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Abstract

The cluster decay of deformed parents is studied using the Preformed Cluster
Decay Model (PCM) having deformation and orientation effects included in it. The
main strength of the model is that it treats the binary fragmentation on equal
footing along with very important information regarding structural features of
fragmentation process. This facility is not available in other fission and statistical
models. The role of deformations and orientations seems to be extremely essential
besides shell structure and Q-value consideration in this rare decay process, giving
fragments in between a-particles and fission fragments. It is of great interest to see
that in what way the inclusion of deformations and orientations effects of the
decaying fragments influence the potential energy surface PES behavior. Because
of the apparent variation in the PES of the fragmentation process, the preformation
probability Py and tunneling penetrability gets modified which influences the decay
constant and half life times of clusters accordingly. It may be noted that the
scattering potential barrier (position as well as height) gets modified with
deformation and orientation effects of outgoing fragments thereby effecting
tunneling path and hence the penetrability P.

The work carried out in this thesis seems highly relevant in context of present day
developments in low energy nuclear structure physics and could provide handful

information for the future experiments in the related area.
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INTRODUCTION



Introduction

Cluster radioactivity is a process in which nucleus emits a fragment that is heavier than
an alpha particle but lighter than a fission fragment. The clusters usually emitted in this
process are the isotopes of carbon, oxygen, neon, magnesium, silicon etc. When the
mass of the cluster fragment becomes comparable with the mass of the daughter,
symmetric fission takes place. Thus the cluster radioactivity is an intermediate process
between the well known «-decay and the spontaneous fission. In earlier years the
cluster radioactivity phenomena was observed mostly in actinide nuclei like radium,
uranium etc. Very recently it has been observed that such decays are possible in lower
mass region around '"Ba. There has been an exciting experimental detection of the
emission of '?C from '"“Ba leading to '%2Sn, which is attracting a lot of attention and

therefore widens the horizon of cluster radioactivity process.

1.1 Cluster Radioactivity

The spontaneous emission of fragments heavier than alpha particle termed as Cluster
radioactivity has now become an experimentally confirmed reality. Theoretically, such
emissions were first predicted by Sandulescu, Poenaru and Greiner'. The first
experimental observation was made by Rose and Jones®. Encouraged by this,
researchers tried to detect other novel modes of radioactive decay in which heavy
nuclei disintegrate by emission of intermediate mass fragments. Theoretically, the
interest in such decays lies in the estimation of lifetimes, decay constants and branching
ratios etc. The lifetimes for the observed cluster fragments of radioactive nuclei have
been estimated using various models and compared with the experimental data over
last three decades. These models can be classified as the fission models, where only
the barrier penetrabilities are calculated, and the preformed cluster models, where the
cluster is assumed to be formed before it penetrates the barrier and its preformation
probability is also included in the calculations. The physics of the two approaches is
apparently different, though it has been possible to look for some similarities between

them?.



To study the phenomenon of cluster radioactivity there are various theoretical models in
vogue. The existing models generally fall under two categories: the Unified Fission
Model (UFM) and the Preformed Cluster Model (PCM). The physics of the UFM and the
PCM are completely different. The UFM considers cluster radioactivity simply as a
barrier penetration phenomenon in between the fission and the «-decay without
worrying about the cluster being or not being preformed in the parent nucleus. In the
PCM clusters are assumed to be preborn in a parent nucleus before they could
penetrate the potential barrier with a given Q-value. The basic assumption of the UFM is
that heavy clusters as well as the «a -particle have equal probability of being preformed
where as in PCM, clusters of different sizes have different probabilities of their being
preformed in the parent nucleus.

The cluster radioactivity process finds its basis in the fragmentation theory*” where the
cold (fusion or fission) reaction valleys are observed®'" in the calculated fragmentation
potentials. According to these earlier calculations, made for transactinides, cold reaction
valleys are generated by the shell closure effects of one or both the reaction partners.
For the radioactive nuclei, the role of cold reaction valleys corresponding to the

observed cluster-decays was later depicted explicitly by Gupta et al.'?

Experimentally, the phenomenon of cluster radioactivity as a new basic decay process
was established for the first time in the spontaneous '*C decay from #*Ra nuclear
system. However, in literature there existed old fission data of Jaffey and Hirsh' for
2"Ne decay of 32U, which indicates that this phenomenon was already observed as
early as 1951, but the authors did not distinguish it from the spontaneous fission
process. In a recent experiment, Bonetti et al.' have confirmed that the emission of
?Ne from #*2U, seen in 1951, could not be due to spontaneous fission (SF) since the
then-observed decay constant is larger by an order of magnitude 10? than their
presently measured upper limiting value of SF decay constant(see Table 1.2 for the
parent nucleus ?*2U) . On the other hand, the old value matches with the measured'* *°
cluster-decay constants to within only a factor of 5 to 20(see Table 1.1 and 1.2 for

decay of ?*U). Remember that in any fission two fragments (light and heavy) are



measured simultaneously, in contrast to only one (the light fragment) in exotic cluster

decay process.

Following '*C decay from ?**Ra many other experiments were placed to strengthen the
validity of this concept. Tables 1.1-1.2 summarize the complete experimental
information available to date on the new cluster-decay modes of the radioactive nuclei.
The complete experimental information on the new cluster-decay modes of the
radioactive nuclei is available. As for the multiple branching ratios, so far only three
nuclei (**'Pa, *U and #*®Pu) are found to decay with the emission of two heavy clusters
(other than a particle) but none with more than two. Also, it has now become possible
to measure in the same experiment the spontaneous fission probability simultaneously
with the cluster decay probability'* (Table 1.2). The present data indicate that the exotic
cluster-decay process is different from the spontaneous fission of radioactive nuclei,
since the SF half-lives are, in general, smaller than the cluster decay half-life times. The
table 1.1 represents the summary of the cluster decays studied so far along with some

experimental observations.

A fine structure, analogous to that observed by Rosenblum?® in 1929 for « -decay, was
also observed®* ® for *C decays of #**??®Ra nuclei. The measurements of cluster
decay versus «-decay branching ratios to the excited states of daughter nucleus are
observed over the years. This has, so far, been possible only for the *C branching
ratios to the first and second excited states of ?°’Pb and to the first excited state of °Pb
(see Table 1.1). A few events are also seen corresponding to a transition to the third
excited state of ?®Pb in '*C decay of ?® Ra nucleus. Here again, the calculations of
M.Greiner and W.Scheid®® were made before the experiments.?* These authors showed
that the cluster decay constant can increase by a factor of 5 if decay to excited states of
the daughter nucleus are included along with the decay to the ground state. In fact,
experiments show that the decay to excited states of daughter nucleus are far more

enhanced than to its ground state (Table 1.1).



Table1.1: A summary

experimental details.

of the cluster decays studied so far and some of the

Decays studied

Experimental cluster decay data

S.No | Emitted | Parent | Daughter | Q a-decay | Branching Half lives log,, Ty, (5)
cluster | nucleu | nucleus | value | constant | ratios T, (c)s
s (MeV | Ma)s™ | Bexpt(C) =Ae/Aa
)
1, “c 2TFr | 2077 31.26 | 2.40x10° | <4.4x 10 >6.5x 10" [ >13.82
<5.0x10™ >6.5x 10" | >15.80
1Ra [ ?"Pb 32.39 [ 2.31x 102 | <4.4x 10 >6.8x 107 | >12.83
<1.2x10™ >2.4x 10" | >14.38
°2Ra | “%®pp 33.05 | 1.82x 107 | (3.7+0.6) x 10" [ 1.03 x 10" | 11.01
(3.1£1.0)x 10™ | 1.22x 10" | 11.09
*2Ra | “®Pb 31.84 | 7.01x107 | (8.522.5)x 10™ [ 1.16 x 10™ | 15.06
(7.6£3.0)x 10™ | 1.30 x 10" | 15.11
(5.5+2.0) x 10™ | 1.80x 10" | 15.25
(6.1£1.0) x 10™ | 1.62x 10" | 15.21
(4.7+1.3) x 10" | 2.10x 10™ | 15.32
(5.0¢1.0) x 10™ | 1.98 x 10™ | 15.30
?"Ra | “"Pp 30.53 [ 2.18x10° | (4.3+1.2) x 107" | 7.36 x 10" | 15.87
2®Ra | “™?Pb 28.21 [1.4x10™ [ (3.2¢1.6) x10™" [ 1.57 x 10°" | 21.20
(2.941.0) x 10"
(2.3+0.8) x 10™ | (1.7#0.7) x | 21.23
10%
21.34
2.19 x 107
2pc | 21Bj 30.47 | 8.02x107 | <4.0x 107 >25x10™ | >18.40




Continued Table 1.1

S.No | Emitted | Parent | Daughter Q a-decay Branching Half lives log,, T;5, ()
cluster nucleu | nucleus Value | constant ratios Tl/z(C)S /
S (MeV )\(G)S_1 Bexpt(c) =Ny Aa
)
25Th | 2"%Po 30.67 | 3.74x10* | <9.3x10™ >2.0x10™ >15.3
2. e *®Th | ?%pp 45.88 <9.3x10™ >2.0x10™ >15.3
20 “Th | “®Pp 4472 | 1.15x10® | (8.1£3.3)x10™ | 7.5x10%° 20.87
3. 3F Bpg | 2%®pp 6.78x10™" | <2.5x10™ >4.1x10%* >24.61
1.0x10™
4. 22Ne |Z®U 208,208 py, 61.59 | 3.86x107 | <1.1x10 >1.6x10™ >18.2
61.55 <1.1x107? >1.6x10" >18.2
5. “BNe | 210.208py, 9.01x10™ | (6.6+1.3)x10™ | (1.2+0.3) | 25.06
x 10%°
(3.8+1.1)x10"® 25.30
(1.9+0.5)
x10%°
25y 211.209py 57.36 <5.0x10™ >4.40x10%® | >28.64
3.13x10™"7
<7.8x107"® >2.83x10%® | >28.45




Table 1.2: Comparison of cluster decay branching ratio, B; - A/As, with the ground

state spontaneous fission (SF) data, Bsr - Ase/Aq, measured in the same experiment, as

well as in the earlier experiments where only SF was measured. The SF here means

the most probable (symmetric or nearly symmetric) fission fragments.

