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The stability and/or instability of3> *3'Nd, &+ *%Gd, 3¢ ***Hg, and 332 °*%b parents are studied with
respect to ther and heavy-cluster decays. Thedecay studies also include the heavtét 21%Pb nuclei, for
reasons of spherical magic shellszat 82 andN=126. The calculations are made by using the preformed
cluster-decay model, and the obtainedlecay half-lives are compared with the available experimental data.
Having met with a very good success for the comparisons-décay 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 aZ =72-74 and\=96-104 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 df% °*Hg and 1°*1%Ph parents with the best possible measurable cases identified as
the 8Be and '>C decays of'"®"Hg and/or 1°Pb 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.
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I. INTRODUCTION lives) are found important, the large ones referring to closed-
shell effects of the daughter nucleus and the small ones to
The a-decay results have been used for identifying theclosed-shell effects of the parent nucleus. In other words,
shell-closure effects for quite some time now, including evertaking a clue from the experiments, in a decay calculation,
the very weak, sub-shell closures. For example,Zke64  the presence of a known spherical or deformed daughter
subshell was first noted by observing the systematics o$hould result in a large decay rg&mall decay half-lif¢ or,
a-decay energie$l], and later by a dip aZ=64 in the alternatively, a large decay ratemall decay half-lif¢ should
measuredy-decay reduced widthi2], of a fewN=84 iso-  refer to the existence of a known or unknowrew), spheri-
tones in its neighborhood. In the recent past, some of us anehl or deformed, closed-shell for the daughter nucleus.
collaboratorg3—9] have coupled thex-decay studies with In the above mentioned calculations, we have so-far in-
the exotic cluster-decay result of the observed sphericatestigated thew and/or cluster-decays of various neutron-
closed-shell daughter?¥b or a neighboring nucleys deficient and neutron-rich rare earthgXe to ¢,Gd) [4-7]
called cluster radioactivity10—14. This allowed us to pre- and the ever deformed and superdeformgf’ **Hg nu-
dict two other new spherical closed-shell daughter radioacelei [8]. In mercury nuclei, the superdeformation begins at
tivities, namely 1°°Sn and '*2Sn daughter radioactivities the ®*Hg isotope, and the axes ratios ard..7:1[18]. Note
[4-7], and also a deformed daughter radioactivity Zat that the superdeformation here refers to the observation of
=74-76 and\=98-104[8]. The sphericall®®Sn daughter (excited superdeformed bafs) in these nuclei, though their
radioactivity has been emphasized also by Poenaru, Greinagground-state deformations are not very much different from
and Gherghesc[d3], and a couple of, so-far unsuccessful, other neighboring nuclei. This is illustrated in Fig. 1, where
experimental attempts have also been made to observe it &% data for ground-state quadrupole deformation parameter
the ground-state decay df‘Ba nucleus produced in heavy- g, is taken from the calculations of Mer et al.[19], since
ion reactiong 14,15. This decay is now believed to belong a similar data from experiments is not available for all the
to an excited compound nucleus decay, studiedf6rdecay  nuclei studied here. On the other hand, a deformed or normal
of 11%Ba* [16,17). Furthermore, the cluster-decay studies aredeformed nucleus is the one where superdeformed (sand
also used to point out the shell stabilizing effects of the parare not observed and it comes from the well-known mass
ent nucleud3,8,9. Thus, both the cases of large and smallregion 156<A< 190 of deformation. In the above stated nu-
decay rateqequivalently, the small and large decay half- clei, the closed-shell effects of both the daughter products
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closed-shell effects of the daughter products. Also, the

