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Heavy-ion emission in spontaneous decays 8f*2°Cf nuclei
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Theoretical possibilities for exotic cluster emissions fr&fCf and 25°Cf parents are explored on the basis
of the very much used preformed cluster model of one of R¥K.G.) and collaborators. The calculated
a-decay half-life time foP%°Cf match the experiments exactly and the sam&42f within an order of 3. The
most probable heavy cluster decay for both the parents is predictedtarmer “6Ca, with the predicted decay
half-life times far more than the presently available experimental upper limiting values. In other words, the
predicted heavy-ion emission probabilities for both the parents are so small that there seem to be very little
chance for their exotic cluster decays to be observed in the very near fi80&56-28189)03211-2

PACS numbes): 23.70+j, 25.85.Ca, 25.85.Ec, 27.96b

. INTRODUCTION of the doubly magi¢®Ca nucleus are expected to come into
play. So far it is the closed shell effects of the daughter
Heavy ions, i.e., nuclei heavier than thenucleus(com-  nuclues(?°Pb or1°%13%n) that have been observéd,2] or
monly called clustepsare emitted spontaneously in decays predicted 11,19—-2]. Spontaneous binary and ternary fission
of radium (Ra), actinium (Ac), and other heavier actinides of 2°°Cf have been studied quite extensively recently
upto plutonium(Pu). The heaviest cluster observed so far is[7,16,17,18, with “He, 1°Be, and“C nuclei observed as
325 emitted from2*®%u parent nucleugl,?]. Many early ternary fission particles. For the light nucleus accompanied
attempts[3—6] to detect a heavie¥*Si cluster decay of the binary decay of**2Cf, however, the only experimental at-
next heavier elemerf"’Am resulted in only an upper limit- tempt of Ortleppet al. [22] resulted in an upper limit on
ing value (decay half-life T,,,>1.73x 1029), whereas the branching ratig B=Ty(a)/Tys(clustey=<10°] for *°Ar or
same, rather the Si isotop@835i, are observed recently - Ca cluster. FoP*®Cf, more recently, Ardissoet al. [23]
[7] in ternary fission of?*3Am*, produced in thermal neu- first attempted an _|nd|rec_t experiment to mterpret_ the exis-
trons induced reactioR*2Am(ny,,f). No ternary particles (€nce of an unassignegline (1554.2 KeV energyin the

heavier than the above noted Si isotopes were detected. Tﬁgontanquls flgsmnt speé:qt(r:um, f(_)llqwmfg fﬁ%&f’ dzcgly,
negative results of cluster dcecay experiment$fbkm and 2> @ POSSIDIE signature oi.a emission 1o and de-

. . duced a branching rati8=4.9x 10 ° [or T,,(*°Ca)=2.2
the ever decreasing cluster decay probabijliye decay con- 8 o . . .
stanti (s 1)] with increasing sizémass of the emitted clus- X 10'%s], which in a later direct experimeifie4] is pushed

; . down (or up) to B<1.5x10 *?[or T,,,(*°Ca)=7.4x 10?*s].
ter seem to have deterred experimentalists to attempt CIUStirppar(entlyp)a theoretical clust[er dégrg\y SZ)de of these ]Cf nU-
decay measurements of transplutonium or transamericiurgI ;

LS X ei is warranted both for the guidance of future experiments
parents(except for what is discussed in the next paragyaph g for investigating the above mentioned novel closed shell