Both Cluster decay and SF measured simultaneously

Only SF measured

Parent Emitted | B; = Ad/Aq Bsk = Ase/Aq Ref. | Bsr = A =Ase/Aq Ref.
nucleus Cluster
22y “Ne (8.85+0.75)x10™"
-14
}<1-04X 107 114 | (8.9446.21)x 10" |13
*Mg <5.04 x 10™
2y “Ne (6.61+1.30) x 107 }
1.29x 10™" A1
BMg | (2.2242.98) x 107 19| 1.72x10 71
#TAm #si <42x107 (2.4+0.5) x 10" (1.9£0.7) x 10
70 72
7.4x107° 7.2x10" (3.7620.08) x 107%
22 73




We observe from Table1.1 and 1.2 a few points that are of special interest:-

1. The half-lives, Ty2(c), are of the order of 10" to 10®°s (equivalently, the decay
constant A~10™"" to 10?° s7), increasing almost linearly with the size (mass) of the
emitted cluster.

2. Many times, only T1,2(a)/ T12(c) or A(c)/ A (&), called the branching ratio B, is given,
since the «a particle always competes with the heavy cluster emission. The
experimental values of B are ~107° to 10, and do not vary linearly with the size of the
emitted cluster because Tq(a ) have values from some seconds to millions of years.
Hence, any systematic of the observed data are expected to be given by half life time
and not by the Branching ratio.

3. Just as for adecay, the odd parents have Ti(c) larger than that for the even
parents, the so called odd-even parent effect. This effect is ~10% for C and ?*Ne
decays and is to be compared with ~10" for o decay.

4. The decay to ground state is hindered as compared to the excited states for the odd-
even parents. This has also been true for @ decay as well.

5. All the observed clusters are neutron rich, non « and, except for °F, even-even
nuclei. This means that they are not simply the aggregates of a-particles.

6.3Si is the heaviest cluster observed so far, which is rather far from the lightest
spontaneous fission fragment measured to date. In other words, the limiting value of
the mass asymmetry for the cluster decay or the normal fission are not yet established
and hence the question remains — where does the cluster decay stop or the normal
fission process begin? It is also possible that the two processes overlap for some range
of mass asymmetry. Very recently, the attempts were made®’ to observe the very light
“cold fission” products (the products with maximum kinetic energy) of the size of the
above mentioned exotic clusters. This would open up many new questions and
possibilities, some of which are being studied in recent times.

7. The daughter nucleus is always a neutron/proton (or both) closed shell, or nearly
closed shell spherical nucleus. This was the starting point based on earlier calculations
which led the authors to predict the new cluster radioactivity. In the earlier calculations
the minima in the calculated fragmentation potential energy surface always referred to
at least one spherical closed shell nucleus. This means that, physically, cluster

8



radioactivity is not an isolated phenomenon in nature, and must be related to other
phenomenon like the cold fusion and cold fission where similar closed shell effects are
known to play an important role. This problem was recently discussed in detail by Gupta
et al®®. Furthermore, the question of only the spherical or both the spherical and
deformed closed shell effects becomes relevant, since stable deformed closed shell
effects were also recently found to exist in nuclei ** *. However no experimental data

on cluster radioactivity referring to deformed daughters exists at present.

Theoretically, the question arises whether all the three observed phenomena of «
decay, heavy cluster and the spontaneous fission are simply the three cases of a unified
fission process with super-asymmetric, asymmetric and nearly-symmetric fission
fragments or, alternatively, both a@ and heavy cluster decays are identical and follow the

Gamow theory of «- decay but are different from the spontaneous fission process. Both

of these possibilities have been studied®'®®. In one case*®®

, within the Gamow theory,
the a particle as well as the heavy cluster (or clusters) were assumed to be preborn in
a parent nucleus before they could penetrate the potential barrier with a given Q-value.
Thus, in such a model, called the “Preformed Cluster Model (PCM)”, clusters of different
sizes have different probabilities of their preformed in the parent nucleus. The barrier
assault frequencies are also different for different clusters. In the other case of fission
process, two alternative approaches have been followed. In one approach®™,
Gamow’s idea of quantum mechanical barrier penetration is still used, but worrying
about the cluster being or not being preformed in the parent nucleus. From this point of
view, cluster radioactivity is considered simply as a barrier penetration phenomenon, in
between the fission and «-decay. In other words, such a theory, called the “unified
fission model (UFM)”, does not distinguish between the three processes of « -decay,
heavy cluster-decay and fission. In the other fission approach®>* ¢ the parent
nucleus is considered to deform continuously and reach the saddle or scission shape.

Apparently, the fission theories are applied to understand the cluster decay process. In
the saddle point fission (SPF) model, the mass and charge distributions of all the

fragments are assumed to be decided at the saddle point, after the decaying system

9



has penetrated the barrier. This assumption is based on an earlier calculation where an
explicit time —dependant Schrodinger equation, in relative coordinate and the mass and
the charge —asymmetry coordinates, was solved. Apparently, here both the barrier
penetrabilities and assault frequencies are independent of the fragment (or cluster)
sizes, but difficult to calculate. In one of the scission point fission models, the authors
consider that the decaying nucleus first arrives at the touching configuration, and then
penetrates the barrier.

This model apparently uses the concept of a continuously deforming shape of a
fissioning nucleus up to the touching configuration but then uses the interaction barrier
of the already separated fragments, since it is only in such potentials (used in UFM) that
the touching configuration is known to lie before the barrier height. In another scission

point like fission model®®

, the neck degree of freedom is also included and, along with
the minimization of the action integral, a second order differential equation is solved in a
multidimensional deformation space. Then, there are other theories which introduce

many new exotic ideas but are not yet studied in detail.

Considering that spontaneous cluster-decay competes with the a particle emission
and distinguishes itself completely from normal spontaneous fission, a new definition of
radioactive nuclei was suggested namely: a radioactive nucleus was one which decays
spontaneously to other stable nuclei not only by fission but also by emitting a cluster (or

clusters) heavier than a particle, the « patrticle itself, the £ particle and the y ray, or
any combination of these. The branching occurs more often between a and S decays

but also rarely between the «a particle and the heavy cluster (or clusters). This definition
would be more relevant if use of heavy clusters in radiation studies of biological
samples could be established. We illustrate this definition in fig 1.1 for *C decay of
?2Ra, which itself occurs in the natural radioactive series emanating from 2*°U.
Theoretically, many other “by pass” modes are expected to occur. Figure 1.1 clearly
shows the decay process of uranium-235 (***Ugy), leading to a stable ?**Pb along with
o particle emission. Such a decay sequence is important to understand a typical cluster

decay process.

10
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1.2 Experimental Methods Used and the Results Obtained

Some experimental methods in detecting the spontaneous decay of radioactive nuclei
via emission of clusters heavier than « particles were performed. It was found that the
observed decay modes are rather rare, and hence exotic. These exotic decay modes
were elusive because of the earlier experimental inabilities to distinguish between these
rare decay modes and the multiple pile up of «-particle pulses. In the pioneering
experiment of Rose and Jones?, the events due to pile up were rejected by separating
the individual « -particles in the events by ~100ns in time. These authors used a solid

state (Si) counter telescope that detected « -particles at the rate of ~4000/s in a solid

angle ofisr. The standard AE-E method was used. After a run of 189 days, a group of

eleven events, with a total energy of ~30 MeV was observed. Although no mass
determination was possible in this experiment, on examining the measured Q-value and
branching ratio with respect to simple theoretical estimates based on Gamow theory of
a -decay, authors? concluded that these eleven events were due to the new '*C cluster
radioactivity of ?**Ra. The source used in this experiment was ?*’Ac (half —life
T12=21.773y) with which the lower members of the #*°U series, including ***Ra, are in
secular equilibrium. Using a similar set up and technique, independently, Aleksandrov et
al."”” observed seven carbon events in 30 days. Their work was published a few months
later than that of Rose and Jones. The work of Aleksandrov et al. was motivated by the

theoretical suggestion of Sandulescu Poenaru and Greiner'.

