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The stability and/or instability of60
1332137Nd, 64

1442158Gd, 80
1762194Hg, and 82

1922198Pb parents are studied with
respect to thea and heavy-cluster decays. Thea-decay studies also include the heavier1992210Pb nuclei, for
reasons of spherical magic shells atZ582 andN5126. The calculations are made by using the preformed
cluster-decay model, and the obtaineda-decay half-lives are compared with the available experimental data.
Having met with a very good success for the comparisons ofa-decay half-lives and in giving the associated
known magic or submagic closed-shell structures of both the parent nuclei and daughter products, the interplay
of closed-shell effects in the cluster-decay calculations is investigated. The cluster-decay calculations also give
the closed shell effects of known spherical magicities, both for the parent and daughter nuclei, and further
predict new~deformed! closed-shells atZ572–74 andN596–104 due to both the stability and instability of
Hg and Pb parents against cluster decays. Specifically, a new deformed daughter radioactivity is predicted for
various cluster decays of1862190Hg and 194,195Pb parents with the best possible measurable cases identified as
the 8Be and 12C decays of176,177Hg and/or 192Pb parents. The predicted decay half-lives are within the
measurable limits of the present experimental methods. The interesting point to note is that the parents with
measurable cluster-decay rates are normal deformed nuclei at the transition between normal and superdefor-
mation.

DOI: 10.1103/PhysRevC.68.034321 PACS number~s!: 23.70.1j, 23.60.1e, 27.60.1j, 27.80.1w
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I. INTRODUCTION

The a-decay results have been used for identifying
shell-closure effects for quite some time now, including ev
the very weak, sub-shell closures. For example, theZ564
subshell was first noted by observing the systematics
a-decay energies@1#, and later by a dip atZ564 in the
measureda-decay reduced widths@2#, of a few N584 iso-
tones in its neighborhood. In the recent past, some of us
collaborators@3–9# have coupled thea-decay studies with
the exotic cluster-decay result of the observed spher
closed-shell daughter (208Pb or a neighboring nucleus!,
called cluster radioactivity@10–12#. This allowed us to pre-
dict two other new spherical closed-shell daughter radio
tivities, namely 100Sn and 132Sn daughter radioactivitie
@4–7#, and also a deformed daughter radioactivity atZ
574–76 andN598–104@8#. The spherical100Sn daughter
radioactivity has been emphasized also by Poenaru, Gre
and Gherghescu@13#, and a couple of, so-far unsuccessf
experimental attempts have also been made to observe
the ground-state decay of114Ba nucleus produced in heavy
ion reactions@14,15#. This decay is now believed to belon
to an excited compound nucleus decay, studied for12C decay
of 116Ba* @16,17#. Furthermore, the cluster-decay studies
also used to point out the shell stabilizing effects of the p
ent nucleus@3,8,9#. Thus, both the cases of large and sm
decay rates~equivalently, the small and large decay ha
0556-2813/2003/68~3!/034321~10!/$20.00 68 0343
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lives! are found important, the large ones referring to clos
shell effects of the daughter nucleus and the small one
closed-shell effects of the parent nucleus. In other wor
taking a clue from the experiments, in a decay calculati
the presence of a known spherical or deformed daug
should result in a large decay rate~small decay half-life! or,
alternatively, a large decay rate~small decay half-life! should
refer to the existence of a known or unknown~new!, spheri-
cal or deformed, closed-shell for the daughter nucleus.

In the above mentioned calculations, we have so-far
vestigated thea and/or cluster-decays of various neutro
deficient and neutron-rich rare earths (54Xe to 64Gd) @4–7#
and the even-A deformed and superdeformed80