Theoretically, however, in spite of the increasing competi<a5t,re of the emitted cluster.
tion with spontaneous fission which becomes comparable at \ye have used here the preformed cluster model of Gupta
(cluste) massA,~42[8], the cluster preformation probabil- ang collaborator§12—14,25, which is described briefly in
ity is shown to reach a minimum value A~ 28 but then  gec, |I. Also, a simplification of this model to an alternative
increases and becomes nearly constanffor 34[9-11]. It model, called unified fission mod@UFM), is discussed. Our
may be mentioned here that such calculations are availablgy|culations are presented in Sec. Il and a summary and
Only for the preformed cluster mOdéPCM) of Gupta and discussion of results is given in Sec. IV.
Malik [12—14. The predictions of another preformed cluster
model due to Blendowske and Wallis€t5| stop atA,
=28. Apparently, any experimental and/or theoretical cluster
decay study for parents heavier than(®uAm) and clusters In the preformed cluster modéPCM) of Guptaet al, the
heavier thar*?Si would be of interest for knowing the limits decay constank (related to the decay half-lif&;,=In 2/\)
of this process with respect to binafgnd/or ternaryfission s the product of three factors: the cluster preformation prob-
[7,16—-19 and to test the predictions of various available ability P,, the barrier impinging frequency,, and the bar-
mechanisms for understanding this new phenomenon aier penetration probability,
heavy-ion emission, the cluster radioactivity.
Californium (Cf) nuclei offer interesting possibilities for N=PqroP. (1)
the heavier cluster decay studies since the closed shell effects
The P, andP are calculated by introducing a coupled motion
in dynamical collective coordinates of mass asymmejry
*Permanent address: Physics Department, Manonmaniare (A—A,)/(A;+A,) and relative separatioR via the sta-
Sundaranar University, Tirunelveli-627012, India. tionary Schrdinger equation

Il. THE MODEL

0556-2813/99/6(®)/0643167)/$15.00 60 064316-1 ©1999 The American Physical Society



M. BALASUBRAMANIAM AND RAJ K. GUPTA PHYSICAL REVIEW C 60 064316

2 (R
PiZGXF{—gJ {ZM[V(R)—V(Ri)]}”ZdR}, (7)
Ra

. (8

PbIGXF{ - 2 be{ZM[V(R)—Q]}”ZdR
R

This means that tunneling beginsR# R, and terminates at
R=R, with V(R,)=Q-value. The deexcitation probability
(W,) betweenP; andPy, is taken to be unity28]. Both Egs.
. . (7) and (8) are solved analytically13,14,25.
R, FIQO 20 R R f30 40 R The impinging frequencyy, in this model is obtained
@ (fm) from the experimentaD value, taken as total kinetic energy
FIG. 1. An illustrative scattering potentidM(R), showing for shared between the two fragments. Then, for the light frag-

the preformed cluster mod€lPCM) and unified fission model ment(the clustey,

UFM), the penetration paths and other characteristic quantities. .
( ) P onp ISHe quantt velocity 2Q/mA, ©
V = = y
H(7,R)¥"(7,R)=E"F"(7,R). ) Ry Ro

with Ry as the radius of the parent nucleus andas the

The potentials entering this equation are given b . .
P g d g y nucleon mass. For more details, see the recent reviews

2 7.7 e2 [1,11]
V(7.R)=— > Bi(A,Z)+ 1R2 +V,, (3) The only variable in our calculations is the value of first
=1 turning pointR=R,. We have varied it frorR,=C,+C,

=C,;toR,=C;—AR=Ry in order to fit the only experimen-
defined by the sum of binding energies, the Coloumb and thes| number known, the-decay half-life. This means that the
proximity [26] potentials. The charges are fixed by mini-  maximum value ofAR is determined byR,=R,, the parent
mizing the potentialgiven by Eq.(3), withoutV,, for fixed  nucleus radius. Her€, is the touching configuration of two
7 and R] in the charge asymmetry coordinate;=(Z;  nuclei, withC; as the Ssmann central radii

—Z)I(Z1+2Z,).
In view of the definition(1), Eq. (2) is solved in the de- 1
coupled approximationy"(,R)=¥"(7)V"(R), such that Ci=Ri— R’ (10
the stationary Schringer equation for, sayy-motion, at a
fixed R value, is R=1.28A1°-0.76+0.8A ® fm. (11)
K2 9 1 9 Note thatC, is different for different cluster daughter con-

S m—an man V() WN(n)=EJW"(7), figuration. Also, the choic®,~ C, assimilates the effects of

2\/B_,m 7By, 0N both deformations of the two fragments and neck formation

(4) between then25].