0.24+ . Data from Moller et al. [19 .
\ atafrom Moller et al. [19] closed-shell effects of either the protons or neutrons, as well
0.227 '\ as the neutron/proton asymmetry, of the parent nucleus play
0.20 a role.
0.181 \ The other nuclei that have superdeformations identical to
e el e those of 8% '%Hg nuclei are the 33'Au, 2311971,
5 ' [——Superdeformed Bands 192-19%.19%p andg3'Bi nuclei. Then, there are several rare
0 g';g 152 ey 136 138 earths, fromg,Sm to ¢gDy and ggEr, which have even more
@ 0'25: e strongly superdeformed shapes with axes ratids1. Also,
S gop] [ ouperdeformed Bands /,/./ some other rare earths, thgla to ¢Nd, have superde-
5 0:15< — formed species with axes raties1.5:1. In this paper, we
= 0101 ! choose to work specifically with both the odd- and even-
E 005 Ny / s, Nd, 53" '°%Gd, and g **Pb parents, which com-
% 0.00] @ \/ N prise the three regions of different superdeformations men-
° 015] 144 146 148 150 152 154 156 158 tioned above, along with some normal deformed nuclei. Note
2 o1 that 1°158Gd are knowna-stable nuclei, but are found to
= 148 /‘\ /‘\ /‘\ /‘\ be of interest from the point of view of heavy-cluster insta-
5 0.131 /‘*‘ LK W A bilities and the associated closed-shell effé&sc. Il B 2.
g 0.124 /Aﬂﬂﬂ We have also included in our analysis here the already stud-
e on| N Superdeformed Bands ied [8] mercury nuclei, extended to both the odd- and even-
I i ] A 36 1%Hg, and the heaviet®® 2*%b nuclei where some
3 000':& 176 178 180 182 184 186 188 190 192 194 experimental data for decays are available. Thus, the cases
S 00081 x of both the normal deformed and superdeformed nuclei, and
2 o.ooe~ the spherical closed-shell nuclei at and aroufw 82, N
© 0'004< =126, are covered in our study. Figure 1 shows that all the
o.ooz~ superdeformed nuclei chosen here come from the transition
o.ooo~ . J v . (both lighter and heavigregions of known deformed nuclei
_0.002< [ Superdeformed Bands ————— in the mass region 150A<<190.
' 192 194 196 198 The paper is organized as follows. The calculations are
. made by using the preformed cluster-decay mdB€&M) of
Mass number of parent nuclei Gupta and collaboratof20—23, whose brief outline is pre-

sented in Sec. Il. Section Ill deals with the calculations and
results obtained from this study. A summary of our results
and conclusions are presented in Sec. IV.

FIG. 1. The variation of ground-state quadrupole deformation
parameteiB, with mass number for the selected Nd, Gd, Hg, and
Pb parent nuclei. The data are from the calculations ofléviet al.
[19]. The region of nuclei where superdeformed bands are observed
is marked in each case. Il. THE PREFORMED CLUSTER-DECAY MODEL

. . The PCM is a well-established method for cluster-decay
and the parent nuclei were analyzed. The stability of parengydies. We refer the reader to original pag@8—23 or to
nuclei was also studied for the mass reghon 68—82[3,9],  the reviews in Refs[12,23 for complete details on the
which includes several deformed and superdeformed nuclghodel. In the PCM, the decay constantor, inversely, the
(here, both in the ground stajesiowever, there are several gecay half-life timeT,) is the product of the cluster prefor-
other regions of various deformations and superdeformationg,ation probabilityP,, the barrier impinging frequencyp,
in the mass region#=130-158 and 180-19B18] whose  gng the barrier penetration probabiliy
decay characteristics still remain to be probed. The aim of

this paper is to make a complete analysis of the decay prop- In2
erties of nuclei in these two mass regions, in order to get a A= —=Pyy,P. 1)
general picture of how the deformed, in particular the super- Tap

deformed, nuclei behave against theand heavier cluster- ) )

decays. The superdeformed nuclei are expected to be mof@r calculatingPo and P, the authors introduced, respec-
instable, though, like for the mass regidn=68-82[3,9], tively, the dynamical c_ollectlve coordinate of mass asymme-
the following analysis does not seem to support this contenlY 7=(A1—A)/A, with A=A, +A,, and relative separa-
tion. Instead, the superdeformed nuclei are found to be rathdion R between .the two fragments, via the stationary
poor a emitters, as compared to their lower mass, normaSchralinger equation

deformed nuclei. They are, however, shown to be the better

« emitters than the heavier maskeavier than superde- H(7,R) ¢n(n,R)=Enpn(n,R). 2
formed nucle), normal deformed nuclei. The same is found

true for cluster-decay results. Such an unexpected situation Ehe potential part of the Hamiltonian in this equation is de-
presented by the presence of known and/or unkngvewy)  fined by