This discovery was confirmed by Gales who used the same but more intense (~60

times) source and a magnetic spectrometer (SOLENQO) with a large solid angle of %sr

to%sr. Thus the collection time for an observation of a group of eleven events at the

expected location of *C beam, was reduced to only 5 days. These authors then
repeated their experiment for 222%Ra and ?*'Am nuclei, and established *C decays of
222228R3 and set an upper limit for the emission of ** Si decay from 2*' Am, which is

~107"2 for the branching ratio relative to a particle. It was observed that this negative

12



result of not observing **Si decay of ?’Am still holds well even with the better class of
detectors(the glass detectors with upper limits~107'® for branching ratios) used to date.
Spontaneous emission of * C from ?*® Ra was further confirmed by the use of ?*’Th
source and an Engesplit —pole magnetic spectrograph'®. This spectrograph permitted
an accurate calibration with a “mixed” beam of 'C, '*C and '*C ions, operating in a
mode used for detection of long lived radioisotopes. The spectrograph allows mass
determination from a measurement of magnetic rigidity and total energy in the focal
plane detector. In 6 days of decay counting, twenty four '*C were observed. Thus, we
notice how the collection time decreased from some hundred days to only a few days

with the improved detection techniques.

|.16

Within a year of the work of Rose and Jones, Price et al.”®, in more direct technique

using a plastic or glass detectors, reconfirmed this discovery by using the polycarbonate
track-recording films and sources of ?'Fr and ?*'?**Ra produced by the ISOLDE on-line
separator at CERN. All later experiments have used such detectors, since they have the

advantage of being insensitive to particles with the ionization rate below that of the

|.16

particle to be detected. For example, in the experiments of the Price et al.”, plastic

detectors (polycarbonate films) were sensitive to carbon nuclei (Z=5) but not to a

1.'> with a 2*U source

232U

particles. Use of similar plastic track detectors by Barwick et a
resulted for the first time in detecting the emission of ?*Ne from In later
experiments that resulted in the discovery of 2°0, °F, #3%\g and **%‘Sj decays (in
addition to other ?***Ne decays), the plastic detectors were replaced by the phosphate

glass detectors because of their better discrimination against « -particles.

The fine structure of *C radioactivity from ?*??°Ra is observed by using an intense
source and better energy resolution. In both cases the magnetic Spectrometer SOLENO
was used to focus the emitted "C ions on a single Si detector. A single Si detector,
rather than a telescope, was enough, since the nature of decay was already established
in the previous experiments. This resulted in a high quality energy spectrum. These

experiments established that cluster radioactivity and a -decay are similar processes.

Finally, in Table 1.2 we find that spontaneous fission (most probable symmetric or

nearly-symmetric fission fragment) of some nuclei is also measured along with the

13



heavy cluster decay. The spontaneous fission rates are, in general, an order of
magnitude higher then the cluster decay rates. It is rather straightforward to measure
both of these processes since the range of fission fragments in only about the half of the
range of the nuclei so far observed in cluster radioactive decays'® ?2. The phosphate
glass detectors are ideally suited for detection of both the heavy clusters and the
spontaneous fission tracks. Also, the shape of fission tracks is different from the cluster
tracks, which are themselves different for different clusters. Apparently, many more
simultaneously measurements of spontaneous fission and heavy cluster-decays are in
the offing. This should further establish that cluster radioactivity is more of an a decay
like rather than the fission like process. As mentioned earlier, for every heavy cluster
emissions, the two processes are likely to overlap and make contributions to the decay
half lives etc.

1.3 Gamow Factor Calculations (Coulomb-plus-Square-Well

Potential)

We are dealing here with a phenomenon where the theory has superseded the
experiments. This happens rather rarely, and in this case, the theoretical calculations of
Sandulescu, Poenaru and Greiner' predicted this new phenomenon of cluster
radioactivity before it was observed experimentally by Rose and Jones?. Sandulescu et
al. used two limiting approaches of

1. The super-asymmetric fission as a dynamical mass fragmentation*'", and

2. The strongly asymmetric two body fragmentation as emission of heavy clusters
through a barrier, like in Gamow theory of a decay.

Thus, a new decay mode, intermediate between fission and a decay, was predicted. In
the following we first discuss the very simple minded Gamow factor calculations made
for heavy cluster emissions in an almost original form of using the Coulomb-plus-
square-well potential, like for a -decay. These calculations have been of great interest
for studying the systematic variations of the measured quantities.
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The basic assumptions of Gamow’s theory are:
1. An a particle may exist as an entity within a heavy nucleus.

2. Such a particle is in constant motion and is contained in the nucleus by the
surrounding potential barrier.

3. There is small but definite —likelihood that the particle may pass through the barrier
(despite its height) each time a collision with it occurs.

Alpha particle decay arises as a consequence of quantum-mechanical tunneling
through a potential barrier; that is, the alpha particle penetrates the potential barrier
instead of going over the top as demanded by classical physics. The calculation
assumes that the alpha particle is pre-formed in the nucleus before being emitted in the
decay process. Once it has been emitted, the alpha particle gains its final kinetic energy

by electrostatic repulsion as it moves away from the residual nucleus.

Gamow theory of a decay® is based on the concept of a preformed « Particle
tunneling through essentially a Coulombic barrier due to the a particle and the

daughter nucleus. Considering a one dimensional WKB penetration problem through a

coulomb-plus-square-well-potential of widtthrO(Af/3+A2% ), the decay constant Ag

defined as:
Ac =V, P, (1.1)
where v, is the escape frequency with which the alpha particles bombard the walls of

the barrier. One can also call v, as the frequency of existence of a particles at the

barrier. For an a particle with energy Q, the WKB penetration probability P through a
coulomb potential (see Fig 1.2, solid line) is

P =exp(-2G), (1.2)

with G, the Gamow factor, given as
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1/2

—th r)— r
G=- é[(zu{Em o) d (1.3)

Z,Z,e* . : AA, .
Here, E_(r) = 21%22¢ s the coulomb potential, ,u=msz is the reduced mass of the
r

system with m as nucleon mass, and Rand R, are, respectively the inner and outer

: : Z.Z,e’ :
turning points. R, leze, the value of r where E_ (r) =0, the Q-value of the reaction

or, in the present case, the a particle decay energy. The subscripts 1 and 2 refer to «
particle and the daughter nucleus, respectively. The integral in Eq. (1.3) has an

analytical solution, giving

G =l\/%lezez(arccos\/_—,/x(x—l)), (1.4a)

h

1/3 1/3
with o R _nla t4 k_o (1.4b)
R, Z,Z,e V,
Z,Z,e’
Here, Ve, :T (1.4c)

is the coulomb barrier height. In Eq. (1.4) all quantities are known, except ro which is
traditionally taken as a parameter to be fitted to the experimental data. Also, different

authors have used different values of a particle preformation factor v, in Eq. (1.1).

The following figure 1.2 shows the schematic potential energy surface V(R) for «
particle decay of the nucleus. The solid line shows the idealized Coulomb plus square
well potential, used in Gamow theory for a decay. The dashed line shows the rounding

of the potential due to the nuclear effects.
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Figure 1.2: The nuclear interaction potential for *?Ra—'*C + ?®Pb, calculated as a

sum of Coulomb and proximity potentials (solid lines). The path of tunneling is also
shown, the dotted lines show the parameterized potential used to calculate the

penetrability analytically.
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The nature of the function in Eq. (1.4) is rather simple and becomes evident if we make

a Taylor expansion about x=0. We obtain

{2 V 1/2 2
mp=YHs o ”VIB/Z —4+2—3L32+.... (1.5)
h 0 Ve 40

This relation shows that InP varies almost linearly with Q%, which is taken as a

plausibility argument for the straight line description of Geiger —Nuttall plots between

log,, T, (s)and Q' for each Z:

log,, 7, (5) = a0 > (Mev)+b (1.6)

with a and b as constants for each element. The half- life times T1,» are related to decay

constant A as:

A= 1;—2 (1.7a)
b
One can also talk of the decay width,
'=nl (1.7b)

l., %8 %9 who obtained different

Relation (1.6) was tested again very recently by Buck et a
values of constants a and b for different « - emitting even-even nuclei with N<126 and
N>126. Instead of using the single coulomb condition (1.4c) , these authors have related
R and Vg to a global quantum number g (an additional free parameter, not related to G
of Eq.(1.2)) through the Bohr- Sommerfield condition for the (preformed) «a particle
considered in the orbit of the remaining core of the parent nucleus. The calculations are
also extended empirically to exotic cluster decays of even-even nuclei by taking both

the parameters G and Vg, arbitrarily, proportional to mass number of the emitted cluster.

The barrier penetration theory of a decay is found to be good only for the ground state

to ground state transitions in even- even nuclei. Other transitions are observed to be
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slower than predicted by the theory and are said to be hindered. This odd-even effect of
parent nuclei is denoted by a quantity, called hindrance factor F, which is simply a ratio
between the Gamow and measured decay constants:

F=lo ="z (1.8a)

Or, more generally, for any potential

/1 Texpt

= e _ i
F_ ﬂ - Tcal
1/2

expt

(1.8b)

with F =1, defined customarily, for all even-even ground state transitions. Such
normalization has the advantage of referring the hindrance factors to the ground state
rather than to the absolute calculated values.