The PCM simplifies to an alternative description, called
unified fission model(UFM) [1], if the preformation factor
Po=1 and the penetration path is straight Qvalue i.e.,
R,=Rg, as shown in Fig. Imarked UFM, such that

with E”=Er,‘]+ Er. The mass parameteB,,(7) are the
classical hydrodynamical masses of geo and Scheifi27].
Then, the cluster preformation probabil®g, for the » mo-
tion, is Py | W (7)|2. Only the ground staten(=0) solution
is relevant for the cluster decay to occur in the ground state 2 (R,

of the daughter nucleus. Then, the properly normalized frac- P:exp{ - gJ {2u[V(R)—QT}VAR|, (12)
tional cluster preformation probabilify, at a fixedR (=R, Ra

the first turning pointis with V(R,=Ry) =V(R,)=Q value.R, andR,, are, respec-
tively, the first and second turning points. This calculation is

2 . -
PO(AZ)ZWO(AZ)F\/WK_ (5) referred to as UFM, in the following.

. . . . . Ill. CALCULATIONS
For R motion, instead of solving the corresponding radial

Schralinger equation, as usual, the penetration probatility ~ We have made our calculations for tRECf nucleus by
is the WKB penetrability. For the tunneling path shown inusing the 1995 Audi and Wapstra tables of experimental

Fig. 1 (marked PCM, the penetrability binding energie$29], and for the?>’Cf nucleus, the 1995
theoretical binding energies of Mer et al. [30], supple-

P=P;Py (6) mented by experimental numbers from Audi and Wapstra

[29] for Z<8. It may be mentioned here that a similar cal-

with culation for 252Cf was made recently by Kumar, Gupta, and
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FIG. 2. The fragmentation potential, normalized to the parent FIG. 4. The(negative logarithm of the preformation factd?,

nucleus binding energy, for th&°Cf parent, calculated at twR ;ortdtlffer.ent clgst;[srs, .i)rl]otted ast ;’guna:lortl A)Rr,].the Valfl.Je oftt.he
=R, values of the first turning point. The minima are marked by Irst tuming point, with respec t, the touching connguration,

24!
light mass fragments, with the corresponding heavy fragment foIOr the **Cf parent.
Cd also shown in braces. The binding energies are taken from Audi

and Wapstrd29]. mentation potential®/(») for 24°Cf and 2°°Cf parents, cal-
culated at two differenR, values. We notice that, almost

. . . . . independent of thdR, value, in each case, deep potential
ing energieq31], which resulted in underestimated cluster - .
decay branching ratios with respectdaalecay. No fitting of energy minima occur no}6only at the (_joubly_or lengly closed
a-decay half-life was attempted in this early calculation. 1?56" nucle|8[a part'del’s(lg?;% (or neighboring 135, and
Figures 2 and 3 give, respectively, the normalized frag=o Cés,s0, 350650 andzo **Snyg 7], but also at light clus-
ters 1%Be, 4C, 2020, ?°Ne, ¥Mg, and 3#%%i. We are in-
terested here only in the potential energy minima because the
preformation factor$?, for nuclei at the minima are largest
compared to their neighbors. This is depicted in Figs. 4 and
5 for the 24%25¢f nuclei, where—log;4P, is plotted as a
function of AR(=C;—R,). Only the clusters for masa,
<50 are considered. We notice that tRg are largest for
“He, 1%Be, and*“C nuclei(the clusters observed.7,19 in
ternary fission of®2Cf) but then*?S, 4éAr, or #85Ca nuclei
get preformed more probable than O, Mg, or Si nuclei. How-
ever, we shall see in the following that, other than ter
particle, the decay probabilities are largestdecay half-life
smallest for “eAr or 485%Ca clusters. The decay probabilities