034321-2



CLOSED-SHELL EFFECTS FROM THE STABILITY AND . .. PHYSICAL REVIEW 68, 034321 (2003

-30 13 25
. 7‘|>l‘d 20 ﬂ“ 198pp
- . o 8% 8 e T H
WA W 15 ! ---JN”W
05 A \"3'55# WA/ aeng pd WI W%WW 197Ph
hVd i ey 1 o ~ 7
T AR, A of o
50 /.1'5 180, » '/.'\/\/..IV PR AY .\/\./‘ b 5 Ifl 12 05NG .dsca
2R s 1o ! iy 196pp
Ji e f g s ™S 195Nd B R
-60 i 1s5"??Ne A S 20 [!BE/VJ ) g 195pp
Be. - [ieo S .-‘.,I"«"." ) —~ 25 . J',,JM b AT
— .o\/ "/\./‘40 /..__./ > % 20 V - f‘l AL
-70—~ /\/120 /' oo -1 = [J _-
1 4 4 26Mgs0.azg 134Nd £ .25 JM\’ e 194Pb
_/ / 8Be /.‘././ '\" \/. 1 2] vl/v }I}Jv WW VS’WMMWW\MM
i A freo e e nn A ARAAVIMA -207
; 805 ./,\’ . o e ‘,'\/"IV\'I\/\IV\'/WVV/V\ -253 M . :\jﬁ"\ _193pp
2 ] 'lV Y \,\/\/\N - 133 207 JﬂMJ ™ SN g
g/ 80— 8?39 N T ZGT\ﬂg.\ao,azSi Nd 25;;
> - . /.\/18<230,22Ne . ';J"\..‘(.\." o, -154 e 192pp
7o [\ A eo 7™ 201 g g g
I 12 I / b '/ ) g
| ./ C' .ﬁzzzz Ma0.52; 157
-80,, %Bq ‘ -204
Fis -/. ,T/}gmo 254
-70— /\/ t 15-
T\l 12140 20+
n .'jBBe -25
-804] i- 30— : : . .
/\/ Audi F\:Vzpstrca (1995) 5 2 50 75 100 A
704 ! = 1+ 5 =2
4He
7 FIG. 3. The same as for Fig. 2, but for both the normal de-
BT T T T T T T T formed and superdeformed isotopes of Pb parents.
0 10 20 30 40 50 60 70 A
2 In principle, the two coordinates are coupled, but in view

. ) . of the defining Eq.(1), the Schrdinger equation(2) is
FIG. 2. The mass fragmentation potentials as a function of th olved in the decoupled approximation pfand R motions
mass number of light fragments, for the superdeformed isotopes o '

Nd parents. The calculations are made at the touching configurationS a!rea(_dy mentioned above, only the ground st:ﬂte(_Q)
R=C,+ C,=C, and by using experimental binding energjes]. solution is relevant for the cluster-decay to occur in the
Only the light fragmentgclusters at minima are marked. ground-state of f[he daughter nucleus. Then,r)‘amptlon, the .
properly normalized fractional cluster preformation probabil-
9 5 ity is
VAVAY:
V(nR=2 Bi(AZ)+ —5—+Vp, () 2
s Po(A2)=|¢(m)|*VB,,,(7) £, (@
given as the sum of the experimental binding enerfzs
and the Coulomb and nuclear proxim[@5] potentials. The
fragmentation potentiaV(#) and the scattering potential
V(R) are obtained from Ed3), respectively, for fixedR and
7. TheR s fixed at the touching configuratioR=C,=C;
+C,, C,; being the Sesmann central rad;=R;— 1/R; (in
fm) with R; as the equivalent spherical racﬁ}'=1.28Ai1’3
—0.76+ O.8Af1/3 fm; and » is fixed by the emitted cluster.
The chargeg; in Eq. (3) are fixed by minimizing the poten-

with B, , taken as the classical hydrodynamical mass of
Kroger and Scheifl27]. For theR-motion, we use the WKB
approximation for calculating the penetrabiliB; In PCM,
the penetration is considered to begirRat R,=C, and end
at V(Rp) = Q value of the decay.

Finally, the impinging frequencyy in the PCM is defined
by considering that the total kinetic energy, shared between
the two fragments, is the positiv@ value. Then,

tial (without Vp) in the charge asymmetry coordinaig velocity 2Q/mA,
=(Z2,—2y)/Z, with Z=Z,+Z,. It may be noted that the VoS R T = . (5)
0 0

angular momentum{() dependent potential is not included

here since the cluster-decay is assumed to develop from thgere R, is the equivalent spherical radius of the parent

ground state of a nonrotating €0) nucleus(not after a  pycleus andnA, is the mass of emitted cluster.
fusion reaction takes plageThe process of cluster emission