Rose and Jones? used the Gamow theory of a decay for analyzing their pioneering

Ag(€)
A (@)

experiment on "C decay of ?**Ra. They calculated the ratios , of Gamow factors,

for some likely cluster-decays with respect to a -decay. Using three different values of
re=1.15, 1.20 and 1.25 fm, they found that *C decay of #**Ra virtually selects as the
most probable one, since the ratio of Gamow factors is the largest. One could have
reasonably well expected the preformation probability for 'C to be considerably higher
than for the neighboring nuclei, since sequences of three «a particles occur in the
radioactive decay chain of #*°U (figure1.1) with which, as stated before, ?**Ra is in
secular equilibrium. For this purpose, these authors made an experimental estimate of
the preformation probability P, by comparing their measured branching ratio Bext(C)

ﬂexpt (C)
A ()

exp

(=

, the ratio of measured cluster decay constant) with the calculated ratios of

A (€)

¢ (&)

Gamow factors, (=Bg(c)), for various carbon nuclei from ?®*Ra. They found:
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2'expt(cy
Py(c) _ Bepi(c) A (©)

= = 1.9a

R B @) 152
A (@)

~0.1-10 for '?C, '®C and °C (1.9b)

= 7x10°- 4 x107 for *C (1.9¢)

In view of the rare nature of the heavy cluster decays with respect to a particles these
authors termed the numbers in Eq. (1.9b) absurd and unacceptable. Thus, '*C decay of
?2Ra was identified and an empirical estimate of its preformation probability with

respect to a particle was given by Eq. (1.9c) for the first time.

According to the o decay theory, P,(«)=1. Therefore, one can take Eq. (1.9c) as a

measure of the preformation probability of *C in ?**Ra. Such a point of view has later

prompted great interest in the study of empirical trends of P,, by defining this quantity

from (1.9a) for any cluster c, as

ﬂ’ex t C
P (c)= 200 (1.10a)

Or, more generally, for any other shape of the nuclear potential

ﬂexpt (C)

PO (C) ) //i’cal (C)

(1.10b)
In contrast to the above approach of estimating B, from Eq. (1.10a), many experiments

are analyzed by empirically fitting the Gamow factors to the measured data by

measuring either ro alone or both r,and v,in Egs. (1.1)-(1.4). This means taking
P,(c)=1 and its effects considered to be assimilated in the varied parameter or

parameters. For the best fit to the data, different authors have obtained different values

of r, or both r, andv,.
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The concept of different ry for different clusters is also used by Iriondo et al., ® who
define the formation amplitude of a cluster with respect to the a particle simply as the

ratio of the Gamow penetrabilities at r, =0.98 and 1.20 fm. The interesting result of this

calculation is that the relative formation amplitude are much smaller than one (~10™ to
1077 for ®Be to “*°Ar) and decrease with the increasing size of the cluster.

Alternatively, some authors ** ' have plotted the measured log,, 73" (s) as a function

of the calculated In P for all ground state transitions of @ and heavy cluster decays. It
was noticed that for each emitted cluster, the data for even-even parents lie on a
straight line. Also, all the straight lines have nearly the same slope. Thus, the heavy

cluster decay systematics are similar to that of for @ decay. Remember, however, that

for @ decay the straight lines between log,, 7}, (s)and QO "?are for each element, and

here it is for each cluster. This result can be considered to mean that the two processes
(a decay and heavy cluster decay) are perhaps analogous, but the somewhat different
slopes and the different intercepts of these straight lines for different clusters raise the

question of associating, say, the different preformation factors P, to different cluster

decays. This becomes evident if we modify the definition (1.1) of Gamow a decay
constant for the cluster decays, to include the preformation factor, as follows:

A(c) =V, PP, (1.11)

Notice that here v, is practically a constant ~10?'s™ and, as Rose and Jones have

shown, it is only through P, that 4, (or equivalently, the T;) becomes comparable with
2

A (orT;XP’). A use of more realistic nuclear potential, than simply the square well,

expt
2
would apparently modify the relative magnitudes of P and P, but not the above

conclusions.

It is relevant to mention here that the Gamow theory of coulomb barrier penetration has
been quite successful for giving many systematic of the heavy cluster decays.

Interesting enough, the heavy cluster decay is found to behave very much the same as
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the a decay. However, a result like that of Eq. (1.11) suggests that the use of a more
realistic nuclear potential and the introduction of the concept of different preformation
probabilities for different sizes of the clusters are a must in order to make the a decay

theory a complete theory for heavy cluster decays.

1.4 Theories of Heavy Cluster-Decays

Most of the theoretical efforts for interpreting the observed heavy cluster-decays have
gone towards improving the Gamow’s theory of o decay. There are two possible ways
that have been followed. In one case, instead of the square well, a more realistic
nuclear potential is used. This includes the phenomenological work of analytical super-

13134 "2 sum of cubic

asymmetric fission model (ASAFM) using a second order polynomia
and quadratic parabolas®, the proximity potential®®®’, the Yukawa plus-exponential
potential®®“°, the Cosh potential *'*3(or, equivalently, the double folded potential using
Dirac &- function for two body interaction), and the double folded Michigan -3 Yukawa
(M3Y) potential***® etc. Apparently, some of these potentials are derived from the
microscopic two body effective interactions and use the cluster and core (daughter
nucleus) densities. However, none of these calculations include theoretically the cluster

preformation probability P, in their works.

It is relevant to collect here that, in view of the rare nature of these heavy cluster
decays, Rose and Jones had termed B, ~1 or even 0.1 as absurd and unacceptable.

We refer to these models with P,= 0.1-1 as the “unified fission model (UFM)”, since

some of these***

are essentially the fission models and others could be used to
describe all the three processes of a decay, heavy cluster-decays and the
spontaneous fission simply by varying the parameters of the nuclear potential used.
This is the approach that was used by Sandulescu et al.” for obtaining some half- life

time estimates in their pioneering work based on the dynamical fragmentation theory.

The other approach for making the a decay theory adaptable to heavy cluster decays

is to not only use a more realistic potential, but also to associate with it a cluster
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preformation probability P, that depends on the size of the emitted cluster. In other

words, here the clusters are considered to be preformed in the parent nucleus before
they can penetrate the potential barrier. Thus, the nuclear structure information also
goes into the development of such a formulism. Both the shell model and collective
model bases are used*®® for this purpose. We refer to such models as “preformed
cluster models (PCM)”. Apparently, these models treat the « and heavy cluster decays

alike, but differently from spontaneous fission.

Some models have been developed for studying the heavy cluster decay explicitly as a
spontaneous fission process. One of these models is “saddle point fission (SPF)”
model®®* .This model is used for studying the (cold) super-asymmetric fission process,
which is shown to compete with the exotic cluster-decay process. The other fission
models used for studying the cluster decay as a super-asymmetric fission process are
given in Refs. 58, 65 and 66.

In the present work we have used the Preformed Cluster Model (PCM). The details of

the model are given in chapter 2.
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Chapter 2

METHODOLOGY




2.1 Introduction

In the present work, we plan to use the dynamical model (DCM) which is based on the
well established quantum mechanical fragmentation theory (QMFT). The main
advantage of DCM over the statistical models is that it treats the LP’s (with fragment
mass Az < 4) and IMF’s (cluster heavier than « -particles and lighter than symmetric and
near symmetric fission fragments) on equal footings, whereas in all other statistical
models the LP’s and IMF’s are treated differently. Another important feature of DCM is

that it involves the preformation probability P, of the fragments and hence imparts the

important information regarding structure of decaying nuclear system.

2.2 The Dynamical Cluster- decay Model

The dynamical cluster-decay model' is an adaptation of the preformed cluster model
(PCM) of Gupta et al*® for ground state decays, which itself is based on the well-known
Quantum Mechanical Fragmentation Theory, the QMFT*® given for fission and heavy
ion reactions. This theory is worked out in terms of the collective coordinates of mass

asymmetry n=(A, —A,)/(A +A,) and relative separation R, which in a PCM allows
defining the decay half-lifeT,,, , or the decay constant 1, as

1/2

A
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where the preformation probability P, refers to zmotion and the penetrability P to R

motion. Apparently, the two motions are taken as decoupled, an assumption justified in

the earlier works* > 7. The v,is the barrier assault frequency. In terms of the partial

waves, the decay cross-section

b2
K

O = 2

l(‘
> QI+DPRP ; k=
=0

with 4 =[A A, I(A, +A,)]m = i—Am (1-n?) the reduced mass, I (the

critical angular momentum), and m is the nucleon mass. This means that 1in Eq. (2.1)

gives the s-wave cross-section, with a normalization constantv,, instead of the z/k* in

Eqg. (2.2). For n-motion, we solve the stationary Schrédinger equation inz, at a fixed R,

B2 0 1 0
- +V.n,T):w"(n)=E"w"(n) (2.3)
{ 2\/Bmz 877 \/Brm 87]

with v=0,123,....andR =R, =C,(= C, + C,), the first turning point, fixed

empirically for the ground state (7' = 0) decay. This value of R (instead of the compound
nucleus radius R,) assimilates to a good extent the effects of both deformations g, of

two fragments and neck formation between them®. The deformation effects of nuclei
in the calculations are further included via the Suessmann central radii

C. =R —(b*/R) , with radii R, =1.284"* —0.76+0.8A4"*fm and the surface thickness

parameter b =0.99fm.