1802194Hg nu-
clei @8#. In mercury nuclei, the superdeformation begins
the 189Hg isotope, and the axes ratios are'1.7:1 @18#. Note
that the superdeformation here refers to the observation
~excited! superdeformed band~s! in these nuclei, though thei
ground-state deformations are not very much different fr
other neighboring nuclei. This is illustrated in Fig. 1, whe
the data for ground-state quadrupole deformation param
b2 is taken from the calculations of Mo¨ller et al. @19#, since
a similar data from experiments is not available for all t
nuclei studied here. On the other hand, a deformed or nor
deformed nucleus is the one where superdeformed ban~s!
are not observed and it comes from the well-known m
region 150,A,190 of deformation. In the above stated n
clei, the closed-shell effects of both the daughter produ
©2003 The American Physical Society21-1
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and the parent nuclei were analyzed. The stability of par
nuclei was also studied for the mass regionA568–82@3,9#,
which includes several deformed and superdeformed nu
~here, both in the ground states!. However, there are severa
other regions of various deformations and superdeformat
in the mass regionsA5130–158 and 180-198@18# whose
decay characteristics still remain to be probed. The aim
this paper is to make a complete analysis of the decay p
erties of nuclei in these two mass regions, in order to ge
general picture of how the deformed, in particular the sup
deformed, nuclei behave against thea and heavier cluster
decays. The superdeformed nuclei are expected to be m
instable, though, like for the mass regionA568–82 @3,9#,
the following analysis does not seem to support this con
tion. Instead, the superdeformed nuclei are found to be ra
poor a emitters, as compared to their lower mass, norm
deformed nuclei. They are, however, shown to be the be
a emitters than the heavier mass~heavier than superde
formed nuclei!, normal deformed nuclei. The same is fou
true for cluster-decay results. Such an unexpected situatio
presented by the presence of known and/or unknown~new!

 

FIG. 1. The variation of ground-state quadrupole deformat
parameterb2 with mass number for the selected Nd, Gd, Hg, a
Pb parent nuclei. The data are from the calculations of Mo¨ller et al.
@19#. The region of nuclei where superdeformed bands are obse
is marked in each case.
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closed-shell effects of the daughter products. Also,
closed-shell effects of either the protons or neutrons, as w
as the neutron/proton asymmetry, of the parent nucleus
a role.

The other nuclei that have superdeformations identica
those of 80

1892194Hg nuclei are the 79
191Au, 81

1912195Tl,

82
1922196,198Pb, and83

197Bi nuclei. Then, there are several ra
earths, from62Sm to 66Dy and 68Er, which have even more
strongly superdeformed shapes with axes ratios'2:1. Also,
some other rare earths, the57La to 60Nd, have superde-
formed species with axes ratios'1.5:1. In this paper, we
choose to work specifically with both the odd- and evenA

60
1332137Nd, 64

1442158Gd, and 82
1822198Pb parents, which com

prise the three regions of different superdeformations m
tioned above, along with some normal deformed nuclei. N
that 1542158Gd are knowna-stable nuclei, but are found to
be of interest from the point of view of heavy-cluster inst
bilities and the associated closed-shell effects~Sec. III B 2!.
We have also included in our analysis here the already s
ied @8# mercury nuclei, extended to both the odd- and ev
A 80

1762194Hg, and the heavier1992210Pb nuclei where some
experimental data fora decays are available. Thus, the cas
of both the normal deformed and superdeformed nuclei,
the spherical closed-shell nuclei at and aroundZ582, N
5126, are covered in our study. Figure 1 shows that all
superdeformed nuclei chosen here come from the trans
~both lighter and heavier! regions of known deformed nucle
in the mass region 150,A,190.

The paper is organized as follows. The calculations
made by using the preformed cluster-decay model~PCM! of
Gupta and collaborators@20–23#, whose brief outline is pre-
sented in Sec. II. Section III deals with the calculations a
results obtained from this study. A summary of our resu
and conclusions are presented in Sec. IV.

II. THE PREFORMED CLUSTER-DECAY MODEL

The PCM is a well-established method for cluster-dec
studies. We refer the reader to original papers@20–22# or to
the reviews in Refs.@12,23# for complete details on the
model. In the PCM, the decay constantl ~or, inversely, the
decay half-life timeT1/2) is the product of the cluster prefor
mation probabilityP0, the barrier impinging frequencyn0,
and the barrier penetration probabilityP,

l5
ln 2

T1/2
5P0n0P. ~1!

For calculatingP0 and P, the authors introduced, respe
tively, the dynamical collective coordinate of mass asymm
try h5(A12A2)/A, with A5A11A2, and relative separa
tion R between the two fragments, via the stationa
Schrödinger equation

H~h,R!cn~h,R!5Encn~h,R!. ~2!