after the(hot) compound nucleus is formed occurs with the

emission of both the light particlesA&4, Z<2, called Nl CALCULATIONS

evaporation residyeand intermediate mass fragmei(igth In this section, we present our calculations first fer
4<A<20, commonly known as fission channéee, e.g., decay, compared with the experimental data, wherever avail-
Refs.[16,17,28). able. Then, we analyze the cluster-decay calculations with a
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view to look for the role of known magic shells in both the are interested only in the potential energy minima because
daughter and parent nuclei, and the possible new closed-shefie preformation factor®, for nuclei at the minima are the
daughter products presenting the signatures of a new radidargest, compared to their neighbors, as is depicted in Fig. 4
activity, if any. The cluster-decay calculations are presentedor Nd and Gd and in Fig. 5 for Hg and Pb parents, where,
separately for each set of nuclei. for some clusters belonging to the minima in the fragmenta-
Figures 2 and 3 show the fragmentation potentials for Ndion potentials, thgnegative logarithm of the preformation
and Pb nuclei, as the representatives of the two mass regiopsobability P, is plotted as a function of the mass number of
A=130-158 and 180-198 studied here. The experimentahe parents. We notice that in all cases, like in our earlier
binding energies used are from the 1995 tables of Audi andalculationg3-9)], the preformation factor is largest f6He
Wapstra[24]. We notice that in each case, the potential en-and it goes on decreasing as the size of the cluster increases.
ergy minima occur afHe and otheN=2Z, & nuclei, as well Another point of interest to note in these figures is the
as atN#Z, nonw nuclei for all the parents in the heavier change of clusters for the heavier parefgse the dashed
mass region A=180-198) and for only the heavier parents parts of lines. For example, in both the Figs. 4 and 5, the
in the lighter mass regioA=130-158. This means that the cluster %0 for 44 1%4Gd and "% 1%Hg nuclei changes to
a-nuclei decay products are energetically more favored for®C for heavier®> %8Gd and 1®*Hg nuclei. However, then
the lighter isotopes of Nd and Gd parents in the lighter masshe Q value (for C cluster combinationis so small(see
region (A=130-158), and the noa-decay products be- Fig. 6) that the penetrability is almost negligibland hence
come equally favorable for all the Hg and Pb parents in thes of not much interest to include such clusters any further in
heavier mass regionA(=180-198) and for the heavier iso- our analysis Figure 6 also reveals that tl@@value is nega-
topes of Nd and Gd parents A= 130—158 mass region. We tive (or nearly zerpfor o decay of'#éGd, and for both ther
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and ®Be decays of Gd nuclei heavier thd®'Gd. The fact superdeformed®* 3Nd, superdeformed and some heavier
that the penetrabilities® are small ¢log;oP large) for  mass, normal deformed** %4Gd nuclei(superdeformation
smallerQ values is evident from Figs. 7 and 8, which give, in Gd nuclei stops at*®Gd, and Gd nuclei beyont*Gd are
similar to Figs. 4 and 5, the results of our calculation for the , staple Q,<0: Q value is small but positive for decay of
barrier penetrability?. We further notice in Fig. 7 that the 1545d, though experimentally it is a knowm stable

penetrabilityP is in general smal{large —log;P) for nonw« : .
clusters in the light mass regigx= 130—158. The combined nggliu& al Sulpgr?efomﬁg,?gﬂ sorr]ne Ilghter;"nfssamlty
effect of the preformation probabilitl?, and penetrability? 0 ), normal deforme g (here superdeformation

gives the measurable decay half-life tiffig,, since the im-  P€gins at*®Hg), and all superdfaaformeagz %b nuclei.
pinging frequencyy, is almost constant. The resultirky, However, P, is much larger~10"°, for almost all lighter

are presented in Figs. 9 and 10, where their logarithms ar@ass, normal deformet® *#®Hg and '#~**'Pb nuclei. This
plotted with respect to the mass number of the parent nuclesuggests that superdeformed nuclei are the paormitters,

The structural information obtained from these calculationsas compared to their light mass, normal deformed species.
for each set of parents is discussed separately in the follownteresting enough, the same result is born out in the calcu-
ing sections. Note, however, in Figlt9 that *>'Gd is almost  |ated « decay half-livesT$,, plotted in Fig. 11 as logT$,
stable againstx and °Be decays(large Ty, values, but  versus parent mass number, and compared with the available
could be of interest for other heavier cluster-decays, as igxperimental datétaken from Refs[28,29). We have also

discussed in Sec. lIB2. included herg(see inset, Fig. J1the other heavier isotopes
he a d | of Pb in order to include the lone experimental data for
A. The a decay results 21%p, in the neighborhood of doubly magi®b nucleus.