The Eigen solutions of Eq. (2.3) give the preformation probability
Py = /B, Win(A)| (27 4), (2.4)

(i=1or 2), where w()is "= (1) if the ground-state solution is chosen.
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However, for the decay of a hot compound nucleus, we use an ansatz’ for the first
turning point,

R, =C,(n,T)+ARM.T), (2.5)
which depends on the total kinetic energy TKE(T). The corresponding potential V(R,)
acts like an effective, positive Q value,Q,, for the decay of the hot compound nucleus

at temperature T to two fragments in the exit channel observed in the ground
states(T =0).

Thus, in terms of the respective binding energies B, Q. is defined as
Qu (T)=B(T)=[B,(T =0)+ B,(T = 0)]
=TKE(T)=V(R,) (2.6)

Since, R, =C,(n)forT =0, AR(n) corresponds to the change in TKE at T with respect to

its value at7 =0, and hence can be estimated exactly for the temperature effects in the

scattering potential V(R) .
At temperatureT , the preformation factor P,in Eq. (2.4) is calculated atR, = C, (77)+E,
with the temperature effects also included inw () through a Boltzmann-like function,

2

exp(—E" /T), (2.7)

WV

W =3
with the compound nucleus temperature T (in MeV) related as

(Al g
ECN—(ng T; (2.8)

and for the penetrability P, Egs. (2.6) for each nandT values mean that

V(R,)=V(C,+AR) =V(R,) = Q,; (AR) = TKE(T) (2.9)
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with R, as the second turning point.

The penetrability P is calculated as the WKB tunneling probability, solved analytically in
Ref. 2 and 3.

R,
P =expl-2 [ {241V (R)- 0,y 1) dR 2.10
Ra

The fragmentation potential V,(n,7)at any temperatureT , in Eq. (2.3), is calculated
within the Strutinsky renormalization procedure, as

2 2
V.n.,T)= Z[VLDM (A, Z,,T)]+ Z[&/i lexp(-T* /T )+ E (T) 2.11)

+V, (1) +V,(T)
where the T -dependent liquid drop energy V,,,, (T)is that of Ref. 10, with (Seeger’s)

constant at T =0 refitted to give binding energies of'" defined asB=V,,,, (T =0)+dU .

The shell corrections are calculated in the “empirical method” of Myers and Swiatecki'?.

The V,is an additional attraction due to the nuclear proximity potential'® which is also

considered temperature dependent here,
V,(R,T)=4xR(T)b(T)p(s,T), (2.12)

where R(T)and ¢(s,T) are, respectively, the inverse of the root mean square radius of

the Gaussian curvature and the universal function, which is independent of the
geometry of the system, given by

—%(s —2.54)* —=0.0852(s — 2.54)°

#(s,T) = (2.13)

—3.437exp(—s/0.75)
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for s <1.2511 and s >1.2511 respectively,

_C(@)C,(T)

R(T 2.14
(T) ) (2.14)
and y is the specific nuclear surface tension given by
2
y= 0.9517{1—1.7826(%} }MeV fm™ (2.15)

In Eq. (2.12), s(T)(=[R—-C,(T)]/b(T)is the overlap distance, in units of b, between the

colliding surfaces. The temperature dependence in radii R, is given as'® '

R.(T)=r,(T)A"” =1.07(1+0.01T)A}" (2.16)
with the surface width
b(T)=0.991-0.99T?) (2.17)

The same temperature dependence of R(T) is also used for Coulomb
potential E_(T) = Z,Z,e”* / R(T) , where the charges Z, are fixed by minimizing the potential
V.(n,T)in the charge asymmetry coordinate n,=(Z,-Z,)/(Z,+Z,).The shell
corrections oU in the Eq. (2.11) are considered to vanish exponentially for 7, =1.5

Mev."®

Also, for the angular momentum effects

R+
V,(T) YO (2.18)

In the nonsticking limit, whereR, =C,(T)+C,(T)+AR=C,(T)+AR, the moment of

inertia in EqQ. (2.18) is given by

I(T)=1,5(T) = uR,; . (2.19)
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In this case, the separation distance AR is assumed to be beyond the range of nuclear
proximity forces, which is about 2 fm. However, when it is within the range of nuclear

proximity (<2 fm), we get in the complete sticking limit

I(T)=1/(T)=uR’ +§Alme + %Aszzz : (2.20)

For the /value, in terms of the bombarding energy E_, of the entrance channeln,, , we

have

=1 =R, 2uE,, -V(R,.7,1=0)]/h. (2.21)

The mass parameters B,, (7) , representing the kinetic energy part in Eq. (2.3), are the

smooth classical hydrodynamical masses'®, since at high temperatures the shell effects

are almost completely washed out.

Finally, the temperature-dependent scattering potentialV(R,T), normalized to exit

channel binding energy, is

V(R,T)=Z,Z,e’ | R(T)+V,(T)+V,(T) (2.22)

This means that all the energies are measured with respect toB,(T)+ B,(T), and the
fragments go to ground state (T — 0) via the emission of light particle(s) and/or y —rays

of energy E .

2.2.1 Oriented Collisions

For the deformation and orientation effects we use the model developed at Chandigarh

by Gupta and collaborators® 3.
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The potential V for orientated nuclei is the sum of two binding energies B, and

deformation and orientation dependent Coulomb and proximity potentials:

V(n,R) = _Z Bi(Ai’Zi’ﬁ,ii)'i' E. (Zi’ﬁ/li’ei)+VP (Ai’ﬂ/'ii’ei) (2-23)

i=1

The Coulomb and proximity potentials with higher multipole
deformations  included, are obtained respectively

Z 7 €2 2 1 Rﬂl 0) 4 2 v (0)
E. :%"'321226 1,5:1,2mRTOHYA (ai) ,B/u +7:3/11Y/1 (ai)aﬂ,z (2'24)
with R () =R, {1 +> .Y« )} and R, =1.284,"7 -0.78+0.84,""
A

The nuclear proximity potential is given as,
V, = 47Rb(s,) (2.25)

where the surface energy coefficient ;/=O.9517[1—1.78269(N—Z)2/AZ] MeV fm™ ; the

surface  thickness b=1fm; R is the mean curvature radius given
1 1 1 1

as; + +

1 —2

= +
R R11R12 R21R22 R11R22 R21R12

where the four principal radii of curvatureR,

and R, at the points D and E of minimum s,, are given by Eq. (15) in Ref. 3, and the

universal function, independent or the geometry of nuclear system, is

1

#(s,.T) =1 2
—3.437 exp(—s, /0.75)

(s, —2.54)> —0.0852(s, —2.54) (2.26)
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Where s, is the shortest distance between the colliding surfaces, parallel toR, taken

along the collision axis, in units of b, and defined as;

s, =[R—R,(a,)cosy, —R,(a,)cosw,|/b ; v, are the angles that R make withs, as
shown in the figure 2.1. Fors, to be minimum, i.e.ds,/da, =0, it follows from figure 2.1
that w, =6, -, , ¥, =180-6, —, andtany, =—R,(«,)/R,(a,). The figure 2.1 shows

the schematic configuration of two axially symmetric deformed, oriented nuclei, lying in
the same plane.

2.3 Quantum Mechanical Fragmentation Theory

In QMFT'*°, the essential quantities for the description of the nuclear dynamics are the
potential energy surfaces and the mass parameters defining the kinetic energy of the
system while the static properties of nuclear system are determined by the potential
energy only. The QMFT is worked out in terms of the following collective variables:

(1) Relative separation coordinate R between the two nuclei or, in general, two

fragments (or, equivalently, the length parameter 1 = L with L as the length

2R,’
of the nucleus and Ry as the radius of an equivalent spherical nucleus).

(2) The orientation degrees of freedom 6, (i=1, 2) of the deformed nuclei.

(8) The deformation co-ordinates S, (A=2, 3.4... and i =1, 2) of the colliding nuclei.

(4) Azimuthal angle ¢ between the principal planes of the two colliding nuclei.

(5) Neck parameter &, defined by the ratio £=E,/E for the interaction region
(R=<R,+R,,R (i=12) is the radius of the two nuclei);
Where E, is the actual height of the barrier and E is the fixed barrier of the two

center oscillator. € =0 represents a broad neck formation, whereas £ =1 gives
that the neck is fully squeezed in, corresponding to the asymptotic region
(R>R,+R)).

(6) Mass and charge fragmentation co-ordinates.'” % 2°
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For two body channels, the mass and charge fragmentations for separated

nuclei/fragments are defined by the mass and charge—asymmetry coordinates as
_A A _Z-7%,
A == (2.27)

Similarly, the neutron asymmetry coordinate'®

— N, - N,
N (2.28)

N

can also be used, but it is sufficient to treat only two of them as dynamical co-ordinates

since they are related as

2, N1y (2.29)

==y "

HereA=A+A,, Z=Z +Z, andN=N,+N,. A, Z, and N, are respectively the mass
number, the charge number and the neutron number of two fragments. A, Z and N
are respectively the mass number, the charge number and neutron number of the
compound system. The limiting values of n are 0 < |7|<1 and thus allows a unified
description of a few nucleon or multi nucleon (a cluster) transfer, a large mass transfer,
the complete fusion (|77| =1) of nuclei and the symmetric (77=0), asymmetric and super
symmetric fission of a nucleus or compound nucleus. The 7, coordinate gives the

associated charge distribution effects. In terms of these collective coordinates and their

velocities, the collective Hamiltonian can be written as (taking g to stand for g,, and

B, (B=2,3,4...)).

