & .
40 r i
] . n ]
204 u" B
04 / -
-20 L e A BN S B S e —
0.2 04 06 08 1.0 1.2 14 16

Q-112(Mev1i2)

Fig. 4.6. G-N plot for alpha decay of W isotopes.
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Fig. 4.7. G-N plot for®Be decay of W isotopes.
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120 T T T T T T T T T T T T

100 . i

80 u .

60 - . |

40 & .. =

20{ #* -

T ' T T v T

- : - : I :
016 018 020 022 024 026 0.28
Q'W(MEVHZ)

Fig. 4.9. G-N plot for*®0 decay of W isotopes.
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Table 4.8. Slopes and intercepts of G-N plots for variousayscof W

isotopes.
Cluster emitted Slope (X) Intercept (Y)
“He 120.7642 -50.3663
®Be 325.3257 -76.1436
¢ 558.9839 -97.5513
%0 811.0089 -117.6139

4.7 Half-lifein terms of atomic number of cluster

From the slopes and intercepts of G-N plots andat number of the
corresponding emitted clusterJZwe have obtained a general equation for
logarithmic half-life, which can be applied to aelusters emitted from various

W isotopes, i.e.,

l0g10T1/2 = % +Y(Zy) (4.1)
where

X(Z,) = -0.223%3 + 6.319€2 + 70.622%, — 43.9707 4.2)
Y(Z,) = -0.06303 + 1.30272 — 18.9383, — 17.1949 (4.3)
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CHAPTER 5
EXOTIC DECAY IN RHENIUM ISOTOPES

5.1 Probable exotic decay modes

Using the effective liquid drop model (ELDM), theahy half-lives are
evaluated for proton decay, alpha decay and cluatipactivity in proton-
rich and neutron-rich isotopes of rhenium. All pbks combinations of
parent and cluster have been considered for whelQtvalue is positive. The
half-lives for proton, alphdBe, *°C and'®0 decays are observed to be well
within the measurable range; (< 16 s) and therefore, they are predicted to
be the possible decay modes in proton-rich rhensatopes. Table 5.1 shows
the mass ranges of Re isotopes exhibiting protaraygealpha decay and
various cluster decays withyJ < 10° s. It is also noticed that the cluster
emissions slow down with the rise in the numbenef@itrons and hence no

cluster radioactivity is spotted in the case oftramurich isotopes.

Table 5.1. Mass ranges of Re isotopes exhibiting protdphaaand various

cluster emissions with half-lives in the measurahblgge.

Decays with T, < 10°s Mass range (A)
Proton decay 159 — 163, 165
Alpha decay 160 — 182

®Be decay 159 — 167
12C decay 159 — 170
%0 decay 159 — 169
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5.2  Comparison study of decay half-lives

Tables 5.2 — 5.6 show the comparison study ofrltgaic half-lives
calculated using ELDM and UDL (universal decay la)2] models for
different decay modes in Re isotopes. It has béserwed that the evaluated
half-lives of proton decay and alpha decay aredndgagreement with the
available experimental data [3,4]. When comparett Wie UDL model, it is
found that the present formalism (ELDM) is the éetiool for reproducing
the experimental data. Hence, the use of ELDM tsreded for cluster decay
studies. The calculated half-lives of proton arghaldecays and ofBe, *C
and *°0 cluster decays lie close to those predicted ukiBg model. It is
evident from the calculations that the probabildy cluster emissions
diminishes with increasing neutron number. Fromdaleulated half-lives of
all decays, it is found that proton decay frofRe isotope is the most
probable decay mode in Re isotopes, since it laothest logarithmic half-
life of -7.9352. Also;”’C emission from®Re isotope is found to be the most
probable cluster decay mode, since it has the lpolegsrithmic half-life of

16.2729 among cluster decays.

Standard rms deviations) of log,oT1» values for alpha decay is
calculated and it is found that, within ELDM model= 0.3739 and within
UDL model,c = 0.7667.
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Table 5.2. Comparison study of half-lives using ELDM and UDiodels for

proton decay of Re isotopes.

I LoQ1T1/2(T12 in Seconds)
Mass numbe Daughter ELDM Experiment
of Re UDL
(present) [3]
159 W -7.9352 -10.0249 -
160 W -4.3786 -6.4232 -3.046
161 oW -3.5829 -5.6197 -3.432
162 1w 3.5629 -1.5773 -
163 vy 5.2335 -3.2556 -
165 1o 25.8259 23.9070 -

Table 5.3. Comparison study of half-lives using ELDM and UBiodels for

alpha decay of Re isotopes.

Mass number

Log10T1/2(T12 in seconds)

of Re Daughter ELDM UDL Experiment [4]
(present)

160 B Ta -2.7984 -3.4494 -2.06
161 B Ta -1.5031 -2.0827 -1.82
162 Ta -1.2225 -1.7861 <0.52
163 B Ta -0.3321 -0.8497 -0.39
164 1Ta 0.0025 -0.4974 0.18
165 %iTa 1.2390 0.7965 1.26
166 15213 1.9817 1.5730 -
167 1%Ta 2.9246 2.5561 2.79
168 %Ta 3.9106 3.5818 -
169 1%Ta 4.1770 3.8605 -
170 %Ta 5.5998 5.3362 -
171 1%Ta 6.0449 5.7984 -
172 1%Ta 7.4943 7.2974 -
173 1%Ta 8.3203 8.1505
174 Ta 10.2242 10.1115 -
175 Ta 10.4527 10.3487 -
176 1Ta 11.7212 11.6531 -
177 1 Ta 12.8551 12.8174 -
178 1™Ta 13.1806 13.1527 -
179 Ta 15.5851 15.6157 -
180 Ta 18.5948 18.6910 -
181 ' Ta 22.6733 22.8477 -
182 ™ Ta 23.2735 23.4605 -

89



Table 5.4. Comparison study of half-lives using ELDM and Uhodels

for ®Be decay of Re isotopes.

Mass number Log10T1/2(T12 in Seconds)

of Re Daughter ELDM (present) UDL
159 By 25.9684 27.4209
160 By 20.9429 22.1874
161 B 16.9067 17.9595
162 MLy 18.0064 19.1205
163 L 20.6157 21.8611
164 By 21.8862 23.1945
165 By 23.6820 25.0734
166 B8 u 25.9496 27.4383
167 B 28.1876 29.7690

Table 5.5. Comparison study of half-lives using ELDM and UBblodels for

12C decay of Re isotopes.