We have noted above that the preformation fad®gris  Figure 11 presents not only an interesting comparison of cal-
largest for*He. This is of the order of I0°—10 8 for all culated results with experiments, but also interesting shell
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structure effects of both the parent nuclei and their daughtesind the singlé'%b parent in very heavy mass region is also

products which are mostly known but not yet observed exparticularly striking.

perimentally viae decay studiegthe « decay experimental (i) The light mass, normal deformed’® '%Hg and

data are not yet compléteWe have also compared our re- 182-1%pp parents are clearly the betieremitters(smaller

sults and the available experimental data with another calcurj, values, as compared to their heavier and superdeformed

lation due to the generalized liquid drop mod8LDM) [28]  counterparts and the superdeformed®® *'Nd and

in Table I. We notice that the PCM and the GLDM calcula- 144 1%Gd parents. This also includes the heavier, normal

tions give identical results, both within one order of magni-deformed®®' *4Gd nuclei. However, the superdeformed nu-

tude of the experimental data. clei are betterr emitters than the heavier mass, normal de-
The following results are evident from Fig. 11. formed nuclei. In other words, the superdeformed nuclei are
(i) The PCM calculations compare nicely with experi- better « emitters than the heavier mass, normal deformed

ments, showing even thiemal) odd-even effects in both the (heavier than the superdeformetliclei, but both are poorer

light mass, normal deformed’® g and '82-1°Pp nu- @ emitters as compared to the light mass, normal deformed

clei. The odd-even effects seem to become weaker in all theuclei.

superdeformed and heavier normal deformed nuclei studied (iii) The large (peaking of T, values for *%Gd and

here (see e.g.1*8152Gd or 189 19%g nucle). The data are 2°"?%Pb parents show the shell-closure effgstsong stabil-

not yet enough to show the odd-even effects as clearly as aity) of magicN=82 and 126 coupled with their semimagic

given by the calculations. The comparison between the exZ=64 and magicZ= 82, respectively.

perimental data and our calculations for all the five (iv) The above noted peaking effect ©f), at the spheri-

148-152Gd isotopegcontaining no apparent odd-even effécts cal magic shells of the parents could be interpreted as the

(a) 251 () ¢ 1o

J —o— 4He
250 —o—*He S ; N
—v—sBe | 200 - P i (----) B¢
| —a—12C | ; s 120
—o—14C 175 4 . 140
200+ o —e—160 | : —e— 160
o —v—180 : : (--1--- 16C )
= i o/(\o/ —e—22Ne | 1501 - ; —~v— 180
=~ —=—26Mg 1 : : ! —s—20Ne
v . . p

N
= 150 / ——%si | 125 |
- —ao2g ]

. . —e—22Ne FIG. 9. The same as for Fig. 4,
o /4/ — 100+ Liziif; but for the logarithms of cluster-
S 00 ¥ 26 (e 2Ne) decay half-life, loggT$, s.
o o T —=—26Mg
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o | )
o s 9, but for (a) Hg and(b) Pb par-
- 40 (o 3OMg)
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signature of the change of a shell from the deformed to thext *34Nd could be due to the mid-shell effect of magic
spherical one or one can say that the presence(gfileerical =50 and submagiz =64 for the(weakly deformegidaugh-

or deformed closed-shell daughter at the bott@nor val- e 134ce  guch peaking effects are also visible in the super-
'eY(.S) of such a peailz. One S_UCh result is evident for theyetormeg Hg and Pb nuclei. Apparently, all these results
minimum (valley) a4t e, _Wh'Ch refers c_Iengy td_N_ZBZ clearly establish the credentials of PCM for its possible pre-
spherical daughte};'Sm for itser decay. A similar minimum  iciions for the heavier-cluster-decays and the associated

shell structure effects, studied in the following subsection.

100

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

604 We have seen above, and it is also known from our earlier

| . | calculations[4-7,9, that as theN:Z ratio of parent nuclei

40 \ / / increases, th&l#Z, non-w nuclei cluster emissions become

| / equally, or even more, probable as compared\teZ, «

20 " —o—PCM ( R=Ct)-Nd \ 5/ nuclei cluster emissiongsee, e.g., the crossing over of the
Ol —v—PCM (R=C)-Gd el curves for*?C and '“C clusters in Fig. %) for heavier Gd
S 'I IEXI”t'IGdI e parents or in Fig. &) for Hg parentsP, becomes larger for
= 132 134 136 138 140 142 144 146 148 150 152 154 “C, as compared to that fof"C]. Hence, thea-nucleus
o 20 cluster emission effects must be more prevalent for parents
L I o e A\A / in the low mass regionA=130-158) and the noa-nuclei

Tool 2 moren 7 A cluster emissions for parents in the heavier mass regton (
207 / a =180-198). We know that all the radioactive exotic cluster
15_- 50 Va °\c /A‘A decays from the parent masdes 222 consist of only norne

11 e \ N A nuclei clusters[12], such as'‘C, 8290, 2%, 22242{e,

104 i 2o ot 2 @6 @e Bo e \:/ 2839\1g, and *23%Si. Second, it is interesting to note that,