The potential part of the Hamiltonian in this equation is d
fined by

n

ed
1-2
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V~h,R!5(
i 51

2

Bi~Ai ,Zi !1
Z1Z2e2

R
1Vp , ~3!

given as the sum of the experimental binding energies@24#
and the Coulomb and nuclear proximity@25# potentials. The
fragmentation potentialV(h) and the scattering potentia
V(R) are obtained from Eq.~3!, respectively, for fixedR and
h. The R is fixed at the touching configuration,R5Ct5C1
1C2 , Ci being the Su¨ssmann central radiiCi5Ri21/Ri ~in
fm! with Ri as the equivalent spherical radiiRi51.28Ai

1/3

20.7610.8Ai
21/3 fm; andh is fixed by the emitted cluster

The chargesZi in Eq. ~3! are fixed by minimizing the poten
tial ~without Vp) in the charge asymmetry coordinatehZ
5(Z12Z2)/Z, with Z5Z11Z2. It may be noted that the
angular momentum (,) dependent potential is not include
here since the cluster-decay is assumed to develop from
ground state of a nonrotating (,50) nucleus~not after a
fusion reaction takes place!. The process of cluster emissio
after the~hot! compound nucleus is formed occurs with t
emission of both the light particles (A<4, Z<2, called
evaporation residue! and intermediate mass fragments~with
4,A,20, commonly known as fission channel! ~see, e.g.,
Refs.@16,17,26#!.

FIG. 2. The mass fragmentation potentials as a function of
mass number of light fragments, for the superdeformed isotope
Nd parents. The calculations are made at the touching configura
R5C11C25Ct and by using experimental binding energies@24#.
Only the light fragments~clusters! at minima are marked.
03432
he

In principle, the two coordinates are coupled, but in vie
of the defining Eq.~1!, the Schro¨dinger equation~2! is
solved in the decoupled approximation ofh andR motions.
As already mentioned above, only the ground state (n50)
solution is relevant for the cluster-decay to occur in t
ground-state of the daughter nucleus. Then, forh motion, the
properly normalized fractional cluster preformation probab
ity is

P0~A2!5uc~h!u2ABhh~h!
2

A
, ~4!

with Bhh taken as the classical hydrodynamical mass
Kröger and Scheid@27#. For theR-motion, we use the WKB
approximation for calculating the penetrabilityP. In PCM,
the penetration is considered to begin atR5Ra5Ct and end
at V(Rb)5Q value of the decay.

Finally, the impinging frequencyn0 in the PCM is defined
by considering that the total kinetic energy, shared betw
the two fragments, is the positiveQ value. Then,

n05
velocity

R0
5

A2Q/mA2

R0
. ~5!

Here R0 is the equivalent spherical radius of the pare
nucleus andmA2 is the mass of emitted cluster.

III. CALCULATIONS

In this section, we present our calculations first fora
decay, compared with the experimental data, wherever av
able. Then, we analyze the cluster-decay calculations wi
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FIG. 3. The same as for Fig. 2, but for both the normal d
formed and superdeformed isotopes of Pb parents.
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FIG. 4. The logarithms of the
cluster preformation probability
P0 as a function of the mass num
ber of ~a! Nd and~b! Gd parents,
for different clusters. For the sam
cluster mass number, the dashe
line showsP0 if the charge num-
ber is changed.
e
sh
d
te

N
io
nt
an
n

r
ts
e
fo
as
-
th
-

e

use

g. 4
re,
ta-

of
lier

ses.
he

e

r in
view to look for the role of known magic shells in both th
daughter and parent nuclei, and the possible new closed-
daughter products presenting the signatures of a new ra
activity, if any. The cluster-decay calculations are presen
separately for each set of nuclei.