Mass number Logi0T1/2 (T2 in Seconds)

of Re Daughter =&/ 5\ (present) UDL
159 ¥ Tm 25.4027 27.1305
160 Tm 23.6732 25.2944
161 Tm 20.5940 22.0067
162 Tm 18.1122 19.3437
163 S Tm 16.2729 17.3636
164 Tm 17.4039 18.5939
165 5 Tm 19.5083 20.8686
166 >Tm 21.4983 23.0127
167 > Tm 23.4542 25.1117
168 S Tm 25.5116 27.3134
169 5 Tm 27.5862 29.5253
170 > Tm 29.2344 31.2803
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Table 5.6. Comparison study of half-lives using ELDM and UBblodels for

®0 decay of Re isotopes.

Mass number Log10T1/2(T12 in seconds)
Daughter

of Re ELDM (present) UDL
159 “*Ho 27.5876 29.2556
160 “Ho 26.7037 28.3093
161 “Ho 25.4487 26.9585
162 %0 24.3131 25.7341
163 “"Ho 22.1897 23.4301
164 1480 20.7203 21.8318
165 “*Ho 19.6173 20.6314
166 %0 21.3971 22.5892
167 BlHo 23.9048 25.3338
168 %2Ho 25.9187 27.5316
169 %Ho 28.5738 30.4133

5.3 Half-livesand g, values

Tables 5.7 and 5.8 show the deformation paranfgtef parent and
daughter along with the half-life fofBe and'“C cluster decays of Re
isotopes, values are taken from the Nuclear Data Table lpjléviet al. [5].
Here we can see that minimum value of half-lif@lgained for minimung,
value of daughterpt = -0.021 for®Be decay ands, = 0.021 for*’C decay)
which corresponds to nearly spherical daughter.s Tinnplies that the
probability of cluster decay will be high if the wghter nucleus has nearly
spherical shape. It is evident that the shapee@fidughter nucleus influences

the cluster decay half-lives more than that ofgaeent nucleus.
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Table 5.7. Half-lives andB, values of parent and daughter f&e decay of

Re isotopes.
Parent | B,(Parent) | Daughter | B, (Daughter) L(?I_glllzo-lrnl’ E(ECLO?]ZZ)
*Re 0.064 51y -0.167 25.9684
1%%Re 0.107 153 u -0.105 20.9429
%1Re 0.118 153 u -0.021 16.9067
1%Re 0.129 e NV -0.084 18.0064
1%Re 0.150 19 u 0.096 20.6157
%Re 0.151 159y 0.118 21.8862
1*Re 0.162 B 0.139 23.6820
1%Re 0.173 158 y 0.161 25.9496
*Re 0.173 139 u 0.172 28.1876

Table 5.8. Half-lives andB, values of parent and daughter &€ decay of Re

isotopes.
Parent | B,(Parent) Daughter | B, (Daughter) L(?I'gl,l;TnU é(eEcLo?:(\j/Z)
Re 0.064 ¥ Tm -0.187 25.4027
1Re 0.107 15T m -0.177 23.6732
1%1Re 0.118 % Tm -0.166 20.5940
%Re 0.129 m -0.125 18.1122
1%Re 0.150 5 m 0.021 16.2729
%Re 0.151 15Tm -0.073 17.4039
*Re 0.162 5 Tm -0.104 19.5083
1%Re 0.173 15Tm 0.128 21.4983
1%Re 0.173 155 Tm 0.150 23.4542
1% Re 0.184 1% Tm 0.172 25.5116
1*Re 0.196 5 Tm 0.194 27.5862
"Re 0.206 1% Tm 0.205 29.2344
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54  Plotsof half-lifeand Q versus neutron number of daughter

Figures 5.1 — 5.5 show the profiles of calculaltedf-lives and Q
values for proton, alpha and probable cluster eomnssof neutron-deficient
Re isotopes against neutron number of daughteriiNthe case of proton
decay, the probability of decay is found to be highdaughter having even
number of neutrons. It is observed that the plotsafpha,®Be, **C and*®0
decays are similar and appear almost as mirrceateftl images. Proton decay
is an exception in this case. The plots show aedser in the Q value
corresponding to an increase in {gig,, with the rise in Y. Since barrier
penetrability factor is inversely proportional teady half-life, the probability
of decay decreases with the rise in.}dg,. Therefore, the probability of
cluster emissions decreases with the increaseutrarenumber of daughter.
The profiles for®Be, **C and '°0O emissions indicate the shell closure at
Ng = 82, which points out the significance of neutmmagicity in cluster

decay.
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Fig. 5.1. Plots of logoT1/», and Q against )Nfor proton decay of Re isotopes.
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Fig. 5.2. Plots of logoT1», and Q against iNfor alpha decay of Re isotopes.
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5.5 Plot of half-life ver sus neutron number of parent

Fig. 5.6 shows the combined plot of half-life vessihl, (neutron
number of parent nucleus) for proton and alpha yieead®Be, °C and*®0
cluster decays of Re isotopes. The general trentiase plots is that as the
parent becomes rich in the number of neutrons;ltalincreases, which in
turn, slows down the alpha and cluster emissionseW\compared to other
emissions, half-lives of alpha emission are foumdbé minimum for a large
range of N values, favoring high probability of alpha pai@mission from
these isotopes. FdBe, °C and*®O cluster emissions, it is found that the
minimum value of half-life shifts towards the highé, values. Also, decay
characteristics are found to be similar f6€ and*°O cluster decays. The
decay characteristics of proton decay are foundeanuch different from

those of other decays.
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Fig. 5.6. Plot of logoT 1/, against N for various decays of Re isotopes.
5.6 Geiger-Nuttall plots

Figures 5.7 — 5.11 show the Geiger-Nuttall (G-Nhtgp for proton,
alpha,®Be, °C and'®0 decays of Re isotopes. Obviously, they all shHoealr
behaviour and it is already known that G-N lawimsgeneral, applicable to
the system under pure Coulomb potential. The obthidata plots indicate
that the inclusion of surface potential producesararkable variation to the
linear nature. Table 5.9 shows the intercepts doges of G-N plots for
various decays of Re isotopes. The apparent shikkpes and intercepts of
G-N plots for different decays mark the presencsusface potential and shell

effects in the nuclear configuration of rheniuntoges.
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Fig. 5.7. G-N plot for proton decay of Re isotopes.
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Table 5.9. Slopes and intercepts of G-N plots for variousagscof Re

isotopes.
Cluster emitted Slope (X) Intercept (Y)
H 31.7242 -32.5368
“He 122.1261 -50.4371
®Be 329.0765 -76.2906
2c 566.2301 -98.0024
o 820.7718 -118.0070