5_- O\S/O\O/O\i/\ \ though the cluster preformation factdPg are of similar or-

1 \ oo A/A\:/ﬁ\ d_ers for both the chosen r_e_g_ions of parent nu@empare

0—_ 8/0\5/'\;/ ‘Z/A\g/ « Figs. 4 and j the penetrgbﬂme@ are much smalleﬁarger

e —log,oP) for parents_ in the Ilghter mass regloA

176 180 184 188 192 196 200 =130-158(compare Figs. 7 and) 8This means that, like for

a decays, the cluster-decay rates for parents in the lighter
mass region are also expected to be smaleger cluster-
FIG. 11. The logarithm of the calculates-decay hal-lives, ~decay half-livesthan for parents in the heavier mass region.

log,gT$, s, as a function of the parent mass number for varioud Other words, the parents in lighter mass regién
isotopes of Nd, Gd, Hg, and Pb nuclei, compared with the experi=130—-158 are likely to be more stable against cluster-
mental datataken from Refs[28,29). The inset shows the same decays, than the parents in heavier mass regfn
calculation for the heavier isotopes of Pb, where the experimenta 180—198. We discuss these results in the following for
data for only?*%Pb is known. each set of parent nuclei separately.

Mass number of parent nuclei
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TABLE I. The logarithms ofa-decay half-lives and other characteristic quantities calculated by using the
PCM of Gupta and collaborators. The impinging frequemgyis nearly constant, of the order of G *.
The PCM calculations are compared with the available GLDM calculations of R@@rand the experi-

mental data.
Parent Q value PCM logpT1/2 S
(MeV) Po P PCM GLDM Expt.

148Gd 3.27 3.1x10 % 1.38< 1028 10.90 9.68 9.36
14%Gd 3.10 2.8x10°Y 2.84x10 %° 13.64 11.15 11.21
150Gd 2.81 4.1%10°% 7.13x10 % 15.10 14.09 13.75
151Gd 2.65 9.4%K10 %8 5.92x 10 %2 16.83 15.92 15.11
15Gd 2.21 1.0x10 % 2.78x10 %6 19.17 22.12 21.54
78Hg 6.93 6.2 10 % 9.63x10 18 -2.38 -1.76 -1.7
g 6.74 1.36¢10° % 4.69x10 18 —-0.40 -1.17 -0.77
178g 6.58 1.8x10° % 2.39x10718 —-1.23 -0.60 -0.44
17%g 6.43 9.5%10™% 1.22x10718 0.35 -0.04 0.32
18lHg 6.29 5.36< 10 % 6.04x10°1° 0.91 0.49 1.32
182Hg 6.00 1.2%10 % 1.23x10°1° 0.23 1.68 1.85
1839 6.04 1.8% 10 % 1.62<10°1° 2.96 1.50 1.57
1849 5.66 6.60< 10 1.49x 1020 1.45 3.20 3.37
188Hg 5.21 4.0x10°% 4.49x10 22 4.21 5.40 5.73
82pp 7.08 6.5 10 % 1.57x10° Y7 —2.61 -1.59 -1.26
18%pp 5.86 1.1x10°%7 2.57x10°%° 4.98 3.17 4.11
191pp 5.41 4.6%10°°7 8.29x 10 %2 5.87 5.31 5.78
21%pp 3.79 2.4%10° % 2.63x10°%0 16.74 16.00 16.57

1. Nd parents a minimum at**Gd and a maximum at*8Gd parent for the

First of all we look at the calculations in Figs(a and  heavier clusters. Also, the division between the superde-
7(a), respectively, for the preformation probabili, and ~ formed and normal deformed nuclei is evident ‘&fGd
penetrabilityP for Nd parents. We notice thatlog,,P, for ~ Where Py increases suddenly«{log,oP, decreasesfor all
the lightest two clusteréBe and 12C are structurelesére- the clusters and stays nearly independent of the mass of nor-

mains almost constantbut for heavier clusters develop into mal deformed pareni@xcept for sma]l os_cillations, the odd-
maxima(minima foral?()) each at the eveh. parentsl34R|d even effeck On the other hand, the in Fig. 7(b) show the

4238d which the si fthe cluster i o maxima, minima structure for different light clusters at any
an which grow as the size of In€ Cluster INCreases. Ly, of the parent nuclei*®152Gd. The heavier clusters are
the other hand, for the penetrability,log; (P is structureless

for all olust e X o B d q all peaked around*%Gd. These results combine to give four
or ai ClUsters, except for a steep Nse 19pe decay and  gignificant minima foiT$,, in Fig. 9(b): one at*®%Gd for 8Be
small maximumminimum for P) at *3*Nd (or a minimum at 1 .
13 L : decay, second a’Gd for 2C decay, the third one af'Gd

