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CHAPTER 1 

INTRODUCTION 

The spontaneous decay of radioactive nuclei with the emission of clusters heavier 

than alpha particle, without being accompanied by neutron emission, is termed as exotic 

decay or cluster radioactivity. This rare, cold process is intermediate between alpha decay 

and spontaneous fission. The rare nature of this process stems from the fact that this 

process is masked by a large number of a decay events. In exotic decay the energy 

released as Q value is completely consumed by the kinetic energy alone of the two 

fragments. 

The exotic decay can be treated as a case of strong asymmetric fission or an 

exotic process of cluster formation and tunneling through the barrier making many 

assaults on the barrier similar to a decay. So all theoretical attempts made so far 

originate either from Garnow theory of alpha decay or nuclear fission. Exotic decay was 

first predicted by Sandulescu et a1 [l] in 1980 based on the quantum mechanical 

fragmentation theory (QMFT). In chapter 2 we gave a brief description of QMFT and 

details of some theoretical models. 



In the present study, we have developed a model to explain the exotic decay 

taking the Coulomb and proximity potential as the interacting barrier, the details of which 

are given in chapter 2 as the present model. The main objective in this study includes 

verification of the model by reproducing the available experimental data and the 

comparison of the present model with other models. As a part of this we have also 

studied the transition fiom cluster mode to fission mode. 

A brief description of the experimental methods usually used in exotic decay 

studies and a short review of the experimentally observed modes of decay are given in 

chapter 3. In chapter 4, the present model is applied to experimentally observed decay 

modes and also to proton rich Xe to Gd parents in the trans-tin region emitting clusters 

ranging fiom a particle to sulphur. This region far from the P stability line can be 

produced in heavy ion induced reactions. These studies are extended to neutron rich Ba to 

Gd parents to examine the role of doubly magic 1 3 2 ~ n  daughter in these decays. 

In chapter 5 an improved model incorporating ground state deformation of both 

parent and daughter, treating emitted cluster as sphere is given and the effect of 

deformation on half life time is studied in the case of experimentally observed decay 

modes. 



In chapter 6 we studied fine structure (decay to various excited states of the 

daughter) for some decay modes and calculated the hindrance factor for the decay of 

2 2 3 ~ a  by emitting 14c cluster to various excited states of the daughter. 

Within fission model, cluster formation probabilities are calculated for various 

clusters from some heavy nuclei and studied its variation with mass of the emitted 

cluster. We tried to find the transition point from the cluster mode to the fission mode in 

exotic decay. The details of these studies are given in chapter 7. 

Exotic decay of superdeformed 7 6 ~ r ,  18sr and 8 0 ~ r  with the estimated qudrapole 

deformations P, = 0.35 to 0.44 in the ground state and decay of these nuclei produced as 

an excited compound system in heavy ion reaction are presented in chapter 8. 

Exotic decay of 1 1 heavy nuclei with Z 2 100 are studied with a view to look for 

some measurable modes of decay which in turn can lead to the production of some other 

new heavy or super heavy nuclei as daughter. Chapter 9 gives the details of this study. 

Chapter 10 presents the summary of the present studies and the conclusions drawn 

there from. 
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CHAPTER 2 

THEORETICAL MODELS 

Sandulescu et a1 [l]  in 1980 first predicted exotic decay, the intermediate process 

between alpha decay and spontaneous fission on the basis of quantum mechanical 

fragmentation theory [2]. The first experimental evidence of this phenomena was 

observed by Rose and Jones [3] in 1984.There are mainly two approaches in explaining 

the exotic decay process: 1) the cluster model and 2) the fission model. In cluster model, 

the cluster is preformed in the parent nucleus before it penetrates the nuclear interacting 

barrier. In fission model the nucleus deforms continuously as it penetrates the nuclear 

barrier and reaches the scission configuration after running down the Coulomb barrier. 

2.1 The Quantum Mechanical Fragmentation Theory 

The Quantum Mechanical Fragmentation Theory (QMFT) is able to describe cold 

fusion, cold fission and exotic decay from a unified point of view [4,5,6,7]. The unifying 

result of this theory is the closed shell effects of one or both the reaction partners for 

fusion or that of the decay products for fission and exotic decay. This is achieved by 

treating the mass asymmetry and the length of the nucleus (or distance between the 

centres of fragments) as dynamical coordinates. The potential energy and dynamical 



masses as functions of these variables were calculated with the asymmetric two center 

shell model (ATCSM), after minimising the total energy in the deformation of the 

fragments and the neck between them. The nuclear shape is defined [8] in terms of 

coordinates of relative separation R (or equivalently the length parameter A = L /  R, 

where L is the length of the nucleus and the R, the radius of an equivalent spherical 

nucleus), quadrapole deformations P, and of fragments, the necking-in parameter 

and the two dynamical collective coordinates of mass and charge asymmetries 77 and q, 

A, and q, = v =  A 
Zl - 2 2  

Z 
(2.1) 

where mass and charge of the parent are A = A, + A, and Z = 2, + 2, respectively. The 

collective Hamiltonian is 

H =~(~,~,,~~,71,h,~,b,,b2,6,'lz)+~(~,~1,~2,%%) 

The potential V is obtained in the standard Strutinsky method [9,10] by using 

appropriate liquid drop model (LDM) and the single particle states of ATCSM giving the 

shell correction SU . The collective potential V minimized in P,, P2 and E coordinates 

is V(R, 77,772 = VLDM + (2.3) 

The mass parameter Bij defining the kinetic part T in H, are the consistently 

calculated adiabatic cranking masses [l 1 , l  21. Assuming that the relative motion R is slow 

compared to the 77 and 77, motions (this means that the potential is nearly independent of 



R and hence R can be taken as a time independent parameter) and that the coupling 

between qand 7, is weak, the Hamiltonian is quantised according to the prescription of 

Pauli [ l  31 and Padolsky[l4] to yield the stationary Schrodinger equation. 

f i 2 a i a  + v ( ~ ,  7 7 ) ) ~ f ) ( ~ )  = E;)Y;) (v) 

Here Yf)(q) are the vibrational states in the potential V(q) and are counted by 

the quantum numbers v = 0,1,2.. . . The ground state ( v =0) solution of equation (2.4) 

2 
gives the probability IYf , which is proportional to the percentage mass distribution 

yield, 

The consequences of higher excited states (v 0)can be included through 

Boltzmann-like occupation function 

with 8 the nucleus temperature in MeV, is related to excitation energy as [l 51 

The excitation energy will damp the shell effect as [5] 

8 
V = V,,, + SU exp(- -) 

6; 



The parameter 8, =1.5 MeV is so chosen that the shell effect vanishes if E'? 60 

MeV [16]. Similarly mass parameter also varies with temperature but no usable 

prescription is available to date. A constant (averaged) mass is taken to mean a complete 

washing of shell effect in it [ l  71. 

2.2 Existing models 

2.2.1 The fission models 

2.2.1.1 Analytical Super Asymmetric Fission Model (ASAFM) 

A numerical super asymmetric fission model (NSAFM) was developed by 

Poenaru et a1 [ l  8,19,20] since 1979 by extending three variants of liquid drop model [2 l], 

finite range of nuclear forces model [22] and Yukawa plus exponential model [23] to 

system with charge asymmetry different from mass asymmetry and by using 

phenomological shell correction. Half lives computed within W K B approximation are 

time consuming. So an analytical relationship for half life [analytical super asymmetric 

fission model (ASAFM)] was developed [24] and extended to account for angular 

momentum and small excitation effects. In this model the potential barrier E(R) for the 

overlapping region is approximated by a second order polynomial in R 



If time is expressed in seconds, energies in MeV and length in fermis, then the 

logarithm of the half life time for a system is given by 

log T = 0.43429(K0, + K , )  - log E, - 20.8436 

here E, is the zero point vibration energy given by 

E, = Q [0.056 + 0.039exp[( 4-A2 )/2.5]] for A, 1 4  (2.10) 

The action integral K,, corresponding to overlap region and K ,  that for separated 

configuration are given by the following analytical expressions: 

a [ b  + (b2  - a2 ) ' l 2 ) )  
K,, = 0 . 2 1 9 6 ( ~ : ~ ,  A, l AYt2 (b2 -a2)"' --ln 

b a 

where Q' = Q + E, + E* , E* being the hction of the excitation energy concentrated in 

the collective mode leading to separation. The quantities a and b are defined below. The 

interaction energy Ei at the top of the barrier in the presence of the non-negligible 

angular momentum !A is given by 

The radii of parent, emitted cluster and daughter nuclei are given by R, = r , , ~ : ' ~ ,  where 

j = 0,1,2 and r, = 1.2249 frn. R, = R, - R, is the initial separation distance, R, = R, + R, 

is the touching separation distance and E: = E i  -Qis the barrier height before 

correction. The outer turning point of W.K.B penetrability is given by 



c-2r  
z,, = (C + m - 1)'12 [r(c - r )  + + - arcsin 

(c2 + 4m)Il2 (c2 + 4m)'12 

+ G In[ 
2&[r(c - r )  + m]"' + cr + 2m 

r [ ~ h ( c  + m - l)112 + c + 2mI l 
R r 2 ~ ,  

where r =L; m =- ; c = -  rEc 
R, Q' Q' 

2.2.1.2 Proximity potential model of Shi and Swiatecki 

In this model [25], the deformation energy barrier for touching and for separated 

configuration consists of Coulomb repulsion between fragments and nuclear proximity 

potential of Blocki et a1 [26,27]. The deformation energy between the contact 

configuration and the configuration of the parent is approximated by a smooth power law 

interpolation. The explicit formula for deformation energy is as follows 

V(L) = -Q + z1zze2/r + V&) for L > Lc (2.18) 

V(L) = a (L-Lo)" forLo<L<Lc (2.19) 

Here L is the major axis (overall length) of the configuration, L. is the diameter of 

the parent nucleus and Lc is the sum of fragment diameters. Q is the energy released. The 

parameters a and v are determined by applying the smooth continuity condition on 



potential at touching configuration. Also r = L - Cl - C2, the separation between fragment 

centers, z is the distance between the near surfaces of the fragments. Vp, the proximity 

potential is given by 

Vdz) = K+(&) (2.20) 

where K = 4n: R yb (2.21) 

Here is + is the universal nuclear proximity function [27] given as 

$(C) = -4.4 1 e <10.7176 for 6 2 1.9475 (2.22) 

+(6) o. -1.781 7 + 0.92706 + 0.0 16966' - 0.05 148t3 for 0 S 6 _< 1.9475 (2.23) 

In the above g= z 1 by b is the width (diffuseness) of nuclear surface (b =lfin), y is the 

specific nuclear surface tension given as [26] 

y=0.9517 [l - 1.7826 ( N - z ) ~ / A ~ ]  ~ e v / f r n ~  (2.24) 

The reduced radius R is given by 

R =C1C21(C1+C2) 

where Ci is the central radii of the fragments given by 

~i Ri-b2/Ri 

The effective sharp radii R in terms of mass number A is given by [26] 

R =l . 2 8 ~ ' "  - 0.76 + 0.8~-'l3 

The Garnow penetrability factor G is given by 

2 ="' 
G = exp {- J,/2M,Vdz} 

ti 
=a 



here Q and Zexit are approximate zeros of the integrand and M, is the effective mass. The 

absolute value of life time is given by 

z = zoG (2.29) 

zo is the pre exponential factor (frequency factor) taken to be 10-*~ s for even A and 

l o - ~ O  S for odd A parent nuclei [28] 

2.2.1.3 Cubic Plus Yukawa plus exponential potential model (CYEM) 

In this model [29] the potential for post scission region taken as a function of 

center of mass distance r of the fragments is given as 

V(r) = zrzze2/r + V,(r) - Q 

Here Q is the energy released and V,(r) is the nuclear interaction energy [23] given as 

wherer, = R, + R, is the sum of sharp radii of fiagrnents. The depth constant D is given 

The constant F is given by 



where 

g,  = (R, /a)  cosh(R, l a) - sinh(R, / a )  

4 = (R, /a)' sinh(Rj / a )  

C.$ (A = a.v (1 - 1; ) (2.36) 

I ,  = ( N ,  -Z,)/A, ( j  = 12) (2.37) 

Here r,= 1.16 fm, a =  0.68 fm, a,=21.13 MeVand K,=2.3 

For the overlap region the potential is approximated by a 3rd order polynomial as [29] 

The zero point vibration energy E, is given by [30] 

Here p is the reduced mass. The central radii of fragments Cl and C2 are given by 

Ci = 1 . 1 8 ~ : ~  -0.48 (i=1,2) (2.40) 

The half life time of the system is given by the formula [3 l ]  

2 G  2 rb 
Where K = - 1[2Br (r )~(r)] ' "  dr + - 1[2Br (r)~(r)]"'dr 

h 
ro 

A 
r, 

The limits r, and r,, are two approximate zeros of the integrand and the effective mass 

B, (r) is taken to be deformation dependent [32]. 



2.2.2 The cluster models 

2.2.2.1 Microscopic model of Blendowske et a1 

In this model [33,34] the potential U(R) used is the sum of semi empirical heavy 

ion potential, Coulomb potential and centrifugal potential given as 

U(R) = V(R) + VC,,, (R) + V, (R) (2.43) 

The Coulomb potential is .ZI.Z2e2 l r and centrifugal potential V, = ti L(L + 1) 12M 

where L is the angular momentum and M is the reduced mass. The semi empirical heavy 

ion potential [35] is given as 

V(R) = -(50MeV / fm) 4 R2 exp{-(R - R, - R, ) l a} 
RI + R2 

with R, = 1.233~; '~  - 0.978A;"~fm (j  = 1,2);a = 0 .63h  

The decay constant & is calculated in WKB approximation as 

here Q is the Q value of the reaction. R, and R, are inner and outer turning points 

where U(R) = Q. For pre factor (v / 2R,) Blendowske et al [33] assumed a kinetic 

1 
energy -Mv2 inside the barrier of 102 MeV for alpha particle and a scaled value 

2 



102 - MeV for I4c cluster. In the microscopic approach the decay constant h is given (3 
as the product 

h=hoS 

The spectroscopic factor S is the probability of the cluster to be preformed in the 

parent nuclei and is given by the overlap of nucleon states in the cluster with those of the 

parent nucleus [33]. 