5.7 Half-lifein terms of atomic number of cluster

From the slopes and intercepts of G-N plots andhet number of the
corresponding emitted cluster,jZwe have obtained a general equation for

logarithmic half-life, which can be applied to allisters emitted from various

Re isotopes, i.e.,
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l0g10T1/2 = X%) +Y(Z1) (5.1)

where
X(Z41) =-0.217@3 + 6.2077Z2 + 72.721@, — 46.8052 (5.2)
Y(Z,) =-0.108&3 + 2.035Z2 — 22.5599, — 12.1180 (5.3)
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CHAPTER 6
EXOTIC DECAY IN IRIDIUM ISOTOPES

6.1 Probable exotic decay modes

Employing the effective liquid drop model (ELDM)e half-lives are
estimated for alpha decay, proton decay and cludémays in neutron-
deficient and proton-deficient isotopes of iridiuAll feasible combinations
of cluster and parent have been studied where thal@ is found to be
positive. Within the measurable range, the admlissibecay modes in
neutron-deficient iridium isotopes are found to gyeton and alpha decays
and cluster decays lik8Be, *°C, N, 0, ®Ne and?Mg, which have
T2 < 109 s. Table 6.1 shows the mass ranges of Ir isotdisptaying proton
decay, alpha decay and different cluster decays decay half-lives in the
range T, < 10%. Both proton and alpha decays and cluster emissioe
observed to slow down with the increase in masshaurand as a result, these

decays are not observed for neutron-rich isotopasiaim.

Table 6.1. Mass ranges of Ir isotopes exhibiting protonhal@nd various

cluster decays with half-lives in the rangg, & 10°s .

Decays with T, < 10°s Mass range (A)
Proton decay 164 — 169
Alpha decay 164 — 190

®Be decay 164 — 175
12C decay 164 — 177
“N decay 164 — 168, 170
%0 decay 164 — 175
“Ne decay 165 — 171
Mg decay 164 — 172
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6.2 Comparison study of decay half-lives

Tables 6.2 — 6.9 show the comparison study of ydae#-lives using
effective liquid drop model and universal decay I@WL) model [1,2] for
the respective decay modes in iridium isotopes. &stanated half-lives of
alpha decay are observed to agree well with thdadla experimental data
[3]. ELDM values are compared with the UDL valuesddound that the
former model is an effective tool to reproduce theperimental data.
Therefore, the effective liquid drop model is enyald for cluster decay
studies. The estimated half-lives for proton arphaldecays antBe, *“C,
1N, *°0, ®°Ne and®**Mg cluster decays are observed to lie close toUbé
values. Evidently, the probability of cluster desa@yminishes with the rise in
neutron number. From the calculated half-lives Ibfiacays, it is found that
proton decay from™®r isotope is the most probable decay mode in Ir
isotopes, since it has the lowest logarithmic figdf-of -6.5904. Also,**C
emission from'®r isotope is found to be the most probable cluskecay
mode, since it has the lowest logarithmic half-lfe13.9789 among cluster
decays.

Standard rms deviations) of log,oT1» values for alpha decay is
calculated and it is found that, within ELDM modelk= 0.58 and within UDL
model,c = 0.56.

Table 6.2. Comparison study of decay half-lives for protorcaie of Ir
isotopes using ELDM and UDL models.

Mass number Logi10T1/2 (T2 In Seconds)
of Ir Daughter ELDM (present) UDL
164 %0s -6.5904 -8.6409
165 %0s -6.4303 -8.4791
166 %0s -2.4768 -4.4818
167 %0s -1.2304 -3.2254
168 *0s 13.7383 11.8165
169 %0s 8.6140 6.6736
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Table 6.3. Comparison study of decay half-lives for alphaajeaf Ir isotopes

using ELDM and UDL models.

Mass numbel

LoQ1qT 12 (T2 in Seconds)

of Ir Daughter ELDM UDL Experiment [3]
(present)
164 "Re -2.9116 -3.5278 -
165 *Re -2.4640 -3.0528 -
166 *Re -2.1409 -2.7096 >-2.30
167 "Re -1.3724 -1.8981 >-1.29
168 ™Re -0.9119 -1.4124 -
169 Re -0.0215 -0.4753 -0.40
170 *Re 0.1043 -0.3422 0.15
171 *Re 0.5361 0.1119 0.18
172 Re 0.5583 0.1369 -
173 Re 1.7021 1.3346 -
174 "Re 2.1007 1.7521 -
175 "Re 2.9935 2.6840 3.04
176 1Re 3.8976 3.6255 2.58
177 "Re 4.7404 4.5017 4.70
178 "Re 5.1898 4.9703 -
179 "Re 6.3832 6.2073 -
180 "Re 7.1124 6.9630 -
181 1"Re 8.9567 8.8670 -
182 1"*Re 10.3172 10.2697 -
183 "Re 11.9632 11.9624 -
184 ¥ Re 13.2188 13.2526 -
185 ¥IRe 13.5494 13.5927 -
186 %Re 12.7740 12.7997 -
187 % Re 12.8634 12.8934 -
188 ¥Re 16.3402 16.4551 -
189 ¥ Re 21.9304 22.1610 -
190 %Re 24.4127 24.6892 -

105




Table 6.4. Comparison study of decay half-lives fire decay of Ir isotopes
using ELDM and UDL models.

Mass number Daughter LogioT12 (T2 INn Seconds)
of Ir ELDM (present) UDL
164 Ta 15.1894 16.2168
165 >Ta 16.8821 18.0075
166 > Ta 17.4814 18.6436
167 Ta 19.1133 20.3642
168 *Ta 19.9053 21.1998
169 T3 21.9896 23.3872
170 %Ta 22.8103 24.2506
171 %Ta 24.1308 25.6336
172 *Ta 25.0344 26.5799
173 %*Ta 26.5202 28.1317
174 %Ta 28.2215 29.9052
175 °Ta 29.5973 31.3378

Table 6.5. Comparison study of decay half-lives f6€ decay of Ir isotopes
using ELDM and UDL models.

Mass number Daughter LogioT12(T12 INn Seconds)
of Ir ELDM (present) UDL
164 By 15.9080 17.0146
165 B 13.9789 14.9232
166 By 14.7704 15.7912
167 B Lu 16.6402 17.8291
168 By 17.5762 18.8490
169 By 19.0305 20.4276
170 By 20.2479 21.7456
171 Bu 21.6013 23.2059
172 Ly 22.5840 24.2660
173 ®ly 24.1264 25.9241
174 %2 u 24.9980 26.8609
175 %Ly 26.5597 28.5320
176 L u 28.3432 30.4350
177 Ly 29.4974 31.6669
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Table 6.6. Comparison study of decay half-lives f8N decay of Ir isotopes
using ELDM and UDL models.