Figures 2 and 3 show the fragmentation potentials for
and Pb nuclei, as the representatives of the two mass reg
A5130–158 and 180–198 studied here. The experime
binding energies used are from the 1995 tables of Audi
Wapstra@24#. We notice that in each case, the potential e
ergy minima occur at4He and otherN5Z, a nuclei, as well
as atNÞZ, non-a nuclei for all the parents in the heavie
mass region (A5180–198) and for only the heavier paren
in the lighter mass regionA5130–158. This means that th
a-nuclei decay products are energetically more favored
the lighter isotopes of Nd and Gd parents in the lighter m
region (A5130–158), and the non-a decay products be
come equally favorable for all the Hg and Pb parents in
heavier mass region (A5180–198) and for the heavier iso
topes of Nd and Gd parents inA5130–158 mass region. W
03432
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are interested only in the potential energy minima beca
the preformation factorsP0 for nuclei at the minima are the
largest, compared to their neighbors, as is depicted in Fi
for Nd and Gd and in Fig. 5 for Hg and Pb parents, whe
for some clusters belonging to the minima in the fragmen
tion potentials, the~negative! logarithm of the preformation
probabilityP0 is plotted as a function of the mass number
the parents. We notice that in all cases, like in our ear
calculations@3–9#, the preformation factor is largest for4He
and it goes on decreasing as the size of the cluster increa
Another point of interest to note in these figures is t
change of clusters for the heavier parents~see the dashed
parts of lines!. For example, in both the Figs. 4 and 5, th
cluster 16O for 1442154Gd and 1762193Hg nuclei changes to
16C for heavier1552158Gd and 194Hg nuclei. However, then
the Q value ~for 16C cluster combination! is so small~see
Fig. 6! that the penetrability is almost negligible~and hence
is of not much interest to include such clusters any furthe
our analysis!. Figure 6 also reveals that theQ value is nega-
tive ~or nearly zero! for a decay of146Gd, and for both thea
,

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 5. The same as for Fig. 4
but for ~a! Hg and~b! Pb parents.
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FIG. 6. The variation ofQ
value with mass number for~a!
Gd and~b! Hg parents. The bind-
ing energies used are the expe
mental binding energies@24#.
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and 8Be decays of Gd nuclei heavier than154Gd. The fact
that the penetrabilitiesP are small (2 log10P large! for
smallerQ values is evident from Figs. 7 and 8, which giv
similar to Figs. 4 and 5, the results of our calculation for t
barrier penetrabilityP. We further notice in Fig. 7 that the
penetrabilityP is in general small~large2 log10P) for non-a
clusters in the light mass regionA5130–158. The combined
effect of the preformation probabilityP0 and penetrabilityP
gives the measurable decay half-life timeT1/2, since the im-
pinging frequencyn0 is almost constant. The resultingT1/2
are presented in Figs. 9 and 10, where their logarithms
plotted with respect to the mass number of the parent nu
The structural information obtained from these calculatio
for each set of parents is discussed separately in the fol
ing sections. Note, however, in Fig. 9~b! that 154Gd is almost
stable againsta and 8Be decays~large T1/2 values!, but
could be of interest for other heavier cluster-decays, a
discussed in Sec. III B 2.

A. The a decay results

We have noted above that the preformation factorP0 is
largest for 4He. This is of the order of 102521028 for all
03432
re
i.

s
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superdeformed1332137Nd, superdeformed and some heav
mass, normal deformed1442154Gd nuclei~superdeformation
in Gd nuclei stops at150Gd, and Gd nuclei beyond154Gd are
a stable,Qa,0; Q value is small but positive fora decay of
154Gd, though experimentally it is a knowna stable
nucleus!, all superdeformed and some lighter mass~mainly
odd-A), normal deformed1832194Hg ~here superdeformation
begins at 189Hg), and all superdeformed1922198Pb nuclei.
However,P0 is much larger,;1023, for almost all lighter
mass, normal deformed1762188Hg and1822191Pb nuclei. This
suggests that superdeformed nuclei are the poorera emitters,
as compared to their light mass, normal deformed spec
Interesting enough, the same result is born out in the ca
lateda decay half-livesT1/2

a , plotted in Fig. 11 as log10T1/2
a

versus parent mass number, and compared with the avai
experimental data~taken from Refs.@28,29#!. We have also
included here~see inset, Fig. 11! the other heavier isotope
of Pb in order to include the lone experimental data
210Pb, in the neighborhood of doubly magic208Pb nucleus.
Figure 11 presents not only an interesting comparison of
culated results with experiments, but also interesting s
,

 
   

 

 

    

 

 

  

 

  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

FIG. 7. The same as for Fig. 4
but for the penetrabilityP.
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FIG. 8. The same as for Fig. 7
but for ~a! Hg and~b! Pb parents.
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structure effects of both the parent nuclei and their daug
products which are mostly known but not yet observed
perimentally viaa decay studies~the a decay experimenta
data are not yet complete!. We have also compared our re
sults and the available experimental data with another ca
lation due to the generalized liquid drop model~GLDM! @28#
in Table I. We notice that the PCM and the GLDM calcul
tions give identical results, both within one order of mag
tude of the experimental data.