2.2.2.2 Preformed cluster model (PCM) 

This model [36] consists of a two steps mechanism 1) cluster formation 

2) tunneling of confining nuclear interaction barrier. If PO is the cluster formation 

probability (in ground state), P the barrier penetration probability and v the assault 

frequency, then decay constant h and half life time TlI2 are given as 

h = PovP (2.48) 

Tln = 111211 (2.49) 

Introducing dynamical collective coordinates of mass and charge asyrnrnetries q and q, 



the quantum mechanical probability of finding fragments AI and A2 (with fixed charges 

Z1 and Z2) at a relative separation R is given by the solution of the following stationary 

Schrodinger equation in q 

here V(q,qZ,R) is the collective interaction potential energy and B,, is the mass 

parameter [37]. On proper scaling and normalization of above equation the cluster 

formation probability in ground state is 

The collective interaction energy is taken as the sum of experimental binding energies, 

the Coulomb and the nuclear proximity potential. 

The proximity potential V, is given as [26] 

With the nuclear surface tension coefficient 

y = 0.95 17[1 - 1.7826 (N - z ) ~  / A ~ ]  ~ e ~ / f m ~  

4, the universal proximity potential of pocket formula of Blocki et a1 [26] 

$(G) = -(1/2)(<-2.54)2-0.0852(t;-2.54)3 for&< 1.2511 

$(C,) = -3.437exp(-410.75) for<> 1.2511 



with C,= (C-Cl-C2)h where width (diffuseness) of nuclear surface b =l and Sissmann 

b2 
central radius C, of fragments related to sharp radii R, is C, = R, The semi 

R, 

empirical formula R, in terms of mass number A, is given as 

R, = 1 . 2 8 ~ ~ ' ' ~  - 0.76 + 0 . 8 ~ ; " ~  

The assault frequency v is given as v = (2E2 /,U)"' l R, .  where is the radius of 

parent nucleus, E2 the kinetic energy of the emitted cluster and p the reduced mass. The 

tunneling probability P consists of three contributions: 1 )  Pi, the penetrability from 

touching configuration to Ri, here Ri is given by V(Ri) = V(R,) 2) Wi, the deexcitation 

probability at Ri and 3) the penetrability Pb from Ri to R,,. Here R,, is given by V(%) = Q. 

Then tunneling probability P is given by P = PiWiPb (2.59) 

According to Greiner and Scheid [38] the deexcitation probability vary 

exponentially with excitation energy, Wi = exp(-bEi). For clusters heavier than alpha 

particle b = 0  ie Wi = l .  

The penetrability Pi and Pb are defined as 



2 Rb 

Pb = exp (- 1 [ 2 p ( ~  - Q)]"' d ~ )  
R, 

These integrals can be solved analytically [36] 

2.2.2.3 Cluster model of Buck et a1 

The parent nucleus is viewed as consisting of a daughter nucleus core (mass AI) 

and a preformed cluster (mass A2). This model [39,40] describes the interaction between 

them in terms of a simple local potential VN(r) that may be obtained from a double 

folding integral involving their respective densities pl(rl) and p2(r2) and an effective 

nucleon-nucleon potential U( 1 rl -r2 I ). Hence 

vN (r) = [[P, (rl (r2 ) ~ l r  + r2 - rl l)d3rld3r2 

This may be approximated by a simple potential of the form 

- V, [l + cosh(R / a)] 
V N  ( 4  = 

[cosh(r l a)  + cosh(R l a)] 

of depth V. and nonzero diffuseness a. The radius R is given as 

713 112 R = 1.04(~:'~ + A; ) 

The potential acting between cluster and core is given by 

V(r) = VN (r) + V, (r) + 



Here p the reduced mass, Vc(r) is the Coulomb potential and 3rd term represent 

the Langer modified centrifugal barrier. The classical turning points (rl, r2 and r3 in the 

order of increasing distance fiom origin) are found by numerical solution of the equation 

V(r) = Q, where Q is the Q value of the reaction. If L is very small rl is close to zero and 

if nuclear term VN(r) is neglected in the asymptotic region, r3 can be found by solving the 

resulting quadratic equation. 

The decay width r can be calculated using the procedure of Gurvitz et a1 [4 l ]  

where P is the preformation probability and semi classical wave number K(r) is given by 

F is the semi classical bound state normalization factor given by 

The half life time TIl2 in terms of width r can be calculated using the relation 

T,,, =hln2/T (2.69) 



2.2.2.4 Double folded Michigan-three-Yukawa potential model 

Sandulescu et al [42] studied heavy ion emission using double folded Michigan- 

three-Yukawa potential (M3Y) potential [43] by including deformation effect of the 

fragments. The nuclear plus Coulomb interaction between the fragments is given by M3Y 

potential as 

v,,, (R) = Sdr,dr2~, (5 )p2 ( 5  )v@,, (2.70) 

which contains the corresponding nucleon-nucleon interaction [44] as 

- 

v(r12) = v00 (42 ) + Joo + v01 (r12 ) ~ 1 . ~ 2  

the central component of M3Y force in eqn (2.71) is 

and isospin part has the form 

e-2.5r 

1175.5- 
2.5r 

] MeY 

The second term in eqn (2.71) approximates the single nucleon exchange effects 

through a zero pseudopotential, JOO = -262 MeV fin3. The spin-spin v,, and spin-isospin 

v,, components are disregarded since their final contributions tend to be small [43]. 

The two final nuclei are viewed as coaxial spheroids ("nose to nose" 

configuration) with nuclear density 



with constant p, fixed by normalizing the proton and neutron densities to proton number 

Z and neutron number N respectively. Here P, is the quadrapole deformation and c is 

the usual constant which ensure volume conservation condition 

from which it follows 

The two parameters of fermi density are chosen as R = 0 . 9 5 ~ " ~  fm and a = 0.67 fin for 

light clusters and R = 1 . 1 9 ~ " ~  fm and a = 0.63 fm for heavy daughter nuclei. 

The penetrability P through the double folded potential barrier is given as 

where R is the distance between the fragment mass centers, p is the reduced mass, 

R, and R, are the inner and outer turning points defined by 

V(R,)  = V(R,) = Q (2.78) 

ln 2 
The half life time is given by = - (2.79) 

vPo P 

Here v is the collision frequency and P, is the preformation factor. 



2.3 The Present model 

For the touching and for the separated configuration of the cluster and daughter 

we took the Coulomb and proximity potential as the interacting barrier. From the 

touching configuration and down to the parent central radius (overlap region), we use 

simple power law interpolation as done by Shi and Swiatecki [25]. Figures 2.1 and 2.2 

represent potential energy barrier for the emission of 4 ~ e  and 12c from I2%d isotope. 

Inclusion of the proximity potential reduces the height of the barrier, which closely 

agrees with experiments. Table 2.1 gives the comparison of the barrier height calculated 

by us taking proximity potential (present) with l )  those obtained by liquid drop model 

(LDM) [2 l]  2) by Cubic and Yukawa plus exponential potential model (CYEM) [29] and 

3) experimental values obtained by the relation [l  81 

V(r)  = 10.107 +0.10212,Z2 -Q (2.80) 

It is clear that LDM overestimates the barrier by about 10 MeV but as in the case 

of CYEM, the present model is able to reproduce experimental values, which are 

uncertain by about 2 MeV [45]. 

The proximity potential was first used by Shi and Swiatecki in an empirical 

manner and extensively used over a decade now by Gupta and collaborators [36] in the 

preformed cluster model (PCM), which is based on the "pocket formula" of Blocki et a1 

[26]. In the present model we use another formulation of the proximity potential [27]. We 



have taken the cluster formation probability as unity for all the clusters irrespective of 

their masses. So the present model differs from the PCM by a factor PO, the cluster 

formation probability. But we have included the contribution of the overlap region in the 

barrier penetrability calculation. In the present model assault frequency is calculated for 

each parent-cluster combination which is associated with zero point vibration energy, but 

in Shi and Swiatecki's model it is taken as 1 0 ~ ~  for even A and 1020 for odd A parent. For 

the zero point vibration energy we use semi empirical formula of Poenaru et a1 [24]. 

2.3.1 Details of the model 

The interacting barrier for a parent exhibiting exotic decay is given by 

V = 2,2,e2 I r  + V P ( z )  for z > 0 (2.81) 

here 2, and 2, are atomic numbers of daughter and emitted cluster, r is the distance 

between the fragment centers, z is the distance between the near surfaces of the 

fragments and V, is the proximity potential given by [26] 

with the nuclear surface tension coefficient, 

Here N, Z and A represent the neutron, proton and mass numbers of the parent 

respectively. 

4 ,  the universal proximity potential is given as [27] 



#(E) = -4.41e 40.7 176 for E L 1.9475 (2.84) 

((E) = -1.78 17 + 0.92708 + 0.01696~~ - 0.05 148c3 for 0 < E 51.9475 (2.85) 

with E = z h ,  where the width (diffuseness) of nuclear surface b =: 1 and Siissmann central 

b2 
radii C, related to sharp radii R, is C, = R, -- . For R, we use the semi empirical 

R, 

formula in terms of the mass number A, as [26] 

R, = 1.28~:~  - 0.76 + 0 . 8 ~ ; " ~  

The barrier penetrability P is given as 

2 
P = exp (- - I J m d z )  

h 
E! 

The mass parameter is replaced by the reduced mass p = mA, A, l A where m is 

the nucleon mass and A, and A2 represent the mass numbers of the daughter and the 

emitted cluster respectively. The inner and the outer turning points Ei and &fare defined as 

V(Ei) = = Q, where Q is the energy released. 

The half life time is given by TIl2 = ln2& = ln2/vP (2.88) 

Here h is the decay constant and the assault frequency, v = 2E,,/h. The empirical 

zero point vibration energy E, is given as [24] 

E, = Q r0.056 + 0.039exp[( 4-A2 )/2.5]] for A? > 4 (2.89) 



Fig. 2.1 Potential energy barrier for the emission of ' ~ e  from I2%d isotope. 

z(fm) 

Fig. 2.2 Potential energy barrier for the emission of 12c h m  12%d isotope. 



Table 2.1. Comparison of interacting barrier height calculated by the present model with 
that by other models and with experimental values. 

Parent Emitted Daughter Q value Barrier height (MeV) 
nuclei cluster nuclei (MeV) LDM CYEM Present Expt 
............................................................................................................ 
221Fr 14C 2 0 7 ~ 1  3 1.28 37.3448 26.6349 26.7625 28.448 
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CHAPTER 3 

EXPERIMENTAL STUDIES ON EXOTIC DECAY - 

A SHORT REVIEW 

3.1 Experimental techniques 

Rose and Jones [3] in their famous experiment using AE-E surface barrier silicon 

detectors were able to detect a few carbon events within a particle background about 109 

times higher. They used relatively weak 2 2 7 ~ ~  source containing 2 2 3 ~ a  in secular 

equilibrium. Gales et a1 [46] in their experiment used a super conducting magnetic 

solenoid spectrometer to suppress the intense a background. This allowed them to use 

intense 2 2 7 ~ ~  source 60 times stronger than the one used by Rose and Jones. Kutschera et 

a1 [47] used an Enge split pole magnetic spectrograph to suppress the intense a radiation 

and to identify "C particle. The spectrograph was calibrated with tandem accelerated 

beam of I4c, I3c and 12c. 

To suppress a particle background and to increase the overall detection efficiency, 

solid-state nuclear track detectors (SSNTD) are now widely used which is the most 

sensitive technique to detect the rare decay mode, the exotic decay. Price et a1 [48] 

demonstrated that polycarbonate track detecting foils like Rodyne-P are well-suited 

detectors for the study of 14c emission radioactivity even for 14cla branching ratio below 



10-1°. The energy of the fragments recorded was determined via a calibrated range energy 

relation [49]. It is also possible to identifL the nuclear charge Z by observing the ratio of 

etching rate along the track to the general etching rate V t N ,  as function of the residual 

range [50]. The branching ratio of cluster emission with respect to alpha decay, B can be 

calculated as [5 1 ] 

pdUu (> R,, = j, (> E ,  ) I A J . ~ I ~ ~  17 (3.1) 

- 
where pc,USte, (> R- ) is the density of track formed by the cluster, j, (> E,, ) is the alpha 

intensity, A is the source area, t is the exposure time, C2 is the solid angle and 77 is the 

detection efficiency. 

Using similar plastic track detectors Barwick et al [52] detected 2 4 ~ e  emission 

from 2 3 2 ~ .  In later experiments plastic detectors are replaced by phosphate glass 

detectors, which have better discrimination against a particle. This led to the detection of 

200, 2 3 ~ ,  3 0 ~ g ,  and 32S4~i  in addition to *"%e. Phosphate glass BP1 is more sensitive to 

14c, for Ne and Mg better choice would be PSK5O and for Si, LG750 glass would be 

more sensitive. Phosphate glass detectors are ideally suited for the detection of both 

heavy clusters and spontaneous fission tracks. It has now become possible to measure in 

the same experiment the spontaneous fission probability simultaneously with exotic 

decay probability [53,54]. 



SSNTDs are not suited for fine structure experiments where better energy 

resolution is required. Brillard et a1 [55] and Hussonnois et a1 [56] in their fine structure 

experiment used magnetic spectrometer SOLENO to focus emitted 14c clusters on a 

single Si detector. This resulted in a high quality energy spectrum. 