Mass number Log10T1/2(T12 in Seconds)
of Ir Daughter ELDM (present) UDL
164 b 24.9108 26.6080
165 Blyp 27.7593 29.6798
166 52yp 20.6428 22.0063
167 b 27.0679 28.9537
168 b 24.4199 26.1118
170 Btyh 27.4822 29.4225

Table 6.7. Comparison study of decay half-lives f6® decay of Ir isotopes
using ELDM and UDL models.

Mass number Daughter Log10T1/2(T12 in seconds)
of Ir ELDM (present) uDL
164 18T m 21.9044 23.1542
165 9Tm 19.9371 21.0066
166 0T m 18.2566 19.1648
167 B Tm 17.2169 18.0263
168 12T m 18.2867 19.2152
169 13T m 20.2878 21.4267
170 5 Tm 21.8258 23.1203
171 5 Tm 23.4594 24.9157
172 1T m 24.9479 26.5456
173 > Tm 26.9804 28.7623
174 8T m 28.3266 30.2296
175 19T m 29.7745 31.8036
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Table 6.8. Comparison study of decay half-lives fOe decay of Ir isotopes
using ELDM and UDL models.

Mass number Daughter LogioT1/2 (T2 INn Seconds)
of Ir ELDM (present) UDL
165 “Ho 29.2299 30.6401
166 “Ho 28.4026 29.7421
167 “"Ho 26.8971 28.0988
168 Ho 25.7808 26.8783
169 Ho 25.1608 26.2045
170 Ho 26.8398 28.0664
171 ™Ho 29.3035 30.7838

Table 6.9. Comparison study of decay half-lives f8g decay of Ir isotopes
using ELDM and UDL models.

Massf nlumber Daughter Log10T1/2(T12 in seconds)

or1ir ELDM (present) UDL
164 o 28.6632 29.3550
165 14Th 28.6421 29.3426
166 14T 28.0608 28.7100
167 Tp 27.7670 28.3939
168 %4 Tp 27.2001 27.7739
169 Tb 26.2192 26.6948
170 ¥ Th 25.8596 26.3051
171 14Th 25.8933 26.3535
172 ¥ Tp 27.6464 28.3160

6.3 Half-livesand g, values

Tables 6.10 and 6.11 show the deformation pararfietefr parent and
daughter along with the half-life fdfC and™N cluster decays of Ir isotopes.
B, values are taken from the Nuclear Data Table bylev et al. [4]. Here we
can see that minimum value of half-life is obtairied minimum 3, value of
daughter §, = -0.021 for*’C decay and3, = 0.000 for'*N decay) which
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corresponds to nearly spherical and spherical datghThis implies that the
probability of cluster decay will be high if thewghter nucleus has spherical
or nearly spherical shape. It is evident that thepe of the daughter nucleus

influences the cluster decay half-lives more theat of the parent nucleus.

Table 6.10. Half-lives andB, values of parent and daughter f&€ decay of Ir

isotopes.

Parent | PB,(Parent) Daughter | B, (Daughter) L((')I'?,lgo-irri/é(scl_oalt\jﬂg)
14y 0.107 3 u -0.105 15.9080
189y 0.118 159y -0.021 13.9789
169y 0.129 e NV -0.084 14.7704
6%y 0.140 Y 0.096 16.6402
168 0.140 159y 0.118 17.5762
189y 0.151 B 0.139 19.0305
10y 0.162 158 0.161 20.2479
Ty 0.162 139 u 0.172 21.6013
173y 0.173 189 y 0.183 22.5840
3y 0.173 180 y 0.206 24.1264
4y 0.184 189 u 0.206 24.9980
9y 0.195 193 u 0.228 26.5597
179y 0.239 %4y 0.239 28.3432
Uy 0.240 19 u 0.239 29.4974
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Table 6.11. Half-lives andB, values of parent and daughter & decay of

Ir isotopes.

Parent | B, (Parent) Daughter | B, (Daughter) L(El)'gl,lzo-irri/é(eEcLo?:;IAg)
164 0.107 130vp -0.167 24.9108
19y 0.118 lyp -0.125 27.7593
169 0.129 1%2yh 0.000 20.6428
o7y 0.140 153yh -0.052 27.0679
168 0.140 “Nb -0.104 24.4199
10y 0.162 13%yp 0.139 27.4822

6.4 Plotsof half-lifeand Q versus neutron number of daughter

Figures 6.1 — 6.8 show the plots of J§ig,, and Q versus the neutron
number of daughter nucleus; for various decays of Ir isotopes. In the case
of proton and“N decays, the probability of decay is found to behhigr
daughter having even number of neutrons. The pobif logeT1/, versus N
and Q versus Nfor alpha,®Be, **C, °0, ®Ne and®*Mg decays are found to
be similar and appear as mirror reflections. Iis itase, the plots for proton
decay and’N decay are exceptions. The plots show a decreabe iQ value
corresponding to an increase in {gig,, with the rise in Y. Since barrier
penetrability factor is inversely proportional teady half-life, the probability
of decay decreases with the rise in.ldg,. Therefore, the probability of
cluster emissions decreases with the increaseutrarenumber of daughter.
In the plots for*’C, N, *°0, *Ne and*Mg decays, shell closures are
observed at or nearyN= 82, which emphasizes the relevance of neutron
magicity in cluster emissions. The plot f6iN decay is quite interesting
where a large number of minima are observed. Thiistpto the possibility of
a large number of emissions YN cluster from Ir isotopes. The observation
of the emission of*N, which is an odd-odd cluster, is a rare one,esiodd-
odd cluster emissions have not been experimerababgrved until now [5].
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6.5 Plot of half-life versus neutron number of parent

Fig. 6.9 shows the combined plot of half-life wessN, (neutron
number of parent nucleus) for proton and alphayeaad’Be, **C, N, *°0,
?Ne and**Mg cluster decays of Ir isotopes. The generaldrefthese plots
is that as the parent becomes rich in the numbeneaftrons, half-life
increases, which in turn, slows down the alpha @odter emissions. When
compared to other emissions, half-lives of alphassion are found to be
minimum for a large range of Nvalues, favoring high probability of alpha
particle emission from these isotopes. B®e, 1*C, N, *°0, ®Ne and*Mg
cluster emissions, it is found that the minimumuealof half-life shifts
towards the higher \values. A close similarity in the decay charastess is
observed betweeRC and*®0 cluster decays and also betwé®te and*Mg
cluster emissions. The decay characteristics ofoprdecay and*N cluster

decay are found to be much different from thosetbér decays.
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6.6 Geiger-Nuttall plots