H =K(R,B,£.1,1.;R, B.£,17,1.) +V(R, B.£,11,17.). (2.30)
For the compound nucleus formation, the neck parameter £ =0 is assumed, since once
the neck formation starts between the two colliding nuclei, then fission phenomenon
takes place, i.e. excited compound nucleus will proceed towards the disintegration

process.
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For the potential V(n,7,,R), minimized in the 7_ co-ordinate, Schrodinger wave
equation in terms of the mass parameters 7 and relative separation R co-ordinates can

be written as:
H#n,R)¥Y#,R)=E®n,R)¥([.R) (2.31)

With the Hamiltonian,
Hn,R)=K(n)+K(R)+K(n,R)+V(n)+V(R)+V(n,R) (2.32)

Here, K refers to the kinetic energy and V to the collective potential energy. The mass
parameters Bj, defining the kinetic energy term K in the above Egs. (2.30) and (2.32)
are either the consistently calculated cranking masses using the Asymmetric Two-
Center Shell Model (ATCSM) or the classical hydrodynamical masses, which are shown

to have good agreement with microscopic cranking calculations. The coupling term of

2

the kinetic energy K(7,R), proportional to aaaR

, is neglected here, since the coupled

; 17,18 12 1/2
cranking masses are very small'"'® (B, <<(BB,,)"” and B,, <<(ByB, A )").Same

is true for the coupling term of potential energy V(n,R). Therefore, in a decoupled
approximation®, the Schrodinger equation (2.31) can be solved for which the
Hamiltonian takes the form:

9 1 9 /)

2\/B,m an JB., an 2B B AR ‘/ B, aR

+V () +V (R) (2.33)

For decoupled Hamiltonian (2.33), Schrodinger wave equation (2.31) can be separated

for the two co-ordinates 7 and R as follows,

{ 9 V(n)}wv(n)ﬂnvwv(n) (2.34)

2r an \/78

and { f J +V (R)}w (R)=ER"y"(R) (2.35)

2\] RR aR\] RR oR
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With ¥, R) =¥ (1m)¥(R) (2.36)
and E=E, +E; (2.37)

The states W' (n) are the vibrational states in the potential V (n) and are labeled by the

quantum numbersu =0, 1, 2...

On solving Eqg. (2.6) numerically, “Pv(n)‘zgives the probability P, of finding the mass

fragmentation n at a fixed R on the decay path.
v 2
Py(A,) o< |P" (4,) (2.38)

For fission studies, like the spontaneous fission and fission through the barrier, the
motion in R at the saddle point is adiabatically slow as compared to the n motion.

2.3.1 The Scattering Potential V(R)

For a fixed n i.e. for a given outgoing fragment (A, A2) combination, the scattering
potential V(R) is defined as the sum of the deformations, orientations dependant
coulomb potential, proximity potential and angular momentum dependant potential, i.e.

VIR)=V.(R,Z,,3,,0.,0)+V (R, A, 5,.6,,0)+V,(R, A, B,.6,,0) (2.39)

For co-planar nuclei, ® =0°, and for spherical-plus-deformed nuclear collisions, only one

orientation angle 8 is enough, referring to the rotationally-symmetric deformed nucleus.

2.3.2 The Fragmentation Potential V (n)

The collective potential energy or the fragmentation potential V(n, R), is calculated as,
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2
V(n,R)=-— B.(A.,Z.,b, VR, Z.,b,,0.,
(1, R) ;[ (ALZL B+ V( isB>0:59) (2.40)

+Vp(R’Ai’ﬁ/1i’0i’¢)+VI(R’Ai’ﬁ/li’0i’¢)
Here B; (i=1, 2) are the binding energies of the two nuclei, available from the
experimental data of Audi-Wapstra®. Wherever the experimental B’s are not available,

1.3* are used. Note that the binding

the theoretical binding energies of Moller et a
energies contain both the macroscopic (liquid drop part) and the microscopic (shell

correction) part.

The fragmentation potential V (n) is calculated at a fixed distance R = R1 +R2 + 0 R or

R =C1 + C2 +6 C fm, with G; (i=1, 2) as the Sussmann central radii related to the radius

2

vector Rias Gi=R; (1 —b—z) with
R

l

Ri = R()i [1 +ZﬂﬂY;0) (a’[)] (241)
A

and Roi = 1.28A;"® - 0.76 + 0.8A"® (2.42)

Here A=2, 3, 4... and q; is an angle that the radius vector R; of the colliding nuclei makes
with the symmetry axis(see Figure. 2.1) .The diffuseness of the nuclear surface (i.e. the
surface thickness) b=0.99 fm. The charges Z; are fixed by minimizing the potential V (n)

in the nz coordinate at each n value.

For the study of excited systems, where the nuclear temperature effects also come
into picture, the fragmentation potential at fixed R is

2 2 T2
V(n,T)= ZVLDM (A,Z,,T)+ z(w exp(— Fj +V.(Z,.5,,6.0.T)

i=1 i=1 0

(2.43)
+Vp(Ai’IBﬂi’0i’¢’T)+‘/I(Ai’16ﬂ.i’0i’¢’T)

Here, Vipm (Ai, Zi, T) is the liquid drop part of the binding energy and ¢ U, the shell
corrections. Note that the calculation of fragmentation potential involves all the possible
decay channels and the number of all such possible decay channels becomes more
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and more with the increasing mass of the mother nucleus. The nuclear temperature T
(in MeV) is related to the excitation energy E ¢y of the compound nucleus, through a

semi-empirical statistical relation as:

Eon= AT2T  (MeV) (2.44)
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Figure 2.1: Schematic configurations of two (equal/ unequal) axially symmetric
deformed, oriented nuclei, lying in the same plane and for various 81 and 62 values
in the range 0° to 180°. The ©’s are measured in anti-clockwise from the colliding

axis and the angle a’s in clockwise from the symmetry axis.

The shell corrections & U in Eq. (2.4) are considered to vanish exponentially for E ¢y =

60 MeV, giving To = 1.5 MeV. At higher excitation energies the shell corrections vanish
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completely and only the liquid drop part of energy is present. The shell corrections play
an important role in determining or empirical fitting of nuclear masses, because the
nuclear masses calculated by using the smooth liquid drop formula show large
deviations with respect to the experimental masses. It means that in the experimental
masses there exist deep minima at specific neutron and/or proton numbers indicating
the presence of shell structure, the so-called magic numbers in nuclei.

This characteristic behavior cannot be reproduced by the liquid drop part alone, which
means that the introduction of microscopic shell correction in the mass formula is
essential. Thus, shell corrections accounts for the removal of deviation from the liquid
drop calculations (uniform distribution of nucleons), and are defined, within Strutinsky®'
method as

sU=U-U (2.45)

where, U = zv E, 2n, is the sum over all occupied single particle states and

- A .
U =2 ng(E)dE (2.46)

is the average energy for uniform distribution. In general, the microscopic shell
correction, together with the liquid drop part, gives a proper description of the binding
energy of the nucleus. This method, however, does not give a proper description of light
mass nuclei. The difficulty is the inadequacy of shell model for very light nuclei. For this

reason, the macro-microscopic calculations of Moller et al.®*

are tabulated for Z =28 only.
For Z < 8, one could alternatively use the empirical shell correction method of Myers-
Swiatecki®® which again is not very satisfactory for light nuclei (Z < 16). Gupta and
collaborators® ® have modified this empirical method and obtained a better description

of the shell corrections for the light as well as heavy mass region, i.e., 1 <Z <118%.
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2.4 The Preformed Cluster-decay Model for ground state

decay of nucleus

These models fall into two main categories:
(i) Unified Fission models (UFM), and
(il) Preformed cluster-decay models (PCM).

In the UFM, the cluster decay is dealt simply as a barrier penetration problem where as
the preformed cluster model (PCM) distinguishes itself from the unified fission model
(UFM) in its basic assumption of the emitted cluster(s) being preborn in the parent
nucleus with a probability that decreases with the increasing size of the cluster. This
suggests that the process of cluster decay will stop somewhere and that of fission will
take over, with a possible overlap for some region. It is seen that such an overlap does

exist indeed for clusters of masses 42 < A, < 50.

The PCM is developed as a further modification of the Gamow theory, considering not
only the penetration of a realistic barrier (coulomb + nuclear, as in UFM), but also
associating a preformation probability Py to the emitting cluster.

36-39

The Preformed Cluster model (PCM) Of Gupta and collaborators®™™", with effects of

deformation and orientation degrees of freedom included, is based on the well-known

1730 |n PCM, the clusters are

quantum mechanical fragmentation theory (QMFT)
considered to be pre-born in the parent nucleus before penetrating the interaction
barrier. The model is worked out in term of only one parameter, the neck length
parameter AR, assimilating the neck formation effects of the two-centre shell —-model
shape. The decay constant and hence the decay half-life time in PCM is defined as in

Eq. (2.1).