The decaying parent nuclei may either be a member of natural radioactive series 

or produced artificially (on line or off line production). "C from 2 2 2 ~ a ,  180 from 23%, 

3 4 ~ i  from 2 4 2 ~ m  are examples for off line production while "C from 2 2 1 ~ a ,  2 2 1 ~ r ,  223~a ,  

2 2 5 ~ ~  performed at Isolde and I2c decay of ' 1 4 ~ a  at GSI (Germany) are examples for on 

line production [57]. 

3.2 Experimentally observed decay modes 

Altogether about 24 modes of exotic decay from 18 parent nuclei emitting clusters 

ranging from carbon to silicon have so far been confirmed and reported in the literature. 

The upper limit for decay rate for 16 modes were measured and one case of fine structure 

in the energy spectrum of 14c clusters from 2 2 3 ~ a  was found. The heaviest cluster so far 

measured is 3 4 ~ i  [58,59,60]. 14c is the only cluster for which quite a few cases from both 

odd and even parent have been measured. 2 3 ~  is the only example for odd A cluster 

measured with single event using an array of 375cm2 of BP1 plates in 2x geometry by 

Berkely -Livermore -Milan0 collaboration [61]. As for the multiple branching ratio, so 

far only three nuclei ( 2 3 1 ~ a ,  2 3 4 ~  and 2 3 8 ~ ~ )  are found to decay with the emission of two 



heavy clusters other than a particle [53,61,62] but none with more than t ~ o . ~ ~ ~ ~  was the 

first nuclide for which 4 hadronic decay modes (a, Ne, Mg and spontaneous fission) have 

been measured [63,64]. 2 3 8 ~ ~  was the other nuclei for which 4 hadronic decay modes (a, 

Mg, Si and spontaneous fission) have been measured [62]. 
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CHAPTER 4 

STUDIES ON EXOTIC DECAY 

4.1 Verification of the present model with experimental data 

Taking Coulomb and proximity ~otentials as the interacting barrier for post 

scission region we computed logarithm of half life time and other characteristics for the 

experimentally observed decay modes of parents in the trans-lead region and also of Ba 

isotopes which belongs to trans-tin region. The predicted half life time values are 

compared with the experimental result and is given in Table 4.1. Comparison of the 

predicted and the experimental half lives are also shown graphically in Figure 4.1. Using 

the present model we have calculated a decay half lives for parent nuclei from which 

exotic decay are observed. Fig 4.2 gives comparison of calculated a half lives with 

experimental value taken from [65].  

The branching ratio of exotic decay with respect to alpha decay is given by 

~ c , u . w r  -- T,?2pha Branching ratio, B = - - (4.1 
0 ,  T,f'Yfer 



Fig 4.3 gives the comparison of calculated branching ratio with experimental 

value. The centrifugal term V, = 
h2e(e + 1) 

is not considered for our calculation since t 
2 v 2  

values involved are small (= 5 A )  and its contribution to half life time are shown to be 

small 124,301. 



Table 4.1. Logarithm of predicted half life time and other characteristics for 
experimentally observed decay modes. . 
............................................................................................................................ 
Parent Daughter Emitted Q value Penetrability Decay constant log10(T1,2) 
nuclei nuclei cluster (MeV) P h Present Expt Ref 
............................................................................................................ 
l1zBa looSn I2c 21.46 1.92605E-25 1 .l5 120E-04 3.78 3.75 [66] 



Table 4. l (continued) 
.......................................................................................................................... 
Parent Daughter Emitted Q value Penetrability Decay constant loglo(Tln) 
nuclei nuclei cluster (MeV) P h Present Expt Ref 



Fig. 4.1 Comparison of calculated and experimental half life time for various clusters. 

- 

- 
m 

m 

m -1 : Ex,, 1 , 6 
- m 

m m 
m 

m m 
- t m  B 

M 
I I I I I I I I I I 1 I I I I I I I I I I I 

B I4c 
18,200  

A 2 3 ~  

A 22-26 N 

A 

a I 

i A a 

a . .  f m g  v v  
e A m m 

f #! mJK 
2 8 9 3 0 ~  2 

m W 

2 8 9 3 2 ~  i m 



Fig. 4.2 Comparison of calculated and experimental alpha half life time as a function of parent mass number. 
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Fig. 4.3Comparison of calculated and experimental branching ratio as a function of parent mass number. 



4.2 Application of the present model to parents 

in trans-tin region 

4.2.1 Decay leading to ' " ~ n  

The exotic decay of proton rich nuclei with 2=56-64 and N=56-72 is very 

interesting because the daughter nuclei in such decays are formed around the doubly 

magic 'OOsn and the estimated half lives are favourable for measurements. More over 

only N=Z clusters are emitted from this region and ZIA values for parent, daughter and 

emitted cluster are nearly equal to 0.5. These nuclei far fiom P stability line can be 

produced in reactions induced by radioactive ion beams. 

The experiments to study the exotic decay of parents in this region were 

conducted at Dubna (Russia) [80,81] and at GSI, Dannstat (Germany) [66,82]. In all 

114 these experiments Ba isotope (2=56) was produced using on line mass separator by 

5 8 ~ i ( 5 8 ~ i ,  2,) reaction and carbon clusters were searched for by using poly carbonate 

track detectors in Dubna experiments and by phosphate glass detectors in GSI 

experiments. The experimental half life time for 12c decay from I l 2 ~ a  was found to be 

5 .620~10~  S and that from ' 1 4 ~ a  was 1 .7x104 S [66]. These experiments however could not 

be reproduced as 1997 run [83] gave a null result and set these values as lower limit for 

half life time. 



4.2.1.1 Xenon isotopes 

Tables 4.2 and 4.3 gives the calculated half life time, branching ratio and other 

22 characteristics for 4 ~ e ,  8 ~ e ,  I2c, 160, 2 h e ,  Ne, 2 4 ~ g ,  2 6 ~ g  and " ~ i  emission from 

107-1 16 Xe isotopes using different mass tables. It is found that our predicted half life time 

values lie close to those values reported by Poenaru et a1 [84,85] based on ASAFM and 

4 ~ e ,  8 ~ e ,  12c and 160 emissions are well within the present upper limit for measurements 

( T I ~ < ~ o ~ O  S). It is seen that ' ~ e  emission from '08xe (TlI2 = 6 . 1 7 ~ 1 0 ~  S) and from   OX^ 

(~112=5.39~10~ S) are the most favourable for measurements. The lowest half life time 

value for *Be emission from lo8xe stress the role of doubly magic loosn in cluster decay 

process. In the case of 8 ~ e  emission from 'lOxe, the daughter is ' ! i ~ n , ,  which lie close to 

the doubly magic N = Z = 50 shell. The most probable alpha emitter is lo8xe [for Q=6.49 

MeV, log10(T112) = -10.2 S ] since its daughter ' z ~ e , ,  also lies close to the doubly magic 

N=Z=50 shell. In the cluster radioactivity it is experimentally established that the 

daughter nuclei are doubly magic or near doubly magic. Experimental data available is 

alpha decay half life and our calculated logarithm of half life time value for ' ~ e  emission 

from " k e  is -0.39 S which agree with the experimental value [65] which is -0.4 S. 

In Tables 4.2 and 4.3, the last column gives the negative logarithm of the 

branching ratio, -loglo(B) for various clusters emitted from different Xe isotopes. The 

experimental half life time for respective alpha decay T,:? are taken from Royer [65]. 

Using presently available technique the longest measured life time is of the order of 103" S 



and lowest measurable branching ratio is almost 10-19. The branching ratio calculations 

predict that 8 ~ e  emissions from lo8xe and from   OX^ are the most favourable ones for 

measurements. 

Figure 4.4 represent the Geiger-Nuttall plots for logl0(Tln) vs Q - ' ~  for 'He, 8 ~ e ,  

12 C, 1 6 0 ,  2@Ne, 2 4 ~ g  and 2 8 ~ i  emission from various Xe isotopes. These plots are found to 

be linear with different slopes and intercepts. The equations for these plots are 

The slope X and intercept Y values for various clusters are given in Table 4.4. 

Figures 4.5 to 4.1 1 represent the Geiger-Nuttall plots for loglo(Tl~) vs -In P for 4 ~ e ,  

' ~ e ,  12c. 160, 2@Ne, 2 4 ~ g  and " ~ i  emission from various Xe isotopes. These plots are 

also found to be linear. 

When logarithm of the half life time for 8 ~ e  emission from '08xe are compared 

with that from heavier isotopes up to l16xe it is found that loglo(Tln) increases fiom 

8.732 S (for 'Osxe, Q = 9.77 MeV) to 44.45 S (for 'I6xe, Q = 4.50 MeV). All these 

cases refer to the doubly or near doubly magic lo0sn daughter. This points to the fact that 

neutron excess in the parent will slow down the cluster decay process. 



Table 4.2. Logarithm of predicted half life time, branching ratio and other characteristics 
of 4 ~ e ,  ' ~ e  and 12c emissions from various Xe isotopes. Q values are taken from 
[84,85,86]. 

Parent Emitted Daughter Q-Value Penetrability Decay 10!310(T1/2) -loglo(B) 
nuclei cluster nuclei (MeV) P constant Present ASAFM Expt Present 



Table 4.3. Lo arithrn of predicted half life time, branching ratio and other characteristics 
2Y of 160, 2 0 ~ e ,  Ne, 2 4 ~ g ,  2 6 ~ g  and " ~ i  emissions fiom various Xe isotopes. Q values are 

taken from [84,85,86]. 
- - - -  - -  

Parent Emitted Daughter Q-Value Penetrability Decay log10(T1/2) -loglo(B) 
nuclei cluster nuclei (MeV) P constant Present ASAFM Present 



Table 4.4. Slope and intercept values of Geiger-Nuttall 
plots for different clusters fiom various Xe isotopes. 

................................................... 
Emitted Slope Intercept 
cluster X Y 
................................................... 
4 ~ e  88.58 l l -44.9384 



Fig. 4.4 Geiger Nuttall plot for loglo(T VS Q-"~  for various clusters fiom 
different Xe isotopes. 

Fig. 4.5 Geiger Nuttall plot for 1 0 g ~ ~ ( T ~ ~ ~ )  VS -1nP for 4 ~ e  fiom various 
Xe isotopes. 



Fig. 4.6 Geiger Nuttall plot for 10glO(TIR) VS -1nP for 8 ~ e  emission 
various Xe isotopes. 

Fig. 4.7 Geiger Nuttall plot for loglo(Tli2) Vs -1nP for emission 
various Xe isotopes. 

from 

from 



Fig. 4.8 Geiger Nuttall plot for VS -W for 160 emission from 
various Xe isotopes. 

Fig. 4.9 Geiger Nuttall plot for 1 0 g ~ ~ ( T ~ , ~ )  VS -1nP for  ON^ emission from 
various Xe isotopes. 



Fig. 4.10 Geiger Nuttall plot for 1 0 g ~ ~ ( T ~ ~ ~ )  Vs -1nP for 2 4 ~ g  emission from 
various Xe isotopes. 

Fig. 4.11 Geiger Nuttall plot for loglO(TIR) VS -1nP for 2 8 ~ i  emission from 
various Xe isotopes. 



4.2.1.2 Barium isotopes 

Table 4.5 gives the predicted half life time and other characteristics for I2c and 

4 ~ e  emission from 112-120 Ba isotopes using different mass tables and their comparison 

with other models. For lI2Ba, our calculated T i 2  value for 12c emission is 6 .020~10~ S, 

which is in agreement with the experimental T,,, value 5.620~1 o3 S. In the case of '14Ba, 

the experimental loglO(TIR) value is 4.23 S which is also comparable with our value 

5.17 S (for Q = 20.75 MeV). It is found that the predicted values are well with in the 

present upper limit for measurements and our values lie close to those values reported by 

CYEM [87]. It is found that 12c emission from " 2 ~ a  and lI4Ba has the lowest half life 

time values. The lowest T,,2 value for Il2Ba stress the role of doubly magic 'OOsn daughter 

102 and in the case of '"Ba the daughter is near doubly magic ,, Sn,, daughter. But ' 1 4 ~ a  is 

the best parent for I2c emission with the highest decay rate since "'Ba is short lived and 

decays by two proton emissions. 

When the decay of 12c from lI2Ba is compared with that from heavier isotopes up 

I20 to Ba, it is found that loglo(Tln) value increases from 3.78 s (for lI2Ba, Q = 21.46 

MeV) to 28.43 S (for 120Ba, Q = 13.4 MeV). All these cases refer to doubly or near 

doubly magic 'OOsn daughter. This points to the fact that the neutron excess in the parent 

will slow down the cluster decay process . 



Table 4.6 gives the logarithm of the half life time and other characteristics for 

8 ~ e ,  160, 2@Ne, 2 4 ~ g ,  2 8 ~ i  and 3 2 ~  emissions from various Ba isotopes. Here most of the 

values are favourable for measurements. It should be noted that 8 ~ e  emission from " 2 ~ a  

has the shortest loglO(TIR) value, equal to 7.232 S. This may be due to the fact that its 

daughter  ET^,, lies close to the doubly magic Z=N=50 shell. 

Figure 4.12 gives the Geiger-Nuttall plots for logl0(Tln) vs Q"" for 'He, 8 ~ e ,  

12 C, 160, 2@Ne, 2 4 ~ g ,  2 8 ~ i  and 3 2 ~  emission from various Ba isotopes. These are found to 

be linear with different slopes and intercepts. The slope and intercept values for different 

clusters are given in Table 4.7. Using eqn (4.2), 1og10(T112) for 12c and 4 ~ e  emission from 

various Ba isotopes are calculated using different mass tables and compared with other 

models which are given in Tables 4.8 and 4.9. 

Fig 4.13 to 4.20 give the Geiger-Nuttall plots for loglo(Tllz) vs -1nP for 4 ~ e ,  'Be, 

24 
12c, 160, '(he, Mg, 2 8 ~ i  and 3 2 ~  emission from various Ba isotopes. These are also 

found to be linear with different slopes and intercepts. 



Table 4.5. Logarithm of predicted half life time and other characteristic of I2c and 4 ~ e  
emission from various Ba isotopes. Q values are taken from [88]. Table taken from [89]. 