Nd) for its “C decay. The fact that these maxima and, . 1 : 1

» . ; for ¥“C decay, and finally the fourth one &t%Gd for 0
minima are simply the result of an odd-even effect in Nd - - -

o . decay. All these minima refer thl=82 magicity of the re-

nuclei is evident from the almost constant cluster-decay half

- : 4 14 14 13
lives TS, in Fig. 9a). The notable exception is again f&Be spective daughtergo™Nd, 55'Ce, 55°Ce, andzg™Ba. In other

; 15
decay, where the decay half-life is an ever increasing func\—NordS’ these are the only four isotopes of G&(™*%Gd)

. e 00 which are prone to heavier cluster-decays, though the pre-
tion of parent mass, with5,>10"s and hence stable dicted decay half-lives are large 10°-10F"s. Note that

sgunet s dcay e erestng et ot s s e 2 prseromes v
vy : : y whereas the other three heavier on&€1°41%6d) are nor-

H 16,
:c,r:;\]me order as for ttTe (Ij'ght tclusters tiUCh %‘@hing{ O(') mal deformed nuclei. Also, of these foutBe and *°C de-
€se are apparently due fo, say, e neighbo Rgd cays of %9Gd and 1%%Gd, respectively, are more probable
magic shell ing;Te Qaughter, o the m'dShel'; effects of the (smallerT{,,). Then, there are some maxima appearing in
known neutron magic shefls IO decay O&Os'“dl parent. — Fig. ob), mainly at“Gd, which refer to the stabilty of this
e decay half-lives are, however, largel0°"s. In other arent nucleus against the cluster-decays due tdl#$82

words, tf;e Nd dparents arﬁ as stable, ;ather more Stablghell closure. Note that*%Gd is already stable again8Be
against cluster-decays as they are againsecays. decay Q<0). Thus, the structure effects of both the par-
enfs) and daughters come into play in the cluster-decay
properties of Gd nuclei, but the predicted cluster-decay half-

For Gd parentsP in Fig. 4(b) seem to behave smoothly, lives are beyond the limits of the present measurements,
except for a small minimum at*8Gd parent, which turn into  which go only up to~10?® s[12].

2. Gd parents
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3. Hg parents and ?*Ne, from '%Pb or ***Pb parents, which means the

In this section, we discuss the results of our calculationshell stabilizing effects of the daughterg;**"W and
for normal deformed 76 188Hg and superdeformed 3;%*"Hf. This means supplementing the above noted results
18919419 nuclei, presented in Figs(&, 8(a), and 10a) for ~ for Hg isotopes that the major closed-shells could even occur
Po, P, andT{,,, respectively. First of all, we notice a num- atZ=72,74,N=98-100. The minimum decay half-lives are
ber of minima and maxima in Fig.(& for Py, which corre-  for the ®Be and™?C decays of'**Pb, both~10*, which are
spond to the odd-even effects of the parents. Thgnjn-  Still not within the reach of experiments.
creases suddenly—(log,oP, decreasegsnear the transition
point of deformed to superdeformed region where it has the
largest value for almost all the cluster preformations in V- SUMMARY OF RESULTS AND CONCLUSION

'%Hg, the normal deformed nucleus at the transition. As we \ye have made a systematic study of heand heavy-

shall see below for thd¥{,, calculations, this result corre- cluster-decays of nuclei with massas-130—158 and 180-
sponds exactly to the one observed for ¢thdecay half-lives 198, comprising three regions of superdeformations to differ-
of Gd isotopes in Fig. 11, i.e., of the change of shape irent orders. Specifically, the 3% 137Nd, 144 1%Gd,
going from a maximumpeaking to the minimum(valley). 176-19444  and 192 1%8p nuclei are studied, which also in-
On the other handP are nearly smooth functions of the ¢lude the normal deformed nuclei on both the lighter and
parent mass, except for a noticeable minimtenhanced heavier sides of the superdeformed nuclei. Furthermore, for
penetrability at ***Hg, and/or for some clusters 8Hg, in  , decay of Pb nuclei, we have also considered the very
Fig. 8a). The resultingTj,, in Fig. 10@) show interesting heavy isotopes up t8'%Pb which means including also the
maxima and minima, like forPo, for normal deformed spherical closed-shell effects 8f%Pb with doubly magicZ
176-18Hg nuclei, referring to the larger stability of the even =82 andN=126. The main idea of this work is to look for
parents(at maxima relative to the odd parentat minima.  new (spherical or deformedclosed-shells via cluster-decay
Then, a(broad minimum or valley of instability(smaller  studies or, in other words, the possible signatures of any new
values next to a maximum ifi7,,) occurs for the normal cluster radioactivity in the superdeformed nuclei. A parent
deformed and superdeformed transitional nué¢féi °Hg.  nucleus is stable against and other cluster decays, if the
The above noted stability of eveR-1"°"18Hg nuclei  decay half-lives are large. On the other hand, if the decay
points to the closed-shell effects of these paren&=a80 (in half-life is small(measurable or close to measuraltken, in
the neighborhood of magi2=82) coupled with a magic or view of the so-far observed radioactive decays, it must refer
semimagic nature of their neutron shells with=96, 98, to the closed-shell effects of the daughter proticBased
100, 102, and 104. On the other hand, the instability ofon such an analysis for both the and heavier-cluster de-
186-190Hg parents, against various clusters, reflects theays, we have obtained the following results from the chosen