Figures 6.10 — 6.17 show the Geiger-Nuttall (Gpdts, i.e., Q"2
versus logeT1» graphs for proton, alphBe, *2C, N, 0, ®Ne and**Mg
decays. All of them exhibit linear behaviour, whichplies that no notable
variation in the linear nature is caused by theitad of surface potential,
since G-N law is generally applied to the systemjestted to pure Coulomb
potential. Table 6.12 shows the intercepts andeslopf G-N plots for
different decays of Ir isotopes. Apparent shiftserved in the slopes and
intercepts are caused by the inclusion of surfaxtermpial and shell effects in

the nuclear configuration of iridium isotopes.
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Fig. 6.10. G-N plot for proton decay of Ir isotopes.
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Table 6.12. Slopes and intercepts of G-N plots for variousagscof Ir

isotopes.
Cluster emitted Slope (X) Intercept (Y)
H 32.5943 -32.7329
“He 125.3672 -50.8394
®Be 337.0190 -76.8062
2c 584.2209 -99.7006
N 721.5385 -111.5861
o 842.1141 -119.1888
’Ne 1128.0874 -140.5360
*Mg 1399.2949 -157.7140

6.7 Half-lifein terms of atomic number of cluster

From the slopes and intercepts of G-N plots andhet number of the

corresponding emitted cluster,jZwe have obtained a general equation for
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logarithmic half-life, which can be applied to aelusters emitted from various

Ir isotopes, i.e.,

X(Z1)

l0g10T1/2 = a T Y(Z1) (6.1)
where

X(Z,) = -0.2263 + 6.63372 + 73.5237, — 47.1294 6.2)
Y(Z,) = -0.03093 + 0.924Q2 — 18.485Z, — 15.9705 6.3)
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CHAPTER 7
EXOTIC DECAY IN PLATINUM ISOTOPES

7.1 Probable exotic decay modes

Adopting the effective liquid drop model (ELDMhé decay half-lives
are assessed for alpha decay and cluster decgy®ton-rich and neutron-
rich isotopes of platinum. All possible combinasoof parent and cluster
have been examined, for which the Q value is pasitThe half-lives for
alpha,®Be, *°C, °0, *Ne and®*Mg decays are perceived to be well within the
measurable range {F < 10° s). So they are predicted to be the admissible
decay modes in proton-rich platinum isotopes. Tahle shows the mass
ranges of Pt isotopes exhibiting alpha decay amwws cluster decays with
half-lives in the measurable range. It is also tbtimat the cluster emissions
diminish with the rise in the number of neutrongl dherefore, no cluster

radioactivity is noted in the case of neutron-ithsotopes.

Table 7.1. Mass ranges of Pt isotopes exhibiting alpha desa) various

cluster decays with half-lives in the measurabigea

Decays with T, < 10" s Mass range(A)
Alpha decay 166 — 191
®Be decay 166 — 178
12C decay 166 — 180
0 decay 166 — 178
“Ne decay 166 — 173
*Mg decay 166 — 175

7.2 Comparison study of decay half-lives

Tables 7.2 — 7.7 show the comparison study of ydae#-lives using
ELDM and universal decay law (UDL) model [1,2] fibre respective decay
modes in Pt isotopes. It has been noticed thag¢vhtiated half-lives of alpha

123



decay are in remarkable agreement with the expetahealata [3]. When
compared with the UDL model, it is seen that thespnt formalism (ELDM)

Is more effective one for reproducing the experitaedata. Therefore, the
use of ELDM is adopted here for cluster decay swdirhe evaluated half-
lives of alpha decay arfBe, **C, *°0, ?Ne and®*Mg cluster decays are seen
to be very near the range of those predicted using model. It is clearly
seen from the calculations that the probabilitycloister emissions decreases
with increasing neutron number. From the calculdtaid-lives of all decays,

it is found that alpha decay froMi°Pt isotope is the most probable decay
mode in Pt isotopes, since it has the lowest |tdgawc half-life of -3.5519.
Also, *2C emission front®®Pt isotope is found to be the most probable cluster
decay mode, since it has the lowest logarithmid-lifal of 12.6327 among

cluster decays.

Standard rms deviations) of log;oT1» values for alpha decay is
calculated and it is found that, within ELDM model= 0.3189 and within
UDL model,c = 0.3588.
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Table 7.2. Comparison study of decay half-lives for alpha ajeof Pt

isotopes using ELDM and UDL models.

Mass number

LogioT12 (T2 INn Seconds)

of Pt Daughter _
ELDM (present) UDL Experiment [3]
166 %05 -3.5519 -4.1851 -
167 %0s -3.1622 -3.7704 -
168 %0s -2.6288 -3.2037 -
169 %°0s -2.2449 -2.7962 -2.60
170 %0s -1.7154 -2.2361 -2.22
171 *0s -1.3698 -1.8701 -1.60
172 %0s -0.8730 -1.3459 -0.96
173 %*0s -0.4860 -0.9374 -0.39
174 0s 0.1831 -0.2336 0.04
175 0s 0.1833 -0.2310 -
176 0s 1.3896 1.0332 1.23
177 *0s 2.4569 2.1489 2.30
178 "0s 2.7660 2.4725 2.43
179 0Os 3.5265 3.2655 -
180 0s 4.3960 4.1712 4.23
181 "0s 4.8367 4.6301 4.93
182 *0s 5.9147 5.7496 -
183 ™0s 6.6448 6.5066 7.48
184 ¥0s 8.0019 7.9108 8.00
185 1¥10s 9.0385 8.9813 -
186 %05 9.8240 9.7925 9.72
187 %0s 8.2558 8.1774 -
188 1%0s 12.1493 12.1861 12.53
189 %0s 12.9582 13.0184 -
190 %0s 19.0421 19.2445 19.00
191 ¥'0s 20.7958 21.0351 -
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Table 7.3. Comparison study of decay half-lives f@e decay of Pt isotopes

using ELDM and UDL models.

Mass number

LogioT12 (T2 INn Seconds)

Daughter
of Pt ELDM (present) UDL
166 vy 14.6710 15.7037
167 1w 15.3769 16.4554
168 1o 16.5436 17.6924
169 vy 17.4441 18.6461
170 vy 18.6874 19.9587
171 o5 19.6048 20.9277
172 vy 20.7663 22.1513
173 oW 21.5728 23.0003
174 1o 22.9971 24.4947
175 vy 23.6981 25.2318
176 vy 25.6392 27.2612
177 oW 27.5648 29.2702
178 1w 28.8074 30.5658

Table 7.4. Comparison study of decay half-lives f6€ decay of Pt isotopes

using ELDM and UDL models.