Parent Emitted Daughter Q value Penetrability Decay Constant b3iJ%id 
nuclei cluster nuclei (MeV) P 2. Present CYEM ASAFM PCM 

[g71 [901 (911 

Masses are taken from " [92], [93], c [94], [95], [96], [97]. 



16 
Table 4.6. Logarithm of predicted half life time for the emission of clusters like 'Be, 0, 
2%e, 2 4 ~ g ,  2 8 ~ i  and 3 2 ~  h m  different Ba isotopes and comparison with other models. Q 
values are taken from [84,91]. Table taken from [98]. 

Parent Emitted Daughter Q value Penetrability Decay constant loglo(T112) 
nuclei cluster nuclei (MeV) P 1 Present PCM [9 l ]  ASAFM [84] 
------ ----- 

" 2 ~ a  'Be 
" 4 ~ a  
I6Ba 

I 18Ba 
12'Ba 
"2Ba 160 

I4Ba 



Table 4.7. Slope and intercept values of Geiger-Nuttall 
plots for different clusters from various Ba isotopes. 

Cluster Slope X Intercept Y 
........................................................... 
4 ~ e  91.62 -45.42 

Table 4.8. Logarithm of predicted half life time for 12c emission from various Ba 
isotopes using equation (4.2) and comparison with other models. Q values are taken from 
1881. Table taken from [89]. 

Parent Emitted Daughter Q value ~ ~ ~ I o ( T I I ~ )  
nuclei cluster nuclei (MeV) Present [S71 [90] [911 

Masses are taken from a [95], [96], ' [97]. 



Table 4.9. Logarithm of predicted half life time for 4 ~ e  emission from various Ba 
isotopes using equation (4.2) and comparison with other models. Q values are taken from 
[88]. Table taken from [89]. 

Parent EmittedDaughter Q value 2 l o ( T 1 / 2 )  
nuclei cluster nuclei (MeV) Present [S71 [90] [91] [99] 

3.35 4.64 4.43 4.00 
2.96 7.83 7.64 7.20 
2.60 11.39 11.23 10.60 
3.38 4.41 4.21 3.80 
4.90 -4.03 -4.28 -4.20 
2.78 9.53 9.35 8.70 
3.39 4.34 4.13 3.70 

" 7 ~ a  4 ~ e  l13xe 2.50 12.52 12.33 11.9 
" ' ~ a  4 ~ e  l14xe 1 .90f 2 1.05 18.59 

2.40 13.72 13.50 12.80 
l19Ba 4 ~ e  15xe 1.78 23.25 23.04 22.60 
120Ba 4 ~ e  16xe 1 .54f 28.41 26.17 

1.60 27.00 26.78 26.00 
............................................................................................................ 
Masses are taken from a [92], [93], C [94], [95], [96], [97]. 



Fig. 4.12 Geiger Nuttall plot for loglo(T VS Q-''~ for various clusters from 
different Ba isotopes. 

Fig. 4.13 Geiger Nuttall plot for 1 0 g ~ ~ ( T ~ / ~ )  VS -1nP for 4 ~ e  emission from 
various Ba isotopes. 



Fig. 4.14 Geiger Nuttall plot for 10g10(T1,2) VS -1nP for 8 ~ e  emission from 
various Ba isotopes. 

Fig. 4.15 Geiger Nuttall plot for 1 0 g ~ ~ ( T ~ ~ )  vs -1nP for 12c emission from 
various Ba isotopes. 



Fig. 4.16 Geiger Nuttall plot for loglo(Tl,2) vs -1nP for 160 emission from 
various Ba isotopes. 

Fig. 4.17 Geiger Nuttall plot for vs -1nP for 2 h e  emission from 
various Ba isotopes. 



Fig. 4.18 Geiger Nuttall plot for loglo(TIR) VS -1nP for ' 'M~  emission from 
various Ba isotopes. 

Fig. 4.19 Geiger Nuttall plot for logldTln) Vs -1nP for emission from 
various Ba isotopes. 



Fig. 4.20 Geiger Nuttall plot for loglo(Tln) Vs -1nP for "S emission from 
various Ba isotopes. 



4.2.1.3 Cerium isotopes 

Tables 4.10 and 4.1 1 give the logarithm of the predicted half life time and other 

characteristics for 4 ~ e  and 1 6 0  emission from 116-124~e isotopes using different mass 

tables and their comparison with other models. Our predicted values are below the 

present upper limit for measurements and these values lie close to those reported by 

CYEM [87]. It is found that 160 emission fiom '16ce (Q = 31.71 MeV, T,,, =1.30965x1o6 

S) and from l18ce (for Q = 29.94 MeV, T,,? =2.71757x109 s and for Q = 29.97 MeV, 

T,,, =2.33921x109 S) are the most favourable cases for measurements. Out of this 1 6 0  

emission from l16ce has the lowest T,,, value, which stresses the role of doubly magic 

'OOsn daughter. For 1 6 0  decay from l18ce the daughter is ' ! i ~ n , ~  which lies close to the 

doubly magic Z = N = 50 shell. Table 4.12 gives the predicted half life time and other 

characteristics for * ~ e ,  12c, 2%e, 2 2 ~ e ,  2 4 ~ g ,  2 6 ~ g  and 2 8 ~ i  emission from various Ce 

isotopes. Most of them are favourable for measurements. Here I2c from l16ce 

(for Q = 21 .l7 MeV, T,,, =9.94412x106 S) is the most favourable one for measurements 

since its daughter is  ET^,, which lies close to the doubly magic N = Z = 50 shell. 

Figure 4.21 gives the Geiger-Nuttall plot for loglo(Tln) vs Q-'" for different 

clusters from various Ce isotopes. These plots are also found to be linear with different 

slopes and intercepts. The slope and intercepts values for different clusters are given in 

Table 4.13. From the observed variation in slopes and intercepts of the Geiger-Nuttall 



plots with proton number (Z2) of the emitted cluster, we arrived at a general equation for 

the half life time which is applicable for all clusters from various Ce isotopes. The 

equation is 

where 

X(2,) = -0.397122: + 9.045742; + 36.323 112, - 10.14493 (4.4) 

Y(Z2) = 0.028722; - 0.283 152; - 10.200022,. - 24.9127 (4.5) 

Using the above equations, we have calculated the half lifetime for all possible 

clusters from various Ce isotopes and are given in Table 4.12 as Cal 11. 

Figures 4.22 to 4.28 give the Geiger-Nuttall plots for 1 0 g ~ ~ ( T ~ ~ )  vs -1nP for 4 ~ e ,  

' ~ e ,  12c, 160, 2%e, 2 4 ~ g  and 2 8 ~ i  emission from various Ce isotopes. These are also 

found to be linear. 

When the half life times for different clusters from l16ce are compared with that 

from other heavier Ce isotopes up to ' 2 4 ~ e ,  the \ialues are found to increase. 

116 For example the loglo(Tln) value for 160 emission increases from 6.12 S (for Ce, 

Q = 31.7 1MeV) to 27.65 S (for 1 2 4 ~ e ,  Q = 22.59 MeV) . All these cases refer to the 

doubly magic or near doubly magic Sn nuclei. From this it is clear that the presence of 

the neutron excess in the parent nuclei will slow down the exotic decay process. 



When the emission of 2 2 ~ e  and '%e from the same parent (either IZ2ce or 1 2 4 ~ e )  

are compared, it is found that 2%e has lowest I;,, value. Also when emission of 2 6 ~ g  

and " ~ g  from the same parent (either '"ce or ' "~e)  are compared it is found that 2 4 ~ g  

has the lowest T,,, value. This points to the fact that clusters with N = Z are most 

probable for decay [l 001. 



Table 4.10. Logarithm of predicted half life time and other characteristic of 4 ~ e  
emission fiom various Ce isotopes. Q values are taken from [88]. Table taken from [loo]. 

Parent Emitted Daughter Q value Penetrability Decay Constant ~ o ~ ~ Q ~ I L Q  
nuclei cluster nuclei (MeV) P ' Present CYEM ASAFM PCM 

[g71 [901 [a61 

a Q values are taken fiom Ref [86]. 



Table 4.11. Logarithm of predicted half life time and other characteristic of 160 emission 
from various Ce isotopes. Q values are taken from [B]. Table taken from [loo]. 

Parent Emitted Daughter Q value Penetrability Decay Constant I O ~ B G L L  
nuclei cluster nuclei (MeV) P A Present CYEM ASAFM PCM 

v 7 1  1901 l861 

a Q values are taken from Ref [86]. 



Table 4.12. Logarithm of predicted half life time and other characteristic for ' ~ e ,  "C, 
2 %e, 2 2 ~ e ,  2 4 ~ g ,  2 6 ~ g ,  and 2 8 ~ i  emission from various Ce isotopes and comparison with 
PCM. Q values are taken from [86]. Table taken from [loo]. 

Parent Emitted Daughter Q value Penetrability Decay log~o(Tl/z) 
nuclei cluster nuclei (Mew P constant Present Present PCM 

Cal I Cal I1 [86] 



Table 4.13. Slope and intercept values of Geiger-Nuttall 
plots for different clusters from various Ce isotopes. 

Emitted Slope Intercept 
cluster X Y 



Fig. 4.21 Geiger Nuttall plot for loglo(T Vs Q-'" for various clusters from 
different Ce isotopes. 

Fig. 4.22 Geiger Nuttall plot for loglo(Tl12) vs -1nP for 4 ~ e  emission from 
various Ce isotopes. 



Fig. 4.23 Geiger Nuttall plot for loglo(Tln) vs -1nP for ' ~ e  emission from 
various Ce isotopes. 

Fig. 4.24 Geiger Nuttall plot for loglo(Tln) vs -1nP for I2c emission from 
various Ce isotopes. 



Fig. 4.25 Geiger Nuttall plot for loglo(TID) vs -1nP for 160 emission from 
various Ce isotopes. 

Fig. 4.26 Geiger Nuttall plot for loglo(Tln) vs -1nP for 2 0 ~ e  emission from 
various Ce isotopes. 



Fig. 4.27 Geiger Nuttall plot for loglo(Tln) Vs -1nP for 2 4 ~ g  emission fiom 
various Ce isotopes. 

Fig. 4.28 Geiger Nuttall plot for Vs -1nP for 2 8 ~ i  emission fiom 
various Ce isotopes. 



4.2.1.4 Neodymium isotopes 

Tables 4.14 to 4.19 give the logarithm of predicted half life time for the 

4 8 12 emission of He, Be, C, 160, 2 0 ~ e ,  2 4 ~ g ,  2 8 ~ i  and 2 9 ~ i  clusters from 120-128~d 

isotopes using different mass tables and their comparison with other models. The half 

life time predicted for 12c, 160, '%e, 2 4 ~ g ,  "si and "si from various Nd isotopes 

30 are below the present upper limit for measurements (TlI2 <l0 S). It is to be noted 

that 160 and 2%e emissions from 120Nd have the smallest half life values 

(Tln < 10" S). The 160 emission fmm lZONd refers to the near doubly magic ':;~e,? 

with N = Z = 52 but 2 0 ~ e  from 12%d refers to the doubly magic 'OOsn daughter. This 

points to the role of doubly magic 'O0sn daughter in exotic decay processes. 

Figures 4.29 to 4.35 give the Geiger-Nuttall plots of predicted loglo(TlI2) vs 

Q - ~ ' ~  for ' ~ e ,  ' ~ e ,  12c, 160. 2%e, 2 4 ~ g  and 2 8 ~ i  fiom various Nd isotopes. We 

notice that the Geiger-Nuttall plots for all clusters are linear with different slope and 

intercepts. The values of slope X and intercept Y for different clusters are given in 

Table 4.20. 

Figures 4.36 to 4.42 give the Geiger-Nuttall plot of predicted 

24 IoglO(TIR) VS -1nP for ' ~ e ,  ' ~ e ,  12c, 160, 2 0 ~ e ,  Mg and " ~ i  h r n  various Nd 

isotopes. These plots are also found to be linear. 



When decay of '%e fiom ' " ~ d  is compared with that fiom heavier isotopes 

up to "6Nd it is found that l ~ g ~ ~ ( T ~ / ~ )  value increases from 14.13 S (for "%d, 

Q = 39.41 MeV) to 30.63 S (for I26Nd, Q = 3 1.72 MeV). All these cases refer to the 

doubly magic or near doubly magic daughter Sn nuclei. This point to the fact that the 

neutron excesses in the parent nuclei slows down the exotic decay process. 



Table 4.14. Logarithm o f  predicted half life time and other characteristics o f  4 ~ e  
emission fiom various Nd isotopes and comparison with other models. Q values are 
taken fiom [84,85]. 