The following results are evident from Fig. 11.
~i! The PCM calculations compare nicely with expe

ments, showing even the~small! odd-even effects in both th
light mass, normal deformed1762188Hg and 1822191Pb nu-
clei. The odd-even effects seem to become weaker in all
superdeformed and heavier normal deformed nuclei stu
here~see e.g.1482152Gd or 1892194Hg nuclei!. The data are
not yet enough to show the odd-even effects as clearly as
given by the calculations. The comparison between the
perimental data and our calculations for all the fi
1482152Gd isotopes~containing no apparent odd-even effec!
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and the single210Pb parent in very heavy mass region is al
particularly striking.

~ii ! The light mass, normal deformed1762188Hg and
1822191Pb parents are clearly the bettera emitters~smaller
T1/2

a values!, as compared to their heavier and superdeform
counterparts and the superdeformed1332137Nd and
1442154Gd parents. This also includes the heavier, norm
deformed1512154Gd nuclei. However, the superdeformed n
clei are bettera emitters than the heavier mass, normal d
formed nuclei. In other words, the superdeformed nuclei
better a emitters than the heavier mass, normal deform
~heavier than the superdeformed! nuclei, but both are poore
a emitters as compared to the light mass, normal deform
nuclei.

~iii ! The large ~peaking of! T1/2
a values for 146Gd and

207,208Pb parents show the shell-closure effects~strong stabil-
ity! of magicN582 and 126 coupled with their semimag
Z564 and magicZ582, respectively.

~iv! The above noted peaking effect ofT1/2
a at the spheri-

cal magic shells of the parents could be interpreted as
,

 
   

 

 

    

 

 

  

  

  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

  FIG. 9. The same as for Fig. 4
but for the logarithms of cluster-
decay half-life, log10T1/2

c s.
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FIG. 10. The same as for Fig
9, but for ~a! Hg and ~b! Pb par-
ents.
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signature of the change of a shell from the deformed to
spherical one or one can say that the presence of a~spherical
or deformed! closed-shell daughter at the bottom~s! or val-
ley~s! of such a peak. One such result is evident for
minimum ~valley! at 148Gd, which refers clearly toN582
spherical daughter62

144Sm for itsa decay. A similar minimum

 
 

FIG. 11. The logarithm of the calculateda-decay half-lives,
log10T1/2

a s, as a function of the parent mass number for vario
isotopes of Nd, Gd, Hg, and Pb nuclei, compared with the exp
mental data~taken from Refs.@28,29#!. The inset shows the sam
calculation for the heavier isotopes of Pb, where the experime
data for only210Pb is known.
03432
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at 134Nd could be due to the mid-shell effect of magicZ
550 and submagicZ564 for the~weakly deformed! daugh-
ter 58

130Ce. Such peaking effects are also visible in the sup
deformed Hg and Pb nuclei. Apparently, all these resu
clearly establish the credentials of PCM for its possible p
dictions for the heavier-cluster-decays and the associ
shell structure effects, studied in the following subsection

B. The heavy-cluster decays and closed-shell effects

We have seen above, and it is also known from our ear
calculations@4–7,9#, that as theN:Z ratio of parent nuclei
increases, theNÞZ, non-a nuclei cluster emissions becom
equally, or even more, probable as compared toN5Z, a
nuclei cluster emissions@see, e.g., the crossing over of th
curves for 12C and 14C clusters in Fig. 4~b! for heavier Gd
parents or in Fig. 5~a! for Hg parents;P0 becomes larger for
14C, as compared to that for12C]. Hence, thea-nucleus
cluster emission effects must be more prevalent for pare
in the low mass region (A5130–158) and the non-a nuclei
cluster emissions for parents in the heavier mass regionA
5180–198). We know that all the radioactive exotic clus
decays from the parent massesA.222 consist of only non-a
nuclei clusters@12#, such as14C, 18,20O, 23F, 22,24,26Ne,
28,30Mg, and 32,34Si. Second, it is interesting to note tha
though the cluster preformation factorsP0 are of similar or-
ders for both the chosen regions of parent nuclei~compare
Figs. 4 and 5!, the penetrabilitiesP are much smaller~larger
2 log10P) for parents in the lighter mass regionA
5130–158~compare Figs. 7 and 8!. This means that, like for
a decays, the cluster-decay rates for parents in the lig
mass region are also expected to be smaller~larger cluster-
decay half-lives! than for parents in the heavier mass regio
In other words, the parents in lighter mass regionA
5130–158 are likely to be more stable against clust
decays, than the parents in heavier mass regionA
5180–198. We discuss these results in the following
each set of parent nuclei separately.
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al
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TABLE I. The logarithms ofa-decay half-lives and other characteristic quantities calculated by using
PCM of Gupta and collaborators. The impinging frequencyn0 is nearly constant, of the order of 1021 s21.
The PCM calculations are compared with the available GLDM calculations of Royer@28# and the experi-
mental data.