Mass number Logi0T1/2 (T INn Seconds)
of Pt Daughter &/ 5\ (nresent) UDL
166 Hf 12.6327 13.4754
167 IS Hf 13.3394 14.2552
168 eHf 14.7774 15.8300
169 STHf 15.6010 16.7332
170 1St Hf 16.8212 18.0665
171 L Hf 17.6921 19.0159
172 1ot 18.8983 20.3264
173 oIt 19.9344 21.4500
174 o2 21.1650 22.7812
175 1o s 21.8364 23.5089
176 s 23.5533 25.3558
177 1o Hf 25.1841 27.1057
178 10t 26.2739 28.2753
179 1o7Hf 28.1657 30.2964
180 oyt 28.9528 31.1390
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Table 7.5. Comparison study of decay half-lives f80 decay of Pt isotopes
using ELDM and UDL models.

Mass number Daughter LogioT12 (T2 INn Seconds)
of Pt ELDM (present) UDL
166 b 18.2603 19.1797
167 Blyb 16.6961 17.4582
168 ayp 15.7542 16.4222
169 b 16.6164 17.3873
170 b 18.3908 19.3583
171 5Yb 19.3826 20.4595
172 Byh 20.9176 22.1569
173 Biyp 22.1368 23.5014
174 ") 23.6332 25.1459
175 “5Yb 24.6918 26.3082
176 %%vh 26.5321 28.3204
177 lyp 28.1331 30.0659
178 2yp 29.5152 31.5699

Table 7.6. Comparison study of decay half-lives fOKe decay of Pt isotopes
using ELDM and UDL models.

Mass number L0g10T1/2(T12 in seconds)
Daughter

of Pt ELDM (present) UDL
166 14%Ey 27.0311 28.2409
167 147Ey 26.4869 27.6514
168 148Ey 25.3448 26.4015
169 149y 23.9028 24.8163
170 150Ey 23.3419 24.2051
171 = 24.4794 25.4761
172 1526y 26.8172 28.0691
173 155y 28.2978 29.7074
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Table 7.7. Comparison study of decay half-lives f6tMg decay of Pt
isotopes using ELDM and UDL models.

Mass number Daughter LogioT12 (T2 INn Seconds)
of Pt ELDM (present) UDL
166 Dy 26.5235 26.9885
167 Dy 26.3921 26.8541
168 "Dy 26.0768 26.5133
169 ““Dy 25.6524 26.0522
170 Dy 24.7933 25.1028
171 Dy 24.0045 24.2311
172 Dy 23.8738 24.0963
173 Dy 25.2704 25.6693
174 'y 27.9176 28.6317
175 lpy 29.3416 30.2252

7.3 Half-livesand g, values

Tables 7.8 and 7.9 show the deformation paranfgtef parent and
daughter along with the half-life f6fC and*°O cluster decays of Pt isotopes.
B, values are taken from the Nuclear Data Table bylev et al. [4]. Here we
can see that minimum value of half-life is obtairfed minimumf, value of
daughter f§, = 0.021 for*?C decay and3, = 0.000 for'°O decay) which
corresponds to nearly spherical and spherical datghThis implies that the
probability of cluster decay will be high if thewghter nucleus has spherical
or nearly spherical shape. It is evident that thepe of the daughter nucleus

influences the cluster decay half-lives more theat of the parent nucleus.
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Table 7.8. Half-lives andp, values of parent and daughter f&€ decay of Pt

isotopes.

Parent B, (Parent) Daughter | B, (Daughter) L(El)'gl,lzo-irrilé(scl_o?\zﬂg)
15¢py -0.105 1>Ht 0.021 12.6327
17py 0.107 S Hf -0.063 13.3394
1%¢py 0.118 1t s -0.084 14.7774
%Pt 0.129 STHf 0.118 15.6010
1py 0.129 e Hf 0.128 16.8212
17y 0.140 15Hf 0.150 17.6921
172py 0.140 oty 0.161 18.8983
17py 0.151 oI 0.172 19.9344
17pt 0.162 102 0.183 21.1650
17™pt 0.173 1o Hf 0.194 21.8364
17py 0.239 o9t 0.206 23.5533
177py 0.250 1Ot 0.217 25.1841
17py 0.250 1ot 0.228 26.2739
17%pt 0.250 171§ 0.239 28.1657
1%pt 0.251 1ot 0.251 28.9528

Table 7.9. Half-lives andB, values of parent and daughter t6® decay of Pt

isotopes.

Parent | pB,(Parent) Daughter | B, (Daughter) IZ%?jZOT;/ZS(GECLO?II\dAg)
1%¢py -0.105 b -0.167 18.2603
1°7py 0.107 Blyp -0.125 16.6961
1%¢py 0.118 ayp 0.000 15.7542
1%pt 0.129 b -0.052 16.6164
1py 0.129 b -0.104 18.3908
17y 0.140 b 0.118 19.3826
172py 0.140 Byh 0.139 20.9176
17pt 0.151 Biyp 0.161 22.1368
17pt 0.162 &b 0.183 23.6332
1™pt 0.173 b 0.194 24.6918
17py 0.239 *Yb 0.206 26.5321
17py 0.250 lyp 0.217 28.1331
17py 0.250 %2yp 0.239 29.5152
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7.4  Plotsof half-lifeand Q versus neutron number of daughter

Figures 7.1 — 7.6 show the profiles of evaluataif-lives and Q values
for alpha decay and possible cluster emissions fra@utron-deficient Pt
iIsotopes against neutron number of daughtentNs found that the plots for
alpha,®Be, '%C, °0, ?Ne, and*Mg decays are alike and appear alnifxst
mirror reflected images. The plots show a decreasethe Q value
corresponding to an increase in {gig,, with the rise in Y. Since barrier
penetrability factor is inversely proportional teady half-life, the probability
of decay decreases with the rise in.}dg,. Therefore, the probability of
cluster emissions decreases with the increaseutrarenumber of daughter.
The profiles for?C,*®0, °Ne and®*Mg emissions point to the shell closure at
Ng = 82, which is a magic number. Minimum value offtiée indicates an
increase in the probability of cluster decays. Hats forth the importance of

neutron magicity in cluster radioactivity.
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Fig. 7.1. Plots of logoT1/», and Q against ]Nfor alpha decay of Pt isotopes.
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Fig. 7.2. Plots of logoT1/», and Q against )Nfor ®Be decay of Pt isotopes.
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Fig. 7.3. Plots of loggT1,, and Q against iNfor *“C decay of Pt isotopes.
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7.5 Plot of half-life ver sus neutron number of parent

Fig. 7.7 shows the combined plot of half-life wessN, (neutron
number of parent nucleus) for alpha decay %Be '°C, °0, ?Ne and*Mg
cluster decays of Pt isotopes. The general trenithexde plots is that as the
parent becomes rich in the number of neutrons;lthalfncreases, which in
turn, slows down the alpha and cluster emissionseW\compared to other
emissions, half-lives of alpha emission are foumdbé minimum for a large
range of N values, favoring high probability of alpha pari@mission from
these isotopes. F8Be, °C, °0, “Ne and®Mg cluster emissions, it is found
that the minimum value of half-life shifts towartse higher I values. A
close similarity in the decay characteristics isated betweelfC and'®0

cluster decays and also betwé¥ie and®Mg cluster emissions.
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Fig. 7.7. Plot of logoT1/, against N for various decays of Pt isotopes.