Parent Emitted Daughter Q value Penetrability Decay Constant loglo(Tln) 
nuclei cluster nuclei (MeV) P /2 Present CYEM ASAFM PCM 

l871 C841 P61 
..................................................................................................... 
I2%d 4 ~ e  Il6ce 3.03a 2.7218E-3 l 3.7889E-l l 10.26 6.69 
I2lNd 4 ~ e  117 Ce 1.77 1.1399E-48 9.2696E-29 27.87 27.10 
1 2 2 ~ d  4 ~ e  'I8ce 2.55 2.6815E-36 3.1415E-16 15.34 15.15 14.30 

1.74 2.9086E-49 2.3252E-29 28.47 28.1 7 27.10 
2.53 1.5324E-36 1.7812E-16 15.59 15.39 14.60 
2.32 2.8012E-39 2.9857E-19 18.36 18.14 17.30 
2.95a 5.7269E-32 7.7618E-12 10.95 7.56 

1 2 3 ~ d  4 ~ e  119 Ce 3.10 1.5906E-30 2.2653E-10 9.49 9.36 9.30 
2.21 7.9415E-41 , 8.0633E-21 19.93 19.71 19.60 
1.69 2.564 1E-50 1.9909E-30 29.54 29.24 28.90 
2.19 3.9679E-41 3.9923E-21 20.24 20.01 19.70 
2.01 4.8703E-44 4.4975E-24 23.19 22.93 22.80 
2.64 3.3693E-35 4.0866E-15 14.23 14.05 13.90 

120 
2.72 2.6588E-34 3.3226E-14 13.32 12.90 

1 2 4 ~ d  4 ~ e  Ce 2.81a 2.6692E-33 3.4459E-13 12.30 8.71 
2.93 4.3766E-32 5.8914E-12 1 1.07 10.30 
1.95 4.6443E-45 4.1608E-25 24.22 23.10 
1.70 4.6682E-50 3.6460E-30 29.28 28.10 
2.19 4.333 1E-41 4.3598E-21 20.20 19.20 
1.83 2.4871E-47 2.0910E-27 26.52 25.40 
2.8 1 2.6692E-33 3.4459E-13 12.30 1 1.60 

1 2 5 ~ d  4 ~ e  ''Ice 2.90 2.4077E-32 3.2079E-12 1 1.33 11.20 1 1.10 
1.88 2.5402E-46 2.1939E-26 25.50 25.24 25.20 
1.90 6.070 1E-46 5.2987E-26 25.17 24.86 24.80 
3.58 1.1085E-26 1.8232E-6 5.56 5.39 5.40 
2.60 1.3772E-35 1.645 1E-15 14.62 14.46 14.50 
2.66 6.7779E-35 8.2832E-15 13.92 13.70 

I2%d 4 ~ e  1 2 2 ~ e  2.85 8.1778E-33 1.0708E- 12 1 1.8 1 11.30 
1.79 4.5676E-48 3.7563E-28 27.27 26.40 
1.93 2.3704E-45 2.101 8E-25 24.52 23.70 
3.36 3.3509E-28 5.1728E-08 7.12 6.70 
2.46 2.901 1E-37 3.2788E-17 16.33 15.50 
2.54 2.8724E-36 3.35 19E-16 15.32 14.60 

1 2 7 ~ d  4 ~ e  1 2 3 ~ e  2.82 4.3437B-33 5.6277E-13 12.09 12.10 
3.18 1.1396E-29 1.6649E-09 8.62 8.70 

1 2 8 ~ d  4 ~ e  1 2 4 ~ e  2.76 1.0903E-33 1.3825E-13 12.70 12.10 
3.68 6.7558E-26 1.1422E-05 4.78 4.30 

a Q values are taken from [86]. 



Table 4.15. Logarithm of predicted half life time and other characteristics of ' ~ e  and 
12 C emission from various Nd isotopes and comparison with other models. Q values 
are taken from [84,85]. 

Parent Emitted Daughter Q value Penetrability Decay Constant ~0~~~~~ 

nuclei cluster nuclei (MeV) P A. Present ASAFM PCM 
P41 1861 

a Q values are taken from [86]. 



Table 4.16. Logarithm of predicted half life time and other characteristics of 160 
emission from various Nd isotopes and comparison with other models. Q values are 
taken from [84,85]. 

Parent Emitted Daughter Q value Penetrability Decay Constant l0gL,o~n) 
nuclei cluster nuclei (MeV) P ,I Present CYEM ASAFM PCM 

[g71 [g41 [g61 

a Q values are taken from [86]. 



Table 4.17. Logarithm of predicted half life time and other characteristics of ' w e  
emission fiom various Nd isotopes and comparison with other models. Q values are 
taken fiom [84,85]. 
.................................................................................................. 
Parent Emitted Daughter Q value Penetrability Decay Constant 10 

nuclei cluster nuclei (MeV) P 2 PCM 
P41 L861 

.................................................................................................... 
I2%d '%e ' ' O S ~  39.41a 4.8049E-36 5.1342E-15 14.13 17.04 

--- - - ----- ------ -------------------- 

a Q values are taken fiom [86]. 



Table 4.18. Logarithm of predicted half life time and other characteristics of 2 4 ~ g  

emission from various Nd isotopes and comparison with other models. Q values are 
taken from [84,85]. 

Parent Emitted Daughter Q value Penetrability Decay Constant ~~glou'd- 
nuclei cluster nuclei (MeV) P A Present ASAFM PCM 

1841 P61 

a Q values are taken from [86]. 



Table 4.19. Logarithm of predicted half life time and other characteristics of 2 8 ~ i  and 
2 9 ~ i  emission from various Nd isotopes and comparison with other models. Q values 
are taken from [84,85]. 
................................ - 

Parent Emitted Daughter Q value Penetrability Decay Constant IO&~.I&- 
nuclei cluster nuclei (MeV) P 2 Present CYEM ASAFM PCM 

[87l 1841 L861 

a Q values are taken from [86]. 



Fig. 4.29 Geiger Nuttall plot for loglo(T in) Vs for 'H, emission from 
various Nd isotopes. 

Fig. 4.30 Geiger Nuttall plot for loglo(T Vs Q-''* for ' ~ e  emission from 
various Nd isotopes. 



Fig. 4.31 Geiger Nuttall plot for loglo(T in) Vs for 12c emission from 
various Nd isotopes. 

Fig. 4.32 Geiger Nuttall plot for loglo(T Vs for 160 emission from 
various Nd isotopes. 



Fig. 4.33 Geiger Nuttall plot for loglo(T In) Vs Q-'" for ' b e  emission from 
various Nd isotopes. 

Fig. 4.34 Geiger Nuttall plot for loglo(T In) Vs Q - ' ~  for 2 4 ~ g  emission from 
various Nd isotopes. 



Fig. 4.35 Geiger Nuttall plot for loglo(T vs Q-'" for 2 8 ~ i  emission from 
various Nd isotopes. 

Fig. 4.36 Geiger Nuttall plot for VS -1nP for ' ~ e  emission from 
various Nd isotopes. 



Fig. 4.37 Geiger Nuttall plot for loglO(Tla) vs -1nP for ' ~ e  emission from 
various Nd isotopes. 

Fig. 4.38 Geiger Nuttall plot for 1og10(T112) VS -1nP for emission from 
various Nd isotopes. 



Fig. 4.39 Geiger Nuttall plot for loglo(TlD) vs -1nP for 160 emission fiom 
various Nd isotopes. 

Fig. 4.40 Geiger Nuttall plot for loglo(Tln) vs -1nP for 2@Ne emission from 
various Nd isotopes. 



Fig. 4.41 Geiger Nuttall plot for loglo(Tliz) vs -1nP for 2 4 ~ g  emission fiom 
various Nd isotopes. 

Fig. 4.42 Geiger Nuttall plot for loglO(Tln) vs -1nP for 2 8 ~ i  emission from 
various Nd isotopes. 



Table 4.20. Slope and intercept values of Geiger-Nuttall plots for 
different clusters emitted fiom various Nd isotopes. 

Emitted cluster Intercept Y Slope X 
........................................................................... 
4 ~ e  - 47.23 12 99.7807 



4.2.1.5 Samarium isotopes 

8 
Tables 4.21 to 4.24 give the logarithm of predicted half life time for ' ~ e ,  Be, 

12 C, 160, " ~ e ,  "Mg, 2 8 ~ i ,  2 9 ~ i  and "S clusters from 124-'32~m isotopes using 

different mass tables and their comparison with other models. It is found that most of 

the predicted half life time values are below the present upper limit for measurements 

(Tltz <103's). It is found that our values lie close to those values reported by ASAFM 

[84]. It is also seen that 2 4 ~ g  emission from I2'srn and '*Si emission from " O S ~  are 

the most favourable ones for measurements with the smallest half life values 

(Tl12 4 10"s). The lowest Tl12 value for 2 4 ~ g  emission from "'Sm stresses the role 

of doubly magic 'O0sn daughter in exotic decay process and in the case of 2 8 ~ i  from 

130sm, the daughter is ' : ; ~ d , ,  which lies close to N = Z = 50 shell. 

When decay of 2 4 ~ g  from 1 2 4 ~ m  is compared with that from heavier isotopes 

130 124 up to Sm it is found that 1 0 g ~ ~ ( T ~ , ~ )  value increases from 17.19 S (for Sm, 

Q = 49.70 MeV) to 29.1 1 S (for 130sm, Q = 43.14 MeV). All these cases refer to the 

doubly magic or near doubly magic daughter Sn nuclei. This point to the fact that the 

neutron excesses in the parent nuclei slows down the exotic decay process. 

Figure 4.43 gives the Geiger-Nuttall plots of predicted l ~ g ~ ~ ( T ~ , ~ )  vs Q - ' ~  for 

28 4 ~ e ,  'I3e7 12c, 160, 2 0 ~ e ,  2 4 ~ g  and Si from various Sm isotopes. We notice that the 

Geiger-Nuttall plots for all clusters are linear with different slopes and intercepts. The 

values of slope X and intercept Y for different clusters are given in Table 4.25. 



Figures 4.44 to 4.52 give the Geiger-Nuttall plot of predicted 

24 I o ~ ~ ~ ( T ~ ~ ~ )  VS -1nP for 4 ~ e ,  8 ~ e ,  12c, 160, 2 0 ~ e ,  Mg, 2 8 ~ i ,  2 9 ~ i  and 3 2 ~ i  from 

various Sm isotopes. These plots are also found to be linear. 



Table 4.21. Logarithm of predicted half life time and other characteristic o f  4 ~ e  and 
8 ~ e  emission from various Sm isotopes. Q values are taken from [84]. 

Parent Emitted Daughter Q value Penetrability Decay Constant loglofl1~1 
nuclei cluster nuclei (MeV) P A Present CYEM ASAFM PCM 

[87l [S41 P61 

....................................................................................................... 
a Q values are taken from 1861. 



Table 4.22. Logarithm of predicted half life time and other characteristic of I2c, 160, 
2%e and 2 4 ~ g  emission from various Sm isotopes. Q values are taken from [84]. 

Parent Emitted Daughter Q value Penetrability Decay Constant l o g , ~ f l m L ,  
nuclei cluster nuclei (MeV) P A Present ASAFM PCM 

1841 1861 

" Q values are taken from [86]. 



Table 4.23. Logarithm of predicted half life time and other characteristic of and 
2 9 ~ i  emission fiom various Srn isotopes. Q values are taken fiom [84,85,86]. 

Parent Emitted Daughter Q value Penetrability Decay Constant A l o ( T l n )  
nuclei cluster nuclei (MeV) P A Present CYEM ASAFM PCM 

1871 [S41 P61 



Table 4.24. Logarithm of predicted half life time and other characteristic of 3 2 ~  

emission from various Sm isotopes. Q values are taken from [84,85]. 

Parent Emitted Daughter Q value Penetrability Decay Constant - 
nuclei cluster nuclei (MeV) P A Present ASAFM 

[84,851 

Table 4.25. Slope and intercept values of Geiger-Nuttall plots for 
different clusters emitted fiom various Sm isotopes. 

Emitted cluster Intercept Y Slope X 



Fig. 4.43 Geiger Nuttall plot for loglo(T Vs Q - ' ~  for various clusters from 
different Sm isotopes. 

Fig. 4.44 Geiger Nuttall plot for loglo(Tln) vs -1nP for ' ~ e  emission from 
various Sm isotopes. 



Fig. 4.45 Geiger Nuttall plot for loglO(TIR) VS -1nP for * ~ e  emission from 
various Sm isotopes. 

Fig. 4.46 Geiger Nuttall plot for loglO(TIR) VS -1nP for 12c emission from 
various Sm isotopes. 



Fig. 4.47 Geiger Nuttall plot for 1 0 g ~ ~ ( T ~ , ~ )  VS -1nP for 160 emission from 
various Sm isotopes. 

Fig. 4.48 Geiger Nuttall plot for loglo(Tln) vs -1nP for 2q\Te emission from 
various Sm isotopes. 



Fig. 4.49 Geiger Nuttall plot for loglo(Tln) vs -1nP for 2 4 ~ g  emission from 
various Sm isotopes. 

Fig. 4.50 Geiger Nuttall plot for loglo(Tln) vs -1nP for 2 8 ~ i  emission from 
various Sm isotopes. 



Fig. 4.51 Geiger Nuttall plot for loglo(Tln) vs -1nP emission for 2 9 ~ i  from 
various Xe isotopes. 

Fig. 4.52 Geiger Nuttall plot for loglo(Tln) Vs -1nP emission for 3 2 ~  from 
various Xe isotopes. 



4.2.1.6 Gadolinium isotopes 

Tables 4.26 and 4.27 give the logarithm of predicted half life time for 4 ~ e ,  

'Be, I2c, 160, 2 0 ~ e ,  2 4 ~ g ,  2 8 ~ i ,  2 9 ~ i  and 3 2 ~  clusters from 128-137 Gd isotopes using 

different mass tables and their comparison with other models. It is found that most of 

30 the values are below the present upper limit for measurements (TlI2 <l0 S) and our 

values lie close to those values reported by ASAFM (841. It is found that 2 8 ~ i  

emission fiom I2'Gd and I3OGd are most favourable for measurements with the 

28 smallest half life values (Tin 5 1 0 ' ~  S). The lowest TlI2 value for Si emission from 

12'Gd indicates the role of doubly magic lWSn daughter in exotic decay process and in 

the case of '*Si from l3O~d, the daughter is ' tSn , ,  which lie close to N = Z = 50 shell. 

When decay of 2 8 ~ i  h m  1 2 8 ~ d  is compared with that from heavier isotopes up 

to 13%d it is found that loglO(TlR) value increases fiom 15.12 S (for ' 2 8 ~ d ,  Q = 63.03 

MeV) to 28.62 S (for ' 3 6 ~ d ,  Q = 54.50 MeV). All these cases refer to the doubly 

magic or near doubly magic daughter Sn nuclei. This point to the fact that the neutron 

excesses in the parent nuclei slows down the exotic decay process. 