Parent Q value PCM log10T1/2 s
~MeV! P0 P PCM GLDM Expt.

148Gd 3.27 3.10310205 1.38310228 10.90 9.68 9.36
149Gd 3.10 2.84310207 2.84310229 13.64 11.15 11.21
150Gd 2.81 4.13310207 7.13310231 15.10 14.09 13.75
151Gd 2.65 9.41310208 5.92310232 16.83 15.92 15.11
152Gd 2.21 1.02310205 2.78310236 19.17 22.12 21.54
176Hg 6.93 6.21310203 9.63310218 22.38 -1.76 -1.7
177Hg 6.74 1.36310204 4.69310218 20.40 -1.17 -0.77
178Hg 6.58 1.82310203 2.39310218 21.23 -0.60 -0.44
179Hg 6.43 9.57310205 1.22310218 0.35 -0.04 0.32
181Hg 6.29 5.36310205 6.04310219 0.91 0.49 1.32
182Hg 6.00 1.29310203 1.23310219 0.23 1.68 1.85
183Hg 6.04 1.83310206 1.62310219 2.96 1.50 1.57
184Hg 5.66 6.60310204 1.49310220 1.45 3.20 3.37
186Hg 5.21 4.02310205 4.49310222 4.21 5.40 5.73
182Pb 7.08 6.50310203 1.57310217 22.61 -1.59 -1.26
189Pb 5.86 1.12310207 2.57310220 4.98 3.17 4.11
191Pb 5.41 4.64310207 8.29310222 5.87 5.31 5.78
210Pb 3.79 2.48310209 2.63310230 16.74 16.00 16.57
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1. Nd parents

First of all we look at the calculations in Figs. 4~a! and
7~a!, respectively, for the preformation probabilityP0 and
penetrabilityP for Nd parents. We notice that2 log10P0 for
the lightest two clusters8Be and 12C are structureless~re-
mains almost constant!, but for heavier clusters develop int
maxima~minima for P0) each at the even-A parents134Nd
and 136Nd which grow as the size of the cluster increases.
the other hand, for the penetrability,2 log10P is structureless
for all clusters, except for a steep rise for8Be decay and
small maximum~minimum forP) at 134Nd ~or a minimum at
135Nd) for its 14C decay. The fact that these maxima a
minima are simply the result of an odd-even effect in N
nuclei is evident from the almost constant cluster-decay h
lives T1/2

c in Fig. 9~a!. The notable exception is again for8Be
decay, where the decay half-life is an ever increasing fu
tion of parent mass, withT1/2

c .10100 s and hence stabl
against such a decay. The interesting result is that s
heavy clusters, such as30,32Si, have decay half-lives of the
same order as for the light clusters such as12C and 16O.
These are apparently due to, say, the neighboringZ550
magic shell in52

119Te daughter, or the midshell effects of th
known neutron magic shells, in16O decay of135Nd parent.
The decay half-lives are, however, large;1050 s. In other
words, the Nd parents are as stable, rather more sta
against cluster-decays as they are againsta decays.