closed-shell effects of the daughter nuclei, such aswuclear mass regions.
178-18 174-17

76 S, 74 , ..., etc., referring to Z The superdeformed nuclei are betteremitters, as com-
=76,74 ..., and N=106,104,102... closed- or near- pared to their heavier mass, normal deformed isotopes,

closed-shells. Coupling the results of both the stability andhough both of these are pooreremitters than their lighter
instability in this region with the fact thatBe and*?C are  mass, normal deformed species. The closed-shell effects of
shown as the most probable cluster-dedaysallestT$, val-  the parents(for **Gd and ***Pb parents at the spherical
ues, Z=76 or 74 and\=96-104 seem to point to the major submagicZ=64, magicN=82, and doubly magiZ =82,
(deformed closed-shells. The same result was obtained ifN=126, are evident in terms of the maxima or peaking of
our earlier studie$4,8] and supports the structure calcula- the « decay half-lives, whereas the same for daughter nuclei
tions of other author30,31]. Also, Fig. 1Ga) shows that the **°Ce and**‘Sm (for **Nd and **%Gd parents, respectively
best measurabléBe and'*C decays come front’®1"Hg,  are given as minima or valleys im decay half-lives due to
with Tilsze~ 108 s andTi,2§~1023 s, which though are well the midshell effect of the magiz=50 and sub-magi@

within the limits of present day experiments, but, as some_ 04 and the\ =82 magic shell. These are the known shell-

experimentalists think32], may be very difficult to observe. closure effects, WhiCh apparently are nicely reproduced in
New clusters with large decay half-lives of similar orders arethe PCM calculations.

also predicted in another calculation by Royer and Moustab- 1he calculated cluster-decay half-lives show thi"t the
chir [33]. lighter mass regio\=130-158 is more stabl@arger T3,

values than the heavier mass regién=180-198. The light
mass region presents the closed-shell effects of known magic
Z=50 or N=_82 shells(for °0 decay of'**Nd, ®Be decay
The calculations for Pb parents are presented in Figof °9Gd, 24C decays of'®2>1°%d, respectively, and®0

5(b), 8(b), and 1@b), respectively, forPy, P, andT5,. P,  decay of °%Gd), with the predicted cluster-decay half-lives
are almost constant, except for a small enhancerfreiti-  beyond the present measurable limits of the experiments
mum —log,0P,) in the case of'®Pb parent for all cluster (T5,~10* s or morg. On the other hand, the heavier mass
configurations. The same is true fBr except that the en- region A=180-198 present not only the stability effects of
hancement is now for thé®Pb parent. The net result is a neighboringZ=82 magic shell for ever 76 1¥Hg par-
shallow minimum inT$,, for heavier clusters, such &0  ents, but also interesting new possibilities of deformed-

4. Pb parents
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daughter cluster radioactivity @&=72-76 andN=96—104 from the normal deformed regions. In other words, the re-

for 186-190g and 1%4°Pb. In other words, new deformed gion of the change of shape, i.e., the val@yn the imme-
magic shells are likely to occur aZ=72-76 andN diate neighborhood of a peak, seems to be the criterion for

=96-104 for various cluster-decays of® 1%Hg and the location of new magicities or for the new cluster radio-
19419ph The best observable cases are predicted #Bee ~ activity(ies).

and 1°C decays of*"®*"Hg and/or'°%Pb parentgwith T5,,

~10*® and 1@° s, respectively The interesting point is that

in both the nuclear regions under study, more of these nuclei ACKNOWLEDGMENTS
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