APCM - _ U P Py, Ti = IN2/A
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Here vy is the impinging frequency with which the cluster hits the barrier, given by

(2E2 /,U)l/z

Up = U/Ro = (247)

0
where Ry is the radius of parent nucleus and E, = 2 p v® is the kinetic energy of the
emitted cluster. The impinging frequency uo is nearly constant~ 102" s™ for all the
observed cluster decays. since both the emitted cluster and daughter nuclei are
produced in ground state, the entire positive Q-value of decay is the total kinetic energy,
(Q = E1 + Ep), available for the decay process, which is shared between the two
fragments, such that for the emitted cluster,

E, = %Q (2.48)

and, E; (=Q - E) is the recoil energy of daughter nucleus. Py is preformation probability
of the cluster, and P is the WKB penetration probability of cluster through the barrier,
calculated within the QMFT.

The QMFT is worked out in terms of the collective coordinates of mass and charge

asymmetries

r] = and nz = ’

(1 and 2 stand, respectively, for daughter and cluster) and the relative separation R, to
which are added the multipole deformations Bx and orientations 6; (i=1, 2) of daughter
and cluster nuclei. In PCM, the two coordinates n and R refer, respectively, to the
nucleon-division (or-exchange) between the daughter and cluster, and the transfer of
positive Q-value to the total kinetic energy (E1 + E>) of two nuclei as they are produced
in the ground state, as already pointed out above.
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The preformation probability Py (A) (E [ W (n (A)) B, i=1 or 2) is the solution of the
stationary Schrodinger equation in n, at fixed R =R,, the first turning point of the
penetration path used for calculating the penetrability P (see figure.2.2). Thus, the
structure information of the compound nucleus is contained in Py via the fragmentation
potential.
2
VR(n):_Z[B[(A[’Z[)]+VC(R7Z[’ﬂj_[70[)+Vp(R?A[’ﬁ/u’e[)+‘/[(R’A[?ﬁj,[’9[) (2'49)
i=1
used in the above said stationary Schrodinger equation. Here, Bi(Ai, Z) are the ground
state binding energies from Ref. 40, and V., V), and V, are, respectively, the Coulomb,
nuclear proximity, and angular- momentum dependant potentials. For ground-state

decays, I=0 is a good approximation.

In Eq. (2.49), the proximity potential V, for deformed and oriented nuclei is given as,

Vo (sy) = 4TRDP(s,) (2.50)

With the specific nuclear surface tension coefficient y = 0.9517 [1- 1.7826 II :Z ]2] MeV

fm™, the surface thickness b =0.99 fm, and the universal, function, independent of the

geometry of nuclear system as given by Eq. (2.26).

The mean curvature radius in Eq. (2.50) for two co-planar nuclei is

1 1 1 1 1
+ +

R2 R,R, R,R,, RR,, R,R, (2_51)

with the four principal radii of curvature Rj; and Rj; of the two reaction partners given by

Eq. (4) of Ref. 42, and the radius vectors

R () =R, {1 + ZﬁﬂiYﬂ(O) (&, )}
2 (2.52)

with the Ry given by
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_ /3 _ -1/3
R, =1.28A, 0.76 + 0.84; (2.53)

For Coulomb interaction extended Wong is*® expression for two non-overlapping charge
distributions, to all higher multipole deformations (A=2, 3, 4...), is *'
Z,Z,e’ 1 RM«)

4
V. ="122" 437 7 6 — i FilyOg +— 327986
C R 172 j"1'21’2211_’_1 Rﬂ,.{.] A ( 1) IBﬂl 7ﬁﬂl A ( l)

(2.54)

The mass parameters By, (n), entering the Py calculation via the kinetic energy term,
are the smooth classical hydrodynamical masses**, used for reasons of simplicity. The
penetrability P in (1) is the WKB integral between R, and Ry, the first and second
turning points, respectively (Fig. 2.2). In other words, the tunneling begins at R= R, and

terminates at R=R,, with V(Rp)=Q-value for ground state decay.

180
70 —' 242Cm _’34Si + 208Pb
| A R.=R,(e)+R,(a)+AR
160 - =R (0)+AR
AR=0 fm
150_' B
J 2
1404
> -
(0]
= 130
> ]
120 Wi
110 4
100 H Pb
Q value
90'II"'I""I""I""'I'
12 {6 20 24 28
R(=R) R, R(fm) R,

Figure.2.2: The scattering potentials for the 3*Si cluster decay of parent nucleus

242Cm, i.e. 2*2Cm—>*Si + 28Pp, for **Si considered as a deformed nucleus.
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Thus, as per Fig.2.2, the transmission probability P consists of the following three

contributions®® ¥’

1. The penetrability P; from R, to R;,
2. The (inner) de-excitation probability W; at R;, and
3. The penetrability P, from R; to Ry.
giving the penetration probability as
P = PWPy (2.55)

The shifting of first turning point from R, to Ry, the compound nucleus radius, gives the
penetrability P similar to that of Shi and Swiatecki*® for spherical nuclei, which is known
not to fit the experimental data without the adjustment of assault frequency. Following
the excitation model of M.Greiner and W. Scheid*® , we take the de-excitation probability

Wi=1 for a heavy cluster decays, which reduces Eq.(2.55) to the following:
P=PiPy, (2.56)

Where P; and Py, in WKB approximation are

P =exp{—% j {2u[V(R)—V(R,»)]}”2dR}

and (2.57)

P, = exp{—% [2uv® —Q]}“zdR}

R;

(2.58)
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For the first turning point, we use the following postulate
Ra (r]) = R1 (01) + Rg (02) + AR
= Ri(a, n) + AR (2.59)

where the n- dependence of R, is contained in R, and AR is a parameter, assimilating
the neck formation effects of two centre shell model®®. This method of introducing the
neck-length parameter AR is also used in our dynamical cluster-decay model (DCM) ''®

48, 49 (

and in the scission-point*” and saddle-point statistical) fission models for decay of

a hot and rotating compound nucleus.
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CALCULATIONS AND
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RESULTS
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3.1 Calculations and discussion of the results

In the present work, we intend to investigate the role of deformation and orientations of
the decaying parent nucleus along with that of emitted fragment(s) and corresponding
daughter nucleus in the ground state decay using the preformed cluster model (PCM) of
Gupta and collaborators. The study is limited to only those clusters in which daughter
formed is always a Pb isotope (with Z=82) and its nearby nuclei with even mass number.
It is relevant to mention here that all the parents 228230 Th, 232:234.238 236238p; qpq 242Cm
and their respective emitted clusters 2°0, ?*Ne and ?**°Mg considered here are deformed,
except for 2%®Ne and %23*Sj which are spherical/nearly spherical. Also all parent nuclei
are prolate deformed whereas clusters ?*Ne, **Mg are oblate deformed and 2’0, ®Mg are
prolate deformed. Another point of interest to note may be that all the parent nuclei have

almost the similar N/Z ratio.

It is extremely interesting to note that in the domain of Preformed cluster decay model
(PCM), not only the shapes of the parent, daughter and cluster are important, but also
the shapes of all other possible fragmentations of the decaying parent nucleus are
important via the calculation of fragmentation potential, and hence the preformation

factor P, We shall see that the inclusion of deformation and orientation effects of the

decaying products change the fragment potential energy surface (PES) quite
significantly and hence it creates remarkable contribution in deciding the decay process.

As a consequence, the relative preformation probabilities P, for all the fragments

change in the ground state decay of parent nucleus. Similarly, the scattering potential
(barrier position as well as height) is also modified with deformation and orientation
effects of outgoing fragments included, thereby affecting the tunneling through barrier,
and hence the penetrability P. Here the nuclei are considered to have the “optimum”
orientations for the cold ground state decay process, i.e., the deformed cluster and

daughter nuclei are in an elongated, non-compact configuration denoted 67,
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Although generalized orientations seem to play significant contribution in deciding the
decay path of a radioactive parent. But in present calculations we have confined
ourselves to optimum orientations only. Table 3.1 shows the comparison between the
experimental and calculated cluster decay half lives of various parent nuclei using
Preformed Cluster Model (PCM) of Gupta et al., by taking the binding energies from
Moller- Nix (1995). Table 3.1 shows the respective cluster decays of various parent

nUC|ei, ie. 228, 230Th, 232’234’238U, 236’238PU, 242Cm.

It is relevant to mention here that the octupole and hexadecapole deformations might
prove useful but it has been experienced that the extrapolated B4 (hexadecapole)
deformations are needed to be handled with case at least in the domain of light mass
clusters. In light of this, we have confined our calculations to quadrupole deformations
only. We have calculated the decay half lives of 14 clusters emitted from even-even
parents of Th, U, Pu and Cm isotopes. It is clear from Table 3.1 that our PCM calculated
half life values find nice comparison with the available experimental data except for the
emission of **Ne cluster from #**U. This is the case of an odd cluster emission and the
contribution of B4 values might be useful in the said case. In other words inclusion of Bg,
B4 contributions may improve the comparison for 2Ne cluster emission from 23U parent

nucleus.

It is important to mention here that the only fitted parameter of the model i.e. AR is
varied between (-0.5 to +0.5 fm) in order to fit the experimental data. The choice of +ve
AR means that the entry level for penetration is shifted toward the barrier height position
and —ve AR means that the entry point for penetration is shifted away from the barrier
height position. Though all the studied clusters do find a significant contribution from the
deformation and orientation effects i.e. the use of deformations (B2 only in this case) and
optimum orientations seem to influence the decay process of all the clusters studied.
However, we intend to discuss the exclusive role played by these deformations and
orientations in case of heaviest cluster formed in the decay of ?**Cm.