Figure 4.53 gives the Geiger-Nuttall plots of predicted loglo(Tln) vs Q-'" for 

4 
He, 'Be, I2c, 160, 2 0 ~ e ,  2 4 ~ g  and 2 8 ~ i  from various Gd isotopes. We notice that the 

Geiger-Nuttall plots for all clusters are linear with different slope and intercepts. The 

values of slope X and intercept Y for different clusters are given in Table 4.28. 



Figures 4.54 to 4.62 give the Geiger-Nuttall plot of predicted 

24 29 
loglo(Tln) vs -1nP for ' ~ e ,  ' ~ e ,  12c, 160, 2 0 ~ e ,  Mg, " ~ i ,  Si and j2s 

from various Gd isotopes. These plots are also found to be linear. 



Table 4.26. Logarithm of predicted half life time and other characteristic of 4 ~ e ,  ' ~ e ,  
I2 C and 160 emission from various Gd isotopes. Q values are taken from [84]. 

Parent Emitted Daughter Q value Penetrability Decay Constant lo&dT112> 
nuclei cluster nuclei (MeV) P A Present ASAFM PCM 

1841 [g61 

..................................................................................................... 
a Q values are taken from [86]. 



Table 4.27. Logarithm of  predicted half life time and other characteristic of  2 0 ~ e ,  
2 4 ~ g ,  2 8 ~ i ,  2 9 ~ i  and 3 2 ~  emission from various Gd isotopes. Q values are taken from 

Parent Emitted Daughter Q value Penetrability Decay Constant ~ O ~ I O U  1/21 

nuclei cluster nuclei (MeV) P A Present ASAFM PCM 

W1 W61 

....................................................................................................... 
" Q values are taken from [86]. 



Fig. 4.53 Geiger Nuttall plot for loglo(T ,l2) Vs Q-'" for various clusters from 
different Gd isotopes. 

Fig. 4.54 Geiger Nuttall plot for loglo(Tln) vs -1nP for ' ~ e  emission from 
various Gd isotopes. 



Fig. 4.55 Geiger Nuttall plot for loglo(Tln) vs -1nP for * ~ e  emission from 
various Gd isotopes. 

Fig. 4.56 Geiger Nuttall plot for loglO(TITIR) VS -1nP for 12c emission fiom 
various Gd isotopes. 



Fig. 4.57 Geiger Nuttall plot for VS -1nP for 160 emission from 
various Gd isotopes. 

Fig. 4.58 Geiger Nuttall plot for loglo(Tln) vs -1nP for 2%e emission from 
various Gd isotopes. 



Fig. 4.59 Geiger Nuttall plot for loglo(Tln) vs -1nP for 2 4 ~ g  emission from 
various Gd isotopes. 

Fig. 4.60 Geiger Nuttall plot for loglo(Tln) vs -1nP for " ~ i  emission from 
various Gd isotopes. 



Fig. 4.61 Geiger Nuttall plot for VS -1nP for 2 9 ~ i  emission from 
various Gd isotopes. 

Fig. 4.62 Geiger Nuttall plot for VS -1nP for 3 2 ~  emission from 
various Gd isotopes. 



Table 4.28. Slope and intercept values of Geiger-Nuttall plots for 
different clusters emitted from various Gd isotopes. 
.......................................................................... 
Emitted cluster Intercept Y Slope X 



4.2.1.7 Conclusion 

From the observed nature of Geiger-Nuttall plots for all clusters ranging from 

4 He to 3 2 ~  emitted from various Ba to Gd parents, it is found that inclusion of 

proximity potential will not produce significant deviation to the linear nature of these 

plots. Nuclear structure effects (presence of nuclear proximity potential) and shell 

effects (through Q value) are evident from the observed variation in slopes and 

intercepts of Geiger-Nuttall plot for different clusters [89,98,100]. 



4.2.2 Decay leading to 13"n 

In order to examine the role of doubly magic 1 3 2 ~ n  in exotic decay process, the 

exotic decay of 144-152~a, 148-156 Ce, 160-168 Gd parents emitting 152-1Wd, 156-164 Sm and 

clusters ranging fiom 4 ~ e  to 3 2 ~ i  are studied. The Q value estimates show that these 

parents are stable against 4 ~ e ,  'Be and I0Be emissions (Q < 0). For 4 ~ e  emission 

144,146 148,150Ce, 152Nd, 156,158 
Ba, Sm, 162y1M*166~d isotopes have positive Q value but T,, , 

values show that these nuclei are stable against ' ~ e  decay (T,,, > 10'~s). Figures 4.63 to 

4.67 represent the plots for VS A, the mass of the parent nuclei, for various 

clusters from neutron rich Ba, Ce, Nd, Sm and Gd parents respectively. From these plots 

it is clear that the decays of "C from '"Ba, 200 fiom 1 5 2 ~ e ,  2 4 ~ e  from ''?id, 2 8 ~ g  from 

160Sm and 3 2 ~ i  from l M ~ d  have the lowest T,,, value compared with the decay from 

neighbouring ones. All these decays lead to doubly magic l3'sn daughter. Table 4.29 

gives the logarithm of the predicted half life time and other characteristics of neutron rich 

parents which decay to 1 3 2 ~ n  daughter and Table 4.30 gives that for parents which decay 

to the doubly magic 'O0sn daughter. 

When results of Table 4.29 are compared with that of Table 4.30 it is found that 

carbon emission from l M ~ a  and '"Ba have the largest T,,,values than that from '12Ba. 

Here both the cases refer to doubly magic 1 3 2 ~ n  and lo0sn daughter respectively. Same is 

the case for oxygen emission from Ce isotopes, Ne emission from Nd isotopes, Mg 



emission from Sm isotopes and Si emission fiom Gd isotopes. It is evident that the decay 

leading to ' "~n  is most probable for measurements (T,,? < 10~'s) .  The neutron proton 

asymmetry in parent and daughter nuclei is responsible for the reduced decay rate in the 

case of decays leading to '32~n.  The preference of non alpha like structure in decays 

leading to 13*sn and alpha like structure in the decays leading to 'OOsn point out the 

importance of asymmetry and symmetry of proton neutron in the two cases. 



Fig. 4.63 Plot for l~g~,(T,,~) Vs A for various clusters from 144-1 54 
Ba isotopes. 



Fig. 4.64 Plot for 10g,,(T,,~) Vs A for various clusters from 148-156 Ce isotopes. 



- - 
152-160 

Fig. 4.65 Plot for l~g,,(T,,~) Vs A for various clusters from Nd isotopes. 



156 158 160 162 1 64 166 
A 

1 56-1 64 
Fig. 4.66 Plot for logl,(Tl,,) Vs A for various clusters from Sm isotopes. 



A 
160-168 

Fig. 4.67 Plot for loglo(Tl,,) Vs A for various clusters from Gd isotopes. 



Table 4.29. Logarithm of predicted half life time and other characteristics of parent 
nuclei which decays to 1 3 2 ~ n  daughter. For Q value masses are taken from [93,95,101]. 
Table taken from [l 021. 

Parent Emitted Q value Penetrability Decay constant loglo(T~n) 
nuclei cluster (MeV) P h Present 



Table 4.30. Logarithm of predicted half life time and other characteristics of parents 
which decays to loOsn and comparison with PCM [86,9 l]. Table taken from [l 031. 
............................................................................................................ 
Parent Emitted Q value Penetrability Decay constant log I o(Tln) 
nuclei cluster (MeV) P h Present PCM 



THEORETICAL STUDIES OF NUCLEAR STRUCTURE 
IN VIEW OF EXOTIC NUCLEAR DECAYS 

Thesis submitted to the University of  Calicut 
in partial fulfilment of the requirements 

for the Degree of 

DOCTOR OF PHILOSOPHY 

IN PHYSICS 

BY 

K.P. SANTHOSH 

DEPARTMENT OF PHYSICS 
UNIVERSITY OF CALICUT 



CHAPTER 5 

EFFECT OF DEFORMATION 

Exotic decay of various parents emitting different clusters, which we have so far 

studied are treating parents and fragments as spheres. In this chapter an improved model 

is given incorporating ground state deformation of both parent and daughter. We studied 

the effect of deformation of parent and daughter on half life time treating emitted cluster 

as spherical. 

5.l.Details of the model 

Here the emitted cluster is assumed to be spherical but the parent and daughter 

nuclei may have axially symmetric deformation. The potential energy barrier will depend 

on the polar angle 6' between the axis of symmetry of the parent or daughter and the 

direction of the emitted cluster. 

If the nuclei have spheroidal shape, the radius vector R,($) making an angle 0 

with the axis of symmetry locating sharp surface of deformed nuclei is given by [23] 

If we consider spheroidal deformation P2  then 



and if Nilssion hexadecapole deformation pq is a l k  included in the deformation then 

equation (5.2) becomes 

The central Siissmann radius vector C,(@) specifying the parent and daughter 

surfaces related to R, (8) as [28] 

1 
C,(@) = R,(@) --kb2 

2 (5.4) 

where k is the total curvature of the surface at the point in consideration and b -1 is the 

width (diffuseness) of the nuclear surface. 

b 
The Siissmann central radius C, of emitted cluster is C, = R, - - 

R2 

The Coulomb potential between the spherical emitted cluster and the spheroidal 

daughter nucleus is given by V, = 
z,z2e2 . Here Z,and Z2 are the atomic numbers of 

r 

the daughter and the emitted cluster and r = z + C, (8) + C,, is the distance benveen the 

fragment centers. The proximity potential V,, now becomes, as given by [26] 

V,, (z) = 4nfi 
Cl (8) + c2 



With these modifications, we have calculated the barrier penetrability and half life 

time using equations 2.87 and 2.88 

5.2 Effect of deformation on half life time 

We studied the effect of deformation of parent and daughter on half life time 

treating emitted cluster as spherical. The deformation parameters P, and P, are taken 

from [104]. In Table 5.1, (a) gives half life time without considering deformation, (b) 

gives the values when considering both parent and daughter deformation, (c) gives those 

when daughter deformation alone is considered and (d) gives the half life time when 

parent deformation alone is considered. 

Figures 5.1 and 5.2 give the plot for logarithm of ratio of experimental branching 

ratio to calculated (theoretical) branching ratio, log,, (B, l B,) vs A, mass number of 

14 the parent for C emission and 2 4 ~ e  emission respectively. Here (a) represents plot for 

the case without considering deformation, (b) for the case of parent and daughter 

deformation, (c) for the case of daughter deformation and (d) for the case of parent 

deformation respectively. The experimental half life time for respective alpha decay 

T,:? are taken from [65]. 



5.3 Results and discussion 

When deformation effects are included, half life time value is found to decrease 

slightly. When logarithm of predicted half life time obtained treating parent and 

fragments as spherical are compared ~ i t h  that for deformed parent and daughter it is 

found that deviation (change) in half life time value increases with increase in mass of the 

parent and also with increase in mass of the cluster. When deformation of parent alone is 

taken there is appreciably no deviation in half life time value. This is because parent 

deformation affects relatively small pre scission part of the barrier but it will not affect 

the barrier corresponding to separated fragments. In asymmetric disintegration most of 

the barrier corresponding to separated fragments. 



Table 5.1. Comparison of calculated values of logarithm of half life time for the case 
with out deformation (a), with parent and daughter deformation (b), with daughter 
deformation (c), with parent deformation (d), with experimental values. 

Deformation log 10 ( TIIZ 
Parent Daughter Emitted Q value Parent daughter -------------------------------------------------- 
nuclei nuclei cluster (MeV) P2 P4 0 2  (a) (b) (c) (d) Expt. 



Fig. 5.1 plot of l o g l O ( ~ E X / ~ T H )  VS A for 14c emission from various parents. 

Fig. 5.2 Plot of I o ~ ~ ~ ( B ~ ~ / B ~ ~ )  VS A for 2 4 ~ e  emission from various parents. 
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CHAPTER 6 

FINE STRUCTURE 

Greiner and Schied [38] in 1986 anticipated the fine structure (decay to excited 

states of daughter) in exotic decay and Brillard et a1 [55] in 1989 observed this 

phenomenon experimentally in the ''C emission from '"~a.  This phenomenon is rather 

similar to the fine structure of a decay observed by Rosenblum [105]. 

The measurements done by Brillard et a1 [55], Hussonnois et a1 [56] and by 

14 Hourani et a1 [69] revealed a fine structure spectrum involving an intense C branch to 

209 an excited state of Pb daughter. The low hindrance factor (HF) values deduced for the 

first *09pb excited state is due to the existence of common shell model configuration 

describing the odd neutron in both parent and daughter nuclei. In a recent experiment, 

with maximum resolution of "C ion [9O KeV full width at half maximum (FWHM)] and 

with no alpha particle background done in l995 by Hourani et a1 [68], a total number of 

14 899 C events were recorded, 130 events for transition to ground state of 2 0 9 ~ b ,  768 

events leading to lSt excited state and a solitary event at the location of 4th excited state. 

No event was detected at the location of 2"d and 3rd excited states. The relative intensities 

of transition to ground state and IS' excited state are 18% and 82% respectively. The 

decay scheme for I4c fine structure from 2 2 3 ~ a  is shown in Fig 6.1 



Fig. 6.1. 14c Decay scheme for 2 2 3 ~ a  



6.1 Hindrance Factor 

There are different definitions for Hindrance factor (HF), some of them are 

related to model dependent parameter (eg. reduced width) [68,106,107] In analogy to the 

barrier penetration theory of alpha decay, all transitions other than ground state to ground 

state transition of even-even nuclei are observed to be slower than the theoretical 

predictions and are said to be hindered. This odd-even effect of parent nuclei is denoted 

by a quantity called hindrance factor (HF), simply a ratio between calculated (theoretical) 

and measured decay constant or ratio between experimental half life time and theoretical 

half life time [72]. Conventionally a transition is favoured if hindrance factor is low close 

to 1 and is hindered if it is greater than 5. 