2. Gd parents

For Gd parents,P0 in Fig. 4~b! seem to behave smoothly
except for a small minimum at148Gd parent, which turn into
03432
n

f-

c-

e

le,

a minimum at145Gd and a maximum at148Gd parent for the
heavier clusters. Also, the division between the super
formed and normal deformed nuclei is evident at152Gd
where P0 increases suddenly (2 log10P0 decreases! for all
the clusters and stays nearly independent of the mass of
mal deformed parents~except for small oscillations, the odd
even effect!. On the other hand, theP in Fig. 7~b! show the
maxima, minima structure for different light clusters at a
one of the parent nuclei1462152Gd. The heavier clusters ar
all peaked around146Gd. These results combine to give fou
significant minima forT1/2

c in Fig. 9~b!: one at150Gd for 8Be
decay, second at152Gd for 12C decay, the third one at154Gd
for 14C decay, and finally the fourth one at156Gd for 18O
decay. All these minima refer toN582 magicity of the re-
spective daughters60

142Nd, 58
140Ce, 58

140Ce, and56
138Ba. In other

words, these are the only four isotopes of Gd (1522156Gd)
which are prone to heavier cluster-decays, though the
dicted decay half-lives are large;1043–1067 s. Note that
one of these parents (150Gd) is a superdeformed nucleu
whereas the other three heavier ones (152,154,156Gd) are nor-
mal deformed nuclei. Also, of these four,8Be and 12C de-
cays of 150Gd and 152Gd, respectively, are more probab
~smaller T1/2

c ). Then, there are some maxima appearing
Fig. 9~b!, mainly at 146Gd, which refer to the stability of this
parent nucleus against the cluster-decays due to itsN582
shell closure. Note that146Gd is already stable against8Be
decay (Q,0). Thus, the structure effects of both the pa
ent~s! and daughters come into play in the cluster-dec
properties of Gd nuclei, but the predicted cluster-decay h
lives are beyond the limits of the present measureme
which go only up to;1028 s @12#.
1-8
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3. Hg parents

In this section, we discuss the results of our calculatio
for normal deformed 1762188Hg and superdeformed
1892194Hg nuclei, presented in Figs. 5~a!, 8~a!, and 10~a! for
P0 , P, andT1/2

c , respectively. First of all, we notice a num
ber of minima and maxima in Fig. 5~a! for P0, which corre-
spond to the odd-even effects of the parents. Then,P0 in-
creases suddenly (2 log10P0 decreases! near the transition
point of deformed to superdeformed region where it has
largest value for almost all the cluster preformations
188Hg, the normal deformed nucleus at the transition. As
shall see below for theT1/2

c calculations, this result corre
sponds exactly to the one observed for thea decay half-lives
of Gd isotopes in Fig. 11, i.e., of the change of shape
going from a maximum~peaking! to the minimum~valley!.
On the other hand,P are nearly smooth functions of th
parent mass, except for a noticeable minimum~enhanced
penetrability! at 185Hg, and/or for some clusters at189Hg, in
Fig. 8~a!. The resultingT1/2

c in Fig. 10~a! show interesting
maxima and minima, like forP0, for normal deformed
1762185Hg nuclei, referring to the larger stability of the eve
parents~at maxima! relative to the odd parents~at minima!.
Then, a~broad! minimum or valley of instability~smaller
values next to a maximum inT1/2

c ) occurs for the norma
deformed and superdeformed transitional nuclei1862190Hg.

The above noted stability of even-A 1762185Hg nuclei
points to the closed-shell effects of these parents atZ580 ~in
the neighborhood of magicZ582) coupled with a magic o
semimagic nature of their neutron shells withN596, 98,
100, 102, and 104. On the other hand, the instability
1862190Hg parents, against various clusters, reflects
closed-shell effects of the daughter nuclei, such

76
1782182Os, 74

1742178W, . . . , etc., referring to Z
576,74, . . . , and N5106,104,102, . . . closed- or near-
closed-shells. Coupling the results of both the stability a
instability in this region with the fact that8Be and 12C are
shown as the most probable cluster-decays~smallestT1/2

c val-
ues!, Z576 or 74 andN596–104 seem to point to the majo
~deformed! closed-shells. The same result was obtained
our earlier studies@4,8# and supports the structure calcul
tions of other authors@30,31#. Also, Fig. 10~a! shows that the
best measurable8Be and 12C decays come from176,177Hg,

with T1/2

8Be;1018 s andT1/2

12C;1023 s, which though are wel
within the limits of present day experiments, but, as so
experimentalists think@32#, may be very difficult to observe
New clusters with large decay half-lives of similar orders a
also predicted in another calculation by Royer and Moust
chir @33#.