In the decay of 2**Cm we observe that the PCM calculations can fit the observed decay
half life for the B. deformations with optimum orientations at AR values equal to
(AR = -0.3 fm).
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TABLE 3.1: Half-life times and other characteristic quantities for cluster decay of
various parent nuclei. The calculations are made by using Preformed Cluster-decay
Model (PCM) of Gupta and collaborators, for case of B, alone. The impinging frequency
is up ~10%" s for each case. Qun. refers to Q-value calculated by using the binding
energies of Moller et al [Ref. 40 of Chapter 2].

Half-lives (log,, T),)s

PCM
Decay N/Z Ra Qu. Bs Expt.
**Th—*°0 + *®Pb | 1.53 R+ 0.5 45.91 20.40 20.87
20 Th—**Ne+*®Hg | 1.55 Ri+ 0.5 58.57 24.19 24.64
22U Ne+?®Pb | 1.52 R: + 0.25 62.03 21.58 21.05
22U Mg+ “%Hg | 1.52 R;- 0.3 74.06 23.28 >22.65
#4U—*'Ne + “"%Pb | 1.54 Ri+ 0.5 59.30 25.99 25.06
#4U—*Ne + “®Pb | 1.54 Ri+ 0.5 56.67 30.33 25.06
24— Ne+®Pb | 1.54 Ri+ 0.5 58.65 26.49 25.06
24— *Mg+*"°Hg | 1.54 Ri- 0.4 74.22 25.53 25.54
2®py—3Mg+°%®Pb | 1.51 R;- 0.5 78.75 20.33 21.67
2BY-¥3Si + 2Pt | 1.58 R(+0.215 85.82 29.03 29.04
*¥py—=*Mg+"°Pb | 1.53 R;- 0.4 75.83 25.63 25.70
#¥py—Mg+**Pb | 1.53 Ri 76.82 25.29 25.70
*¥py -¥Si+*%Hg | 1.53 R+ 0.5 90.03 25.16 25.28
#2Cm—>*'Si+*®Pb | 1.52 R;- 0.3 95.78 23.49 23.24

The comparison graphs are plotted for fragmentation potential (V), preformation
probability (P,) and penetration probability (P) for the decay **Cm—%'Si + ?®®Pp at
Ra = Rt +AR (AR = -0.3 fm) at /=0 for the case of spherical as well as quadrupole

deformation B,. It is relevant to mention here that in case of spherical choice this AR
values changes from — 0.3 fm to O fm in order to fit the experimental data which is a
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clear signature that deformations and orientations do play a significant role in deciding
the decay process of a nuclear system.

Another quantity of interest for the calculations of decay constant (A) or half life time
(T12) is the preformation factor P,. The behavior of preformation probability P, explicitly

depends on the fragmentation potential V (Az). The fragmentation potential for 2*2Cm is
depicted in figure 3.1.
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Figure 3.1: Fragmentation potential for the decay of 242Cm—3'Si + 2®®Pb at ¢ = 0 at

Ra = Rt +AR (AR = -0.3 fm) for the case of spherical compared with quadrupole
deformation (3, alone.
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Here we have plotted the cases of spherical vs. quadrupole deformations 3, alone for all
the possible fragmentations of the parent nucleus. We notice that the inclusion of
deformations and orientations of nuclei in V (Az) play a silent role for the lighter clusters
up to A, (mass of cluster) = 15. On the other hand, inclusion of deformations and
orientations effects change the potential energy surface (PES) significantly for heavier
clusters with A, > 15.
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Figure 3.2: Preformation probability P, as a function of fragment mass A, for the

decay of *?Cm—3'Si + 2®Pb at R, = R; +AR (AR = -0.3 fm) at ¢ =0 for the case of

deformed B, as well as spherical choice.
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It is important to note that a nucleus structure remains intact for spherical as well as
deformed considerations. The 3*Si cluster shows the expected minima in fragmentation
plot for spherical as well as the deformed case. Beside this, the clusters ?®Mg and “°S
also show preferential cluster formation. The 2®Mg possibility is ruled out via penetration
probability calculations whereas the origin and cause of *°S cluster needs further
investigations before reaching at an explicit conclusion.

In figure 3.2 we observe that there is no significant change in PES for the cluster mass
up to A>~15. However, for A, > 15 many pronounced peaks are observed in going from
spherical to deformed (B2 alone). For example in figure.3.2, the ®Mg, **Si and “°S
clusters show enhanced peaks for the deformed choice of fragmentation. It is worth
noticing here that one gets relatively pronounced structure with deformed fragmentation
as compared to spherical case. However the overall distribution remains similar i.e. we

find symmetric/near symmetric fragmentation for both the choices.

It is well established fact that due to deformations, the barrier height gets reduced and
barrier position gets elongated, thereby affecting the tunneling penetrability P . Note that
the calculated decay constant A (or half- life Ty.) depend on barrier Penetration
probability P, and hence on inclusion/ or non- inclusion of deformations and orientations
of nuclei. Therefore the role of deformations and orientations seems important in order
to access the emission path of a cluster from parent nucleus. In order to estimate such
effects we have calculated penetration probability (P) as a function of fragment mass
(A2). The Penetration probability as a function of fragment mass is shown in fig.3.3 for
the decay of 2Cm—3'Si + 2°®Pb at ¢ =0 for the spherical as well as deformed choice of

fragmentation process.

From figure 3.2 also it is clearly evident that deformations and orientations play a
significant role in the clusterization process. It is worth notification that the **Si cluster
shows an enhanced penetrability justifying the cluster formation in the decay of *°Cm.
Clearly the prominence of ?*Mg is ruled out because of lower P value however
emergence of *°S needs further study, possibly the inclusion of generalized orientations
and the inclusion of higher multipole deformations may resolve the issue.
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Figure 3.3: Penetration probability (P) as a function of fragment mass A, for the
decay of ?Cm—*Si + ?®Pb at R, = R; +AR (AR = -0.3 fm) at ¢ =0 for the case of

deformed B, as well as spherical choice.

One may conclude that the preformation probability P, as well as penetrability P gets

influenced by the inclusion of deformation/orientations which further effects the decay
constant and half life time values accordingly. In other words the decay constant and
half life times get greatly influenced by the inclusion of deformation and orientation
effects. So one may conclude that proper understanding of nuclear shapes and along
with the relative orientations of target/projectile is essential to make concrete and

T T T
40 48
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explicit predictions/verifications of the clusterization process.




Chapter 4

SUMMARY




Summary

Cluster radioactivity is a process in which we study the emission of clusters heavier than
a particle and smaller than fission fragments. It is a well established fact that this ground
state decay depends heavily on the shell closure effects of nuclear systems in heavy
mass region. Beside this, Q-value of the reaction seems to play crucial role in deciding

the clusterization/fragmentation process in this rare nuclear phenomena.

In recent times our understanding has grown regarding the formation and decay
process of nuclear systems, and a lot many exotic experiments and advanced
theoretical developments have enabled us to study the nuclear behavior in new
perspective. In view of these developments it has been established that the deformation
and orientations of entrance and exit channel fragments influence the nuclear dynamics
immensely. In view to these developments it seems relevant and important to
investigate the role of deformations and orientations in the relatively rare decay process

known as cluster radioactivity.

Keeping this in mind the role of deformations and orientations of nuclei is studied in the
cluster radioactivity process. Our calculations using PCM of Gupta and collaborators
clearly depict that the deformations and orientations have significant effects on the
calculated decay half-lives. The measured data on cluster decay half-lives is tested for
the clusterization of even-even isotopes of Th, U, Pu and Cm using the Preformed
Cluster Model (PCM) where the effects of deformations are included up to quadrupole
deformation (B2) only and the criteria of optimum orientations is used.

The interesting point is that both the preformaton factor P, and penetrability P are

shown to get modified with the inclusion of deformation and orientation effects.

Moreover, unlike P, the P, is effected not only due to the shapes of parent, daughter

and cluster nuclei, but also due to the shapes of all other possible fragmentations of the
decaying parent nucleus and therefore it becomes extremely desirable to include the
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deformation/orientation effects in the clusterization process. Our calculated half lives for
the isotopes of Th, U, Pu and Cm find an excellent comparison with the available
experimental data except for the 2°Ne decay from 2**U. It seems the inclusion of higher
multipoles along with generalized orientation consideration may resolve the issue. The
existence of **Si is explicitly established via PCM calculations in the decay of 2*°Cm.
The comparative emergence of other clusters like 2Mg and *°S is also addressed.

The present study clearly points out the importance of deformation and orientation
effects in cluster decays of radioactive nuclei. We have confined our self to the B;
deformation only. However, the inclusions of higher multiple deformations is desirable
but, their contribution needs a closer look before reaching at any discrete conclusion
since the (calculated) data used so far for B3 and B4 may not be adequate because of
extrapolation criteria adopted to generate this database. It seems that proper inclusion
of higher multipole deformations along with generalized orientation contributions may
prove important in deciding the cluster decay paths of various clusters. This study is of
great importance in order to establish the clusterization process of fragments higher
than a particle and smaller than fission fragments.

63