R c o ,  TSTt HF= -=- 

R,, T: 

For fine structure studies we included centrifugal term V, = 
ti2e(e + 1) 

in the 
2 p r 2  

interacting potential barrier. The angular momentum l is determined from the spin and 

parity conservation 

I Jf-  Ji I L t I: Jf + Ji (6.2) 

z,x,f(-l)e = 1 (6.3) 



6.2 14c fine structure in 2 2 3 ~ a  isotope 

Table 6.1 gives calculated logarithm of half life time and hindrance factor for "C 

transition from 2 2 3 ~ a  ( g . ~  312') to various excited states of 209~b .  Here effective Q value 

is Qef = Q - E*, where E' is the excitation energy and J" represent the spin and parity. 

Experimental half life time values are taken from Hourani et a1 C681 

6.3 Fine structure in the exotic decay of other isotopes 

Logarithm of half life time and other characteristics for "C fine structure from 

2 2 1 ~ r ,  2 2 5 ~ ~  are given in Table 6.2 and Table 6.3 respectively. Tables 6.4 and 6.5 show 

2 4 ~ e  fine structure from 2 3 1 ~ a ,  2 3 3 ~  respectively. 



Table 6.1. Logarithm of half life time and Hindrance factor for "C transition from 2 2 3 ~ a  
(g.s 312') to various excited states of '09pb. Table taken from Ref [l081 

E* J" Q t Penetrability Decay constant 1 0 g ~ ~ ( T ~ / ~ )  Hindrance 

( M W  ( M W  P i. Present Expt. factor 



Table 6.2. Logarithm of half life time and other characteristics of 14c transition from 
22 1 

Fr (g.s 512- ) to various excited states of 207~ l .  ['?' symbol shows one of the two spins 
is unknown]. 

E* J" Qeff t Penetrability Decay constant loglo(T112) 

(MeV) @W P A Present 



Table 6.3. Logarithm of half life time and other characteristics of I4c transition from 
2 2 5 ~ ~  ( g . ~  312-) to various excited states of 2 " ~ i .  ['?' symbol shows one of the two spins 
is unknown]. 

E* J" Q,ff e Penetrability Decay constant log1otT1/2) 
(MeV) (Mew P A Present 



Table 6.4. Logarithm of half life time and other characteristics of 2 4 ~ e  transition fiom 
2 3 ' ~ a  (g.s 312.) to various excited states of 2 0 7 ~ ~ .  ['?' symbol shows one of the two spins 
is unknown]. Table taken fiom [l  091. 
- --- ...................................................................................................... 

E* J" QeR ! Penetrability Decay constant log1o(T112) 

( M W  ( M W  P /Z Present 
................................................................................................... --------- 

0 112' 60.420 0 1.16307E-44 1.90358E-23 22.56 



Table 6.5. Logarithm of half life time and other characteristics of 2 4 ~ e  transition from 
2 3 3 ~  ( g . ~  5/23 to various excited states of 2 0 9 ~ b  

E* J" Qea Penetrability Decay constant log1 o(T 1/21 

(Mew P A Present 



6.4 Results and discussion 

Table.6.l gives hindrance factor values for "C transition from 312' ground state 

of 2 2 3 ~ a  to various final states of 209~b.  It is found that the transition to ground state 912' 

(HF=125, for t = 0 )  is strongly hindered, while the one to the first excited state 1112' 

(HF=0.43, for I = 0 ) is favoured. The transition to 2nd and 3rd excited state 1512- and 512' 

(HF>11 and HF>5 respectively, for e = 0 )  &e also hindered [108]. Same is the case 

when centrifugal term (angular momentum) is included in the interacting potential. These 

findings are in good agreement with experiments done by Hourani et a1 [68]. 

Hindrance factor pattern observed in 14c decay of 2 2 3 ~ a  is similar to hindrance 

factor pattern observed in alpha decay of 227~h ,  where both the parents have reflection 

asymmetric deformed shape [l  101. This pattern results because ground state of the parent 

is parity mixed state, very different from the ground state (912') of daughter but very 

similar to the parity mixed excited state (1 1/2'state) of daughter. 2 2 3 ~ a  Nilsson deformed 

wave function contains large components arising from the spherical i1 1/2 neutron shell 

209 
model orbit but none from the g912 state, the ground state configuration of Pb. The fine 

structure from ' 2 3 ~ a  gives direct evidence on the presence of spherical component in the 

deformed parent nucleus [l 081. 
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CHAPTER 7 

TRANSITION FROM CLUSTER MODE TO 

FISSION MODE 

As mentioned in chapter 2, for studying exotic decay two types of models are 

used; namely, the cluster model and the fission model. In the cluster model the cluster of 

nucleons is assumed to be formed initially within the parent nucleus, which then 

penetrate the nuclear interacting barrier. In fission model the parent nuclei is considered 

to deform continuously as it penetrates the nuclear barrier and reach the scission or saddle 

shape after running down the Coulomb barrier where mass and charge distributions are 

decided. In the study of exotic decay of parent nuclei cluster like shapes are preferred for 

very high asymmetric mass splitting and fissioning shapes are more suitable for less 

asymmetric and symmetric mass splitting. The present chapter is to study the cluster 

formation probability (within fission model) in some heavy nuclei with Z 2 100 and to 

find the transition point from cluster mode to fission mode. 



7.1 The theory 

According to the theory developed by Poenaru et a1 [99] the cluster formation 

probability, S can be calculated within fission model as penetrability of internal part 

(overlap region) of the barrier given as 

S = exp(-K,,, ) (7-1) 

where, K,,. = 2 jd-dZ 
h 

(7.2) 
E. 

Here z = 0 represent the touching configuration and ci is inner turning point of W K B 

penetrability defined as V(&, ) = Q .  

7.2 Decay of heavy nuclei 

Table 7.1 to 7.8 give cluster formation probability for various clusters ranging 

from 4 ~ e  to "Ne for the decay of 246~m,  2 5 4 ~ o ,  2 5 % ~ ,  274Rf, 2 6 2 ~ g ,  2701 10, 2721 10 a d  

278 112 respectively. For Q value the masses are taken from Moller and Nix [95], Moller 

et a1 [93] and Wapstra et a1 [loll.  Figures 7.1 to 7.8 give plots for -loglo(S) vs A2, mass 

of the emitted cluster for 246~m,  2 5 k o ,  2 5 % ~ ,  2 7 4 ~ f ,  2 6 2 ~ g ,  270 1 10, 2721 10 and 17'1 12 

respectively. 



Table 7.1. Calculated Q value and cluster formation probability for the decay of 2 4 6 ~ m  
emitting various clusters. 

Parent Emitted Daughter Q value Cluster formation 
nuclei cluster nuclei ( M W  probability, S 



Table 7.2. Calculated Q value and cluster formation probability for the decay of 2 5 4 ~ o  
emitting various clusters. 

Parent Emitted Daughter Q value Cluster formation 
nuclei cluster nuclei ( M W  probability, S 



Table 7.3. Calculated Q value and cluster formation probability for the decay of 256No 
emitting various clusters. 

Parent Emitted Daughter Q value Cluster formation 
nuclei cluster nuclei (Mew probability, S 



Table 7.4. Cluster formation probability for various clusters emitting from 2 7 4 ~ f .  
Table taken from [l  1 l]. Q values are taken from [l 121. 

Parent Emitted Daughter Q value Cluster formation 
nuclei cluster nuclei ( M W  probability, S 
............................................................................................................ 
2 7 4 ~ f  " ~ e  27%0 10.82 3.78910E-01 

' O B ~  2 6 4 ~ m  26.98 7.70463E-02 

1 2 ~ e  2 6 2 ~ m  2 1.95 1.93522E-02 

14C 2 6 0 ~ f  42.91 1.39952E-04 

16C 2 5 8 ~ f  40.26 1.26988E-04 

I8C 2 5 6 ~ f  35.78 1.53795E-05 

200 2 5 4 ~ m  58.16 3.56559E-07 

220 2 5 2 ~ m  57.83 2.5403 1E-06 



Table 7.5. Calculated Q value and cluster formation probability for the decay of 2 6 2 ~ g  

emitting various clusters. 

Parent Emitted Daughter Q value Cluster formation 
nuclei cluster nuclei (Mew probability, S 



Table 7.6. Calculated Q value and cluster formation probability for the decay of 2701 10 
emitting various clusters. 
............................................................................................................ 
Parent Emitted Daughter Q value Cluster formation 
nuclei cluster nuclei (Mew probability, S 
............................................................................................................ 
2 7 0 1 1 ~  4 ~ e  2 6 6 ~ s  10.75 2.309E-01 



Table 7.7. Calculated Q value and cluster formation probability for the decay of 272 1 10 
emitting various clusters. 

Parent Emitted Daughter Q value Cluster formation 
nuclei cluster nuclei probability, S 
............................................................................................................ 
272 l 10 4 ~ e  2 6 8 ~ ~  10.55 2.128E-0 1 

10.77 2.326E-0 1 



Table 7.8. Calculated Q value and cluster formation probability for the decay of 278 1 12 
emitting various clusters. 

Parent Emitted Daughter Q value Cluster formation 
nuclei cluster nuclei ( M e y  probability, S 



7.3 Results and Discussion 

In Figures 7.1 to 7.8 the solid line represents the average behaviour. From these 

plots it is clear that cluster formation probability decreases with mass of the emitted 

cluster up to A2=20 and then increases and remains almost a constant. From the observed 

variation of cluster formation probability with mass of the cluster, we conclude that in 

exotic decays transition fiom cluster mode to fission mode takes place at A2=20 [l  1 l]. 

This value is comparable with result of Shamhugam et a1 [l 131 based on cubic plus 

Yukawa plus exponential model (CYEM), according to whom the transition point is at 

A2=16. These authors arrived at this value by comparing half life time values obtained for 

various clusters from their fission model (CYEM) with those values obtained from cluster 

model for parent nuclei in trans-tin region and found that deviation of the results become 

larger after A2= 16. 



Fig. 7.1 Plot for -loglo(S) vs A2 for the emission of various clusters from 2 4 6 ~ m  

Fig. 7.2 Plot for -loglo(S) vs A2 for the emission of various clusters from ''''NO 



Fig. 7.3 Plot for -loglo(S) vs A2 for the emission of various clusters from 25%o 

Fig. 7.4 Plot for -loglo(S) vs Az for the emission of various clusters from 2 7 4 ~ f  



Fig. 7.5 Plot for -log,o(S) vs A2 for the emission of various clusters from 2 6 2 ~ g  

Fig. .7.6 Plot for -loglo(S) vs A2 for the emission of various clusters from 2701 10 



Fig. 7.7 Plot for -loglo(S) vs A2 for the emission of various clusters from 272 1 10 

Fig. 7.8 Plot for -loglo(S) vs A2 for the emission of various clusters from *"l 12 
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CHAPTER S 

DECAY FROM EXCITED STATES OF PARENTS 

Exotic decay from the ground state of superdeformed 7 6 ~ r 7  7 8 ~ r  and *Osr with 

estimated quadrapole deformation P, = 0.35 - 0.44 [l 14,115,116,117] and the decay 

from the excited states of these nuclei, which can be produced as compound system in 

heavy ion reactions are presented in this chapter. 

8.1 Decay from the ground state 

"sr, "sr and 8 0 ~ r  are superdeformed nuclei, which can be produced in heavy ion 

reactions [l 18,1191. Due to such large ground state deformation, these nuclei are unstable 

against both fission and exotic decay processes. Asymmetric mass splitting is favoured 

for these nuclei as liquid drop fissility parameter X = z2  150A is far less than Businaro- 

Gallone transition point [120,121]. (X, = 0.396 for .! = 0 ,  and this value decreases as ! 

value increases). Negative Q value for clusters with mass A? < 12 including a particle 

shows that these nuclei are stable against light clusters. Table 8.1, 8.2 and 8.3 sive the 

half life times and other characteristics for ground state decay of 7 6 ~ r ,  7 8 ~ r  and 'Osr 

respectively, emitting various clusters. Calculated half life time values show that these 



nuclei are also stable against heavier clusters with mass A2 2 12 since T,,, > 1 ogO S . The 

reason for this kind of stability of 7 6 ~ r  is due to the stable deformed shell closure at 

N = Z = 38 which supports the earlier predictions [l  14,1221 and for that of 7 8 ~ r  is due to 

the stable deformed shell closure at Z = 38 and the sphericalldeformed shell closure at 

N = 40. It is found that 7 8 ~ r  is more stable than 7 6 ~ r  and " ~ r  is more stable than 7 8 ~ r .  

The role of Q value is also reflected in the Tables 8.1 to 8.3. Smaller Q value results in 

smaller penetrability P (smaller decay constant 1). This makes 8 0 ~ r  more stable than 7 8 ~ r  

and 7 6 ~ r .  Also neutron excess (2 more than ' N  = 40 shell closure) is responsible for the 

extra stability of ''Sr. 

8.2 Decay of excited compound system 

If a nucleus is formed in a heavy ion reaction, depending on the excitation energy 

and angular momentum, the excited compound nucleus undergo fission (also called 

fusion-fission), decay via cluster emission or result in resonance phenomena (dinuclear 

orbiting). The light compound system with A 1 4 2  and the heavier one with A 2 64 

would go through orbiting and fission [l 23,1241. 

The barrier penetrability P for excited compound system is given as 

where the effective Q value, Qef = Q + E* 



The excitation energy E* is related to nuclear temperature B in MeV [l51 as given in 

equation 2.7 

Tables 8.4 to 8.6 give the half life time and other characteristics for the decay of 

excited compound system 76~r* ,  7 8 ~ r *  and 8 0 ~ ;  formed in heavy ion reactions. Figures 8.1 

to 8.3 give the variation of half life time with nuclear temperature for various clusters for 

these compound systems. It is clear from these plots that the inclusion of excitation 

energy increases the decay rate (decreases T,;, value) considerably and these nuclei 

become unstable against decay. 



Table 8.1. Calculated half life time and other characteristics for the decay of 7 6 ~ r  from its 
ground state. 