7.6  Geiger-Nuttall plots

Figures 7.8 — 7.13 show the Geiger-Nuttall (G-Ndtp for the
probable decay modes in Pt isotopes. Clearly, @léyoint to the linear
nature and it is already known that G-N law, in gmah could be applied to
the system under pure Coulomb potential. The dmis peveal the fact that
the inclusion of surface potential causes no netafalriation to the linear
behaviour. Table 7.10 shows the slopes and intescep G-N plots for
various decays of Pt isotopes. The apparent clsangsgopes and intercepts
of G-N plots indicate the presence of surface gakand shell effects in the
nuclear configuration of platinum isotopes. Similegatures have been

observed in the cluster decay studies conductexdfew other isotopes [5,6].
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Fig. 7.8. G-N plot for alpha decay of Pt isotopes.
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Fig. 7.9. G-N plot for®Be decay of Pt isotopes.
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Fig. 7.10. G-N plot for*’C decay of Pt isotopes.
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Fig. 7.11. G-N plot for'®0 decay of Pt isotopes.
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Fig. 7.12. G-N plot for®Ne decay of Pt isotopes.
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Table 7.10. Slopes and intercepts of G-N plots for variousagscof Pt

isotopes.
Cluster emitted Slope (X) Intercept (Y)

‘He 127.3040 -51.1751
®Be 342.1204 -77.4235
12c 594.0258 -100.6913
0] 852.0274 -119.6095
’Ne 1142.2109 -141.1249

Mg 1417.1430 -158.4351

7.7 Half-lifein terms of atomic number of cluster

From the slopes and intercepts of G-N plots andhet number of the
corresponding emitted cluster,jZwe have obtained a general equation for
logarithmic half-life, which can be applied to allisters emitted from various

Pt isotopes, i.e.,

X(Z4)

l0g10T1/2 = NG +Y(Z)) (7.1)
where

X(Zy) = -0.21233 + 6.484¥2 + 74.8288, — 46.5226 (7.2)
Y(Zy) =-0.017Q3 + 0.588%% — 16.0529, — 21.3935 (7.3)
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CHAPTER 8
SUMMARY AND CONCLUSIONS

8.1 Conclusions

The feasibility of exotic decay in tungsten (Whenium (Re), iridium
(I) and platinum (Pt) isotopes within the massgarl50 < A < 200 is
analysed theoretically. In this systematic studypkying effective liquid
drop model (ELDM), the half-lives of proton and ladpdecays and probable
cluster decays are computed and analysed for eiffeproton-rich and
neutron-rich isotopes. The interacting potentidhlen as the effective liquid
drop one, which is the sum of Coulomb, surface ewtrifugal potentials.
All possible combinations of parent and cluster hdbeen considered for

which the Q value is positive.

Within the measurable range, i.e., fap, K 10° s, the possible decay
modes in proton-rich W isotopes are observed alaatfecay and certain
alpha-like cluster (A = 4n, Z = N) decays suctBs, *°C and*®O decays. It
Is observed that both alpha decay and observetécldscays slow down with
the rise in mass number of parent nucleus andftirerethese emissions are
found to be absent in the case of neutron-riclofseg of tungsten. For alpha
decay, it is observed that the calculated decafylivak agree well with the
experimental half-life values. Therefore, ELDM goéied to predict the half-
lives of possible cluster decays. When comparel thig¢ universal decay law
(UDL) model, the ELDM half-life values for the resgive decays are found
to lie near the range of UDL values. Again, clustiecays are found to
diminish with the increase in the number of neutran is found that alpha
decay from™® isotope is the most probable decay mode in Wojzes.

Also, ?C emission fromt®4W isotope is found to be the most probable cluster
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decay mode in W isotopes. F8Be and *°C cluster decays, the decay
probability is found to be high if the daughter lmws has spherical or nearly
spherical shape. The plots of Q versug (Neutron number of daughter
nucleus) and logT, versus N for alpha decay antBe, *°C and*°O cluster
decays appear almost alike and look like mirrodeéd images. It is
observed that the probability of cluster emissidasreases with the increase
in neutron number of daughter. In these plots,stiel closure is found to be
at Ny = 82, a magic number, which in turn points to sigmificant role played

by neutron magicity in exotic decay.

For Re isotopes, the half-lives for proton, alpfie, **C and *°O
decays are observed to be well within the measerredoige and therefore,
they are predicted to be the possible decay madesutron-deficient Re
isotopes. Cluster emissions are observed to slomndwith the rise in the
neutron number and hence no exotic decay is spdétiedeutron-rich Re
isotopes. It has been observed that the evaluatdives of proton decay
and alpha decay are in good agreement with thdam@iexperimental data.
The calculated half-lives of the respective dedayslose to those predicted
using UDL model. It is found that proton decay frbfiRe isotope is the most
probable decay mode in Re isotopes. Al86,emission fromt®Re isotope is
found to be the most probable cluster decay modReiisotopes. FdiBe and
12C cluster decays, the decay probability is foundeohigh if the daughter
nucleus has nearly spherical shape. The plots eEiQus N and logeT,
versus N for alphaBe, *C and*®O decays almost appear as mirror reflected
images. Proton decay is an exception in this cHse. observed that the
probability of cluster emissions decreases withiticesase in neutron number
of daughter. The profiles fdiBe, **C and'®O emissions indicate the shell
closure at Iy = 82, which points out the significance of neutroagicity in

cluster decay.
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Within the measurable range, the admissible detages in neutron-
deficient Ir isotopes are found to be proton amhaldecays and some cluster
decays like’Be, °C, N, 1°0, ?®Ne and**Mg decays. Both proton and alpha
decays and cluster emissions are observed to stowm @vith the increase in
mass number of parent nucleus and as a resude therays are not observed
for neutron-rich isotopes of iridium. The estimatealf-lives of alpha decay
are observed to agree well with the available arpental data. The evaluated
half-lives of the probable decay modes are obsetvdi close to the UDL
values. It is found that proton decay frdffir isotope is the most probable
decay mode in Ir isotopes. AISGC emission front®3r isotope is found to be
the most probable cluster decay mode in Ir isotopes™C and™N cluster
decays, the decay probability is found to be higthe daughter nucleus has
nearly spherical or spherical shape. The profilelogT1, versus N and Q
versus N for alpha,®Be, *°C, *°0, ®Ne and*Mg decays appear almost as
mirror reflections. In this case, the plots for foro decay and’N decay are
exceptions. It is observed that the probabilitychister emissions decreases
with the increase in neutron number of daughtethénplots for**C, *N, *°0,
*Ne and**Mg decays, shell closures are observed at or ngar 82, which
points to the relevance of neutron magicity in ugmissions. In the plot for
“N decay, a large number of minima are observedchviindicates the
possibility of a large number of emissions*é{ cluster from Ir isotopes. The
observation of the emission BN cluster is a rare one since odd-odd cluster

emissions have not been experimentally observabnant.