4. Pb parents

The calculations for Pb parents are presented in F
5~b!, 8~b!, and 10~b!, respectively, forP0 , P, andT1/2

c . P0

are almost constant, except for a small enhancement~mini-
mum 2 log10P0) in the case of196Pb parent for all cluster
configurations. The same is true forP, except that the en
hancement is now for the195Pb parent. The net result is
shallow minimum inT1/2

c for heavier clusters, such as20O
03432
s

e

e

n

f
e
s

d

n

e

e
-

s.

and 24Ne, from 194Pb or 195Pb parents, which means th
shell stabilizing effects of the daughters74

174,175W and

72
170,171Hf. This means supplementing the above noted res
for Hg isotopes that the major closed-shells could even oc
at Z572,74,N598–100. The minimum decay half-lives ar
for the 8Be and12C decays of192Pb, both;1037, which are
still not within the reach of experiments.

IV. SUMMARY OF RESULTS AND CONCLUSION

We have made a systematic study of thea- and heavy-
cluster-decays of nuclei with massesA5130–158 and 180-
198, comprising three regions of superdeformations to dif
ent orders. Specifically, the 1332137Nd, 1442158Gd,
1762194Hg, and 1922198Pb nuclei are studied, which also in
clude the normal deformed nuclei on both the lighter a
heavier sides of the superdeformed nuclei. Furthermore,
a decay of Pb nuclei, we have also considered the v
heavy isotopes up to210Pb which means including also th
spherical closed-shell effects of208Pb with doubly magicZ
582 andN5126. The main idea of this work is to look fo
new ~spherical or deformed! closed-shells via cluster-deca
studies or, in other words, the possible signatures of any
cluster radioactivity in the superdeformed nuclei. A pare
nucleus is stable againsta and other cluster decays, if th
decay half-lives are large. On the other hand, if the de
half-life is small~measurable or close to measurable! then, in
view of the so-far observed radioactive decays, it must re
to the closed-shell effects of the daughter product~s!. Based
on such an analysis for both thea and heavier-cluster de
cays, we have obtained the following results from the cho
nuclear mass regions.

The superdeformed nuclei are bettera emitters, as com-
pared to their heavier mass, normal deformed isotop
though both of these are poorera emitters than their lighter
mass, normal deformed species. The closed-shell effect
the parents~for 146Gd and 208Pb parents!, at the spherical
submagicZ564, magicN582, and doubly magicZ582,
N5126, are evident in terms of the maxima or peaking
thea decay half-lives, whereas the same for daughter nu
130Ce and144Sm ~for 134Nd and 148Gd parents, respectively!
are given as minima or valleys ina decay half-lives due to
the midshell effect of the magicZ550 and sub-magicZ
564, and theN582 magic shell. These are the known she
closure effects, which apparently are nicely reproduced
the PCM calculations.

The calculated cluster-decay half-lives show that
lighter mass regionA5130–158 is more stable~larger T1/2

c

values! than the heavier mass regionA5180–198. The light
mass region presents the closed-shell effects of known m
Z550 or N582 shells~for 16O decay of135Nd, 8Be decay
of 150Gd, 12,14C decays of152,154Gd, respectively, and18O
decay of 156Gd), with the predicted cluster-decay half-live
beyond the present measurable limits of the experime
(T1/2

c ;1043 s or more!. On the other hand, the heavier ma
region A5180–198 present not only the stability effects
neighboringZ582 magic shell for even-A 1762185Hg par-
ents, but also interesting new possibilities of deforme
1-9
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daughter cluster radioactivity atZ572–76 andN596–104
for 1862190Hg and 194,195Pb. In other words, new deforme
magic shells are likely to occur atZ572–76 and N
596–104 for various cluster-decays of1862190Hg and
194,195Pb. The best observable cases are predicted to be8Be
and 12C decays of176,177Hg and/or 192Pb parents~with T1/2

c

;1018 and 1023 s, respectively!. The interesting point is tha
in both the nuclear regions under study, more of these nu
are normal deformed nuclei rather than superdeformed o
In fact, they lie at the transition between the normal def
mation and superdeformation, but more towards the reg
of normal deformation. The best possible cases also c
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from the normal deformed regions. In other words, the
gion of the change of shape, i.e., the valley~s! in the imme-
diate neighborhood of a peak, seems to be the criterion
the location of new magicities or for the new cluster rad
activity~ies!.
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