Parent Emitted Daughter Q value Penetrability Decay constant loglO(T~~) 
nuclei cluster nuclei (Mew P A. Present PCM 

v71 



Table 8.2. Calculated half life time and other characteristics for the decay of 7 8 ~ r  from its 
ground state. 

Parent Emitted Daughter Q value Penetrability Decay constant loglo(Tln) 
nuclei cluster nuclei ( M e w  P A Present PCM 

[l251 



Table 8.3. Calculated half life time and other characteristics for the decay of 'Osr fiom its 
ground state. 

Parent Emitted Daughter Q value Penetrability Decay constant loglo(Tln) 
nuclei cluster nuclei (Mew P A Present PCM 

[l251 



Table 8.4. Calculated half life time and other characteristics for the decay of excited 
compound system '%r*. Nuclear temperature of the compound system is arbitrarily taken 
as 8 =l .2MeV i.e. excitation energy E* = 10.96 MeV. 

- - - - - - - - - - - - - - - - - 

Parent Emitted Daughter Q value Qef Penetrability Decay constant loglo(Tl~) 

nuclei cluster nuclei (MeV) (MeV) P A Present 



Table 8.5. Calculated half life time and other characteristics for the decay of excited 
compound system Nuclear temperature of the compound system is arbitrarily taken 
as 6=1.4MeV i.e. excitation energy E* = 15.59 MeV. 

Parent Emitted Daughter Q value Qcf Penetrability Decay constant loglo(Tln) 

nuclei cluster nuclei (MeV) (MeV) P il Present 



Table 8.6. Calculated half life time and other characteristics for the decay of excited 
compound system "~r*. Nuclear temperature of the compound system is arbitrarily taken 
as 8 =l .4MeV i.e. excitation energy E* = 16.02 MeV. 
............................................................................................................ 
Parent Emitted Daughter Q value Qef Penetrability Decay constant log,o(T,n) 

nuclei cluster nuclei (MeV) (MeV) P A. Present 
............................................................................................................ 
SOSr* 160 6 4 ~ n  0.55 16.57 1.8384E-26 8.2979E-06 4.922 
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Fig. 8.2 Variation of half life time with temperature for various clusters from 7 8 ~ r '  
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CHAPTER 9 

SYNTHESIS OF HEAVY AND SUPER HEAVY ELEMENTS 

In this chapter we are presenting the theoretical studies carried out on the exotic 

decay of heavy nuclei 246~m, 2 5 4 ~ ~ ,  256N~,  258Rf, 2 7 4 ~ f ,  2 6 2 ~ g ,  2 6 6 ~ ~ ,  2701 10, 2721 10, 2781 12 

and 30212~ emitting clusters ranging from ' ~ e  to 3 2 ~  with a view to look for some 

measurable modes of decay which in turn may lead to the production of some other new 

heavy or super heavy nuclei as daughter. The main and the most observed decay from 

these heaviest systems is alpha decay. These heavy nuclei (2 2 100) can be produced in 

heavy ion "cold fusion" reaction with Pb as target. The target projectile combinations 

for cold synthesis of these heavy nuclei are given in Table 9.1. 

Tables 9.2 to 9.12 give the half life times and other characteristics for the ground 

state to ground state decay of these heaviest systems. Figures 9.1 and 9.2 give the plot for 

loglo(T1,2) VS AI, the mass of daughter nuclei. It is found that many of them are well 

within the present upper limit for measurements (T, ,? < 1 030 S )  . This study also indicate 

that 2741 10, 2821 12, 2841 12, 2881 14, 2901 14, 2921 16, 2941 16 and 2981 18 are some super heavy 

nuclei that can be cold synthesized via exotic decay. When these heavy systems decay 

from excited state ie when excitation energies are included, T, values decrease 



considerably. So in the form of daughter nuclei these heavy systems offer good 

possibility for the synthesis of other new heavy or super heavy nuclei. 



Table 9.1. Target projectile combination for cold fusion reaction 

Compound Projectile Target Ref 
nuclei nuclei nuclei 



Table 9.2. Logarithm of predicted half life time and other characteristics of 2 4 6 ~ m  
decaying by emitting various clusters. For Q values masses are taken from [93,95,101]. 

Parent Emitted Daughter Q value Penetrability Decay Iog10(T1/2) 
nuclei cluster nuclei (Mew P constant 



Table 9.3. Logarithm of predicted half life time and other characteristics of 2 5 4 ~ o  
decaying by emitting various clusters. For Q values masses are taken from [93,95,10 l]. 

Parent Emitted Daughter Q value Penetrability Decay loglo(T~n) 
nuclei cluster nuclei (Mew P constant 
............................................................................................................ 
2 5 4 ~ o  4 ~ e  '"~m 8.336 1.15087E-23 4.40760E-03 2.197 

8.230 4.79358E-24 1.8125OE-03 2.580 

8.240 5.2101 8E-24 1.97242E-03 2.545 

8 ~ e  2 4 6 ~ f  15.98 4.543 12E-49 2.24245E-28 27.49 

' O B ~  2 4 4 ~ f  10.91 3.62005E-80 1 .l 3749E-59 58.78 
12C 242 Cm 30.47 1.45 1 19E-52 1.23 150E-3 1 30.75 
1 4 ~  24Ocm 30.30 6.00861E-55 4.99349E-34 33.14 
160 238pU 45.15 4.55808E-58 5.60538E-37 36.09 
180 236pU 45.70 4.98739E-58 6.18856E-37 36.05 
2 0 0  234pU 41.34 5.07678E-70 5.69042E-49 48.09 
2 0 ~ e  2 3 4 ~  55.39 6.90037E-73 1.0363 1E-51 50.83 
2 2 ~ e  2 3 2 ~  59.96 2.93070E-64 4.76148E-43 42.16 
2 4 ~ ~  230U 59.97 8.86437E-65 1.44001 E-43 42.68 

2 4 ~ g  2 3 0 ~ h  69.36 7.572 19E-79 1.4227 1 E-57 56.69 

2 6 ~ g  2 2 8 ~ h  75.09 2.61830E-68 5.325 12E-47 46.1 1 

2 8 ~ g  2 2 6 ~ h  75.86 5.20278E-67 1.06894E-45 44.8 1 
28si 2 2 6 ~ ~  81.90 7.13663E-87 1.58300E-65 64.64 
3Osi 224Ra 88.95 4.45558E-74 1.07335E-52 51.8 1 
32si 22ZRa 91.18 6.20234E-70 1.53 159E-48 47.66 
34Si 22ORa 93.79 8.90947E-65 2.26305E-43 42.49 
32s 222~n 94.06 1.46416E-94 3.72976E-73 72.27 
34S 22ORn 103.1 1.83927E-78 5.13309E-57 56.13 



Table 9.4. Logarithm of predicted half life time and other characteristics of 25%o 
decaying by emitting various clusters. For Q values masses are taken from [93,95,101]. 

Parent Emitted Daughter Q value Penetrability Decay log~o(T~/z) 
nuclei cluster nuclei ( M e w  P constant 



Table 9.5. Logarithm of predicted half life time and other characteristics of 25SRf 

decaying by emitting various clusters. For Q values masses are taken from [93,95,10 l]. 

Parent Emitted Daughter Q value Penetrability Decay log~o(T~n) 
nuclei cluster nuclei (MeV) P constant 



Table 9.6. Logarithm of predicted half life time and other characteristics of 274Rf 

decaying by emitting various clusters. Q values are taken from [l 121. 

Parent Emitted Daughter Q value Penetrability Decay log~o(Tln) 
nuclei cluster nuclei (Mew P constant 



Table 9.7. Logarithm of predicted half life time and other characteristics of '"Sg 
decaying by emitting various clusters. For Q values masses are taken from [93,95,101] 
------1-1----______-----________________I_____C-------------------------------------- 

Parent Emitted Daughter Q value Penetrability Decay logio(T~n) 
nuclei cluster nuclei (MeV) P constant 



Table 9.8. Logarithm of predicted half life time and other characteristics of 2 6 6 ~ s  
decaying by emitting various clusters. For Q values masses are taken from [93,95,10 l]. 

Parent Emitted Daughter Q value Penetrability Decay log~o(Tln) 
nuclei cluster nuclei ( M e w  P constant 



Table 9.9. Logarithm of predicted half life time and other characteristics of "'1 10 
decaying by emitting various clusters. For Q values masses are taken from [93,95,10 l]. 

Parent Emitted Daughter Q value Penetrability Decay log~o(T~n) 
nuclei cluster nuclei (Mew P constant 



Table 9.10. Logarithm of predicted half life time and other characteristics of 2721 10 
decaying by emitting various clusters. For Q values masses are taken from [93,95,10 l]. 
--------------_-___---------------------____.>_-______-_____----------------------- 

Parent Emitted Daughter Q value Penetrability Decay loglo(T~n) 
nuclei cluster nuclei ( M e w  P constant 
............................................................................................................ 



Table 9.11. Logarithm of predicted half life time and other characteristics of 2781 12 
decaying by emitting various clusters. For Q values masses are taken from [93,95,101]. 

Parent Emitted Daughter Q value Penetrability Decay ~ O ~ I O ( T I R )  
nuclei cluster nuclei (Mew P constant 



Table 9.12. Logarithm of predicted half life time other characteristics of 30212~ decaying 
by emitting various clusters. For Q values masses are taken from [93,95,101]. 

Parent Emitted Daughter Q value Penetrability Decay log~o(T~n) 
nuclei cluster nuclei (MeV) P constant 



Fig. 9.1 Half life time for various clusters as a function of mass of the 
daughter nuclei. 

Fig. 9.2 Half life time for various clusters as a function of mass of the 
daughter nuclei. 
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CHAPTER 10 

SUMMARY AND CONCLUSIONS 

The present thesis is an attempt to understand more on the exotic decay, the rare 

mode of decay intermediate between a emission and spontaneous fission. The common 

feature of this decay is that one of the nuclei always refers to spherically closed or nearly 

closed shell nucleus. The so far observed daughter nuclei in the exotic decay of naturally 

occurring radioactive nuclei are spherically closed shell *08pb or neighbouring nuclei. The 

only other nucleus experimentally searched for is 'OOsn daughter, in the exotic decay of 

' " ~ a  produced in heavy ion reaction. 

Chapter 2 gives a brief description of QMFT and the existing theoretical models, 

which are broadly classified as the fission model and the cluster model. Details of the 

present model are also given in this chapter, which is based on the potential barrier 

consisting of the Coulomb potential and the proximity potential. It is found that inclusion 

of proximity potential reduces the height of the barrier, which closely agrees with the 

experiments. 

In chapter 3 the present model is applied to different cases of experimentally 

observed decay modes. It is found that the present model is able to reproduce the 



experimental half lives and branching ratios reasonably well. In chapter 4 the exotic 

decay of neutron deficient Xe to Gd parents in trans-tin region emitting 4 ~ e  to 3 2 ~  was 

studied. Most of the decay half lives are well within the present upper limit for 

measurements. T,,, value is minimum for those decays leading to 'OOsn daughter which 

stress the role of doubly magic 'OOsn daughter in these decays. It is found that neutron 

excess in the parent nuclei slow down the exotic decay process. Geiger-Nuttall plots for 

all clusters from these parents are studied and are found to be linear. It is found that 

inclusion of proximity potential will not produce any deviation to the linear nature of 

these plots. Nuclear structure effects and shell effects are evident from the observed 

variation in slope and intercept of Geiger-Nuttall plots. 

Exotic decay of neutron rich Ba to Gd parents emitting various clusters are also 

studied. In this case also it is found that T,,, has minimum value for those decays leading 

to doubly magic ' " ~ n  daughter compared with the neighbouring ones. This finding also 

reveals the role of doubly magic daughter in exotic decay. It is found that neutron proton 

asymmetry in parent and daughter is responsible for the reduced decay rate of these 

nuclei compared with their neutron deficient counterparts. The preference of non a like 

structures in the decay leading to '"sn and a like structure in the decay leading to 'OOsn 

point out the importance of asymmetry and symmetry of proton and neutron in the two 

cases respectively. 



In chapter 5 we have modified the present model and made an attempt to study 

the effect of deformation P, and P, of parent and daughter on half life time, treating 

emitted cluster as spherical. When deformation effects are included half life time value is 

found to decrease and it is found that parent deformation alone will not produce any 

appreciable change. These findings are in gross agreement with the experiments. 

We studied the fine structure (decay to the excited state of daughter) for some 

modes of decay and calculated the hindrance factor for 14c transition from 2 2 3 ~ a  to 

various excited states of 209~b.  The details are described in chapter 6. It is found that the 

transition to ground state is strongly hindered, while the one to first excited state is 

favoured. The transitions to second and third excited states are also hindered. Our 

findings are in good agreement with the experimental data. The fine structure from 223Ra 

gives direct evidence on the presence of spherical component in the deformed parent 

nucleus. 

Cluster formation probabilities are calculated within the fission model for 8 heavy 

nuclei and studied its variation with Az, the mass of the emitted cluster. These are 

described in chapter 7. It is found that the cluster formation probability decreases with A2 

up to a value 20 and then increases and remains almost a constant. From the observed 

variation we conclude that the transition from cluster mode to fission mode take place at 

A2=20 in exotic decay process. 



Exotic decay of superdeformed 7 6 ~ r ,  7 8 ~ r  and 'Osr nuclei in the ground state and 

formed in heavy ion reactions are studied in chapter 8. Our study shows that in the 

ground state these nuclei are stable against exotic decay. When these nuclei are formed as 

an excited compound system, depending on the excitation energy T,,, value decreases 

considerably and the nuclei become unstable against decay. 

In the last chapter we studied the exotic decay of 1 1 heavy nuclei with (2 2 loo), _ 

which can be produced in heavy ion "cold fusion" reaction. Our study reveals that exotic 

decay of these heavy systems lead to the production of some other new heavy and super 

heavy nuclei as daughter. 
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