For Pt isotopes, the half-lives for alpfiBe, *2C, *°0, ?Ne and**Mg
decays are perceived to be well within the measerednge and they are
predicted to be the possible decay modes in prottnPt isotopes. Cluster
emissions are found to diminish with the rise ia thumber of neutrons and
therefore, no cluster radioactivity is noted in tb&se of neutron-rich Pt

isotopes. It has been noticed that the evaluatddives of alpha decay are in
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remarkable agreement with the experimental data.eMaluated half-lives for
alpha decay antBe, °C, °0, *°Ne and**Mg cluster decays are seen to be
very near the range of those predicted using UDdehdt is found that alpha
decay from'®®Pt isotope is the most probable decay mode inoRifigs. Also,
12C emission from®%Pt isotope is found to be the most probable cluiteny
mode in Pt isotopes. FOfC and'®O cluster decays, the decay probability is
found to be high if the daughter nucleus has nesgplyerical or spherical
shape. The profiles of Ig§T1,» versus N and Q versus Nor alphaBe, **C,
%0, ?Ne and**Mg decays appear almost like mirror reflected insadeis
observed that the probability of cluster emissidasreases with the increase
in neutron number of daughter. The profiles t6€, °0, “Ne and*Mg
emissions point to the shell closure at N82. Minimum value of half-life
increases the probability of cluster decays. This $orth the importance of

neutron magicity in cluster radioactivity.

Geiger-Nuttall plots are drawn for the probablealemodes in W, Re,
Ir and Pt isotopes and all of them show linear beha. This emphasizes the
fact that the inclusion of surface potential in thieraction potential does not
cause any variation to the linear nature that sl observed in G-N plots
for the system under pure Coulomb potential. Applashifts in the slopes
and intercepts of G-N plots are due to the shédlotf and surface potential
included in the interaction barrier. From the sk@and intercepts of G-N
plots and atomic number of the corresponding ethittkister, we have
derived the equations for logarithmic half-livesresponding to all probable

clusters emitted from W, Re, Ir and Pt isotopes.

Calculations using effective liquid drop potential the mass range
150 < A < 200 clearly indicate the possibility @hing cluster emissions with
decay half-lives in the measurable range. All thetgn-rich or neutron-

deficient isotopes of W, Re, Ir and Pt display theme characteristics
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regarding probable cluster decay modes and sheBuwt property of
daughter. The agreement between the predicted>xqadimental half-lives of
proton and alpha decays reiterates the efficiericthe model used. The
evaluations of half-lives for W, Re, Ir and Pt mo¢s support the shell effects
in cluster radioactivity, which were observed poerly [1 — 6]. It is found
that **C decay is the most probable cluster decay amohgrotin these
nuclei. Deformation effects are taken into accaarthe evaluations of mass
defect. In all the systems we have studied, a chafghape is evident from
the B, deformation values of both parent and daughtedenuélso, the
probability of cluster decay is found to be highthe daughter nucleus is
spherical or nearly spherical. It is evident thia¢ shape of the daughter
nucleus influences the cluster decay half-livesaribvan that of the parent
nucleuslt is in conformity with the results obtained byi&ind Swiatecki [7].
A common observation in the case of neutron-rictoiges of W, Re, Ir and
Pt nuclei is that the decay rate of the most prlgbaluster decays reduces
with the increase in neutron number. This propevgs also observed by
Santhosh [8,9] in his previous studies. The study points out the presence
of neutron magicity in cluster radioactivity, whialdicates the possibility of
exotic decay around singly magic daughter nucldie Tole of neutron
magicity in cluster radioactivity has also beendstd earlier [6]. The
observation of an odd-odd cluster emission in th&ecof Ir isotopes is also
quite interesting. The observed proton radioagtivit the case of odd-Z
rhenium and iridium isotopes are in conformity witle predictions made by
Anu Radha [10] based on one-proton separation gn&lpen compared to
other emissions, half-lives of alpha emission aentl to be minimum for a
large range of N(neutron number of parent) values, favoring higbbgbility
of alpha particle emission from the nuclei undedgt For cluster emissions,
it is found that the minimum value of half-life fisitowards the higher N

values. A close similarity in the decay charactissis observed betweéfC
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and*®O cluster decays and also betwé¥ie and®*Mg cluster emissions. It
is found that decay characteristics for protonageand‘N decay are much
different from those of other decays. Also, forghe&ecays, the probability of
decay is found to be high for daughter having ewember of neutrons. In our
study, Geiger-Nuttall plots for all probable decae found to be linear.
Linearity in G-N plots has also been observed & cluster decay studies of
Xe and Ce isotopes [8,11]. In a recent work, a osicopic analysis has been
done for alpha and cluster decay half-lives in sieyg isotopes [12]. In an
earlier study, nuclear structure and decay proggedf even-even nuclei have
been analysed in Z = 70 — 80 drip line region [18]a study, alpha decay of
tungsten isotopes with mass number above 180 diestuand results are
reported [14]. In our study, calculations have bdene for nuclei with mass

number below 180.

From this study, it is clear that ELDM model isogoenough to predict
the existence of alpha-like clusters, since Q vau®und to be positive for
decays involving these clusters. Hence ELDM model be considered as a
cluster model capable of predicting the existeniceuclear clusters. So far,
no experimental information of cluster radioacyviias been attempted in the
mass range of nuclei we have studied. Under the@seintcstances, our
findings will definitely be useful as a guide tethxperimentalists and hence

we presume that we have succeeded in meeting jbetioles of the study.
8.2 Futureplan

The present study is based on the unified fissimdeh The same
estimations could be attempted in the preformedtefumodel also. It is

interesting to make a comparison of the two apgreac
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In India, we are not having dedicated experimefaieilities for cluster
radioactivity research. Deeper understanding of tfhenomenon could be

obtained by associating with experimental groupi@dn labs outside India.

Another approach we can follow in cluster radioaigst is based on the
cluster-phonon model. Though a bit cumbersome nmgeof computation, it
can shed more light on the role of nuclear strgceffects in this rare decay

mode.
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