Scheid[8] by using the 1988 Miter and Nix tables of bind-

1044/ (+ 12080 for the best preformed light clustefSBe and“C are very
:‘;' small compared to many other clusters. This happens due to
IH Molier et al. (1995) the penetrability factoP.
0 *He —R=C, Figures 6 and 7 give the results of our calculation for the
- -R=C-1.029 barrier penetrability?. We notice that, for both the parents,
S — the penetrabilities are largest f6fAr, or *8°Ca clusters,
0 20 40 60 80 100 120 larger than even for the particle. The penetrabilities for the
Cluster Mass A, 10Be and“C clusters are particularly very small. The mea-

surable decay probabilities (or half-life times Ty, are,
FIG. 3. The same as for Fig. 2, but for tR&Cf parent. The however, a combined effect &, andP (the impinging fre-
binding energies are taken from Mer et al. [30], supplemented quencyw, being almost constaptwhich we discuss in the
from Audi and Wapstra29] for Z<8. following for each parent nucleus separately.
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FIG. 5. The same as for Fig. 4, but for tRECf parent.

A. 2%Cf parent

In an attempt to fit thex-decay half-life, we have calcu-
lated the decay half-life time3,,,(s) as a function of the
only variableR, of the model. This is displayed in Fig. 8,
where logyTq(s) is plotted as a function ofAR=C;
—R4(fm). The value ofR, lies in the rangeR,<R,<C;,
which gives a limiting(maximum value of AR=1.034fm
for the “He cluster decay of*°Cf. It may be reminded here
that C, is different for different cluster daughter configura-
tion.
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FIG. 7. The same as for Fig. 5, but for the penetration probabil-
ity P.

We notice in Fig. 8 thafTy,(«a) increases al\R in-
creases, attaining a maximum valli§y( ) = 4.04x 10'(s)
at the limiting value of AR=1.034fm or R,=Ry=C;
—1.034fm. This value falls short of the experimental value
[TS9{@)=1.108< 10*°(s)] by an order of 3, and is the best
fit that could be obtained within the PCM used here. Figure 4
and Table | show that the calculated preformation fa&tgr
for “He cluster is of the order of unity, which means that the
predictions of this model and that of the unified fission
model(UFM) for a-decay are identical. This means that both
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FIG. 6. The same as for Fig. 4, but for the penetration probabil- FIG. 8. The same as for Fig. 4, but for the decay half-life times

ity P.

Ty9).
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TABLE I. Calculated decay half-life and other characteristic quantities for various heavy-ion emissioré¥edrusing the preformed
cluster model(PCM) of Gupta and collaborators. The impinging frequency is nearly constant, with an average valye B8
X 10Pts L. The experimentak-decay half-life timeT$5(a)=1.11x 10'%s.

Cluster Performation probability Penetration probability Half-life times
+ Q value Po P T1/2(8)
daughter (MeV) R,=C, R,=C,—1.034 R,=C, R,=C,—1.034 R,=C, R,=C,—1.034
‘He+2%Cm 6.30 9.4x10°* 8.22x1071 4.73x10° %8 8.88x 10 %° 6.62x 10° 4.04x 10
‘Be+23%Pu 8.53 2.2&10 4 7.87x10 13 1.97x10 "3 6.58x 10" "2 8.92x 10°4 7.74x10°*
Yc+23y 25.79 9.6410 % 7.09x10 %3 4.86x10" % 3.09x 104 5.83x 10* 1.25x10%
220+22"Th 34.63 5.4% 10 6.11x 10 % 7.53x10 53 6.78x10 %° 7.22x10°3 7.12x10°8
30Mg+21Rn 69.77 1.9%10 %6 1.80x 102 7.51x107%° 6.62x 1038 1.68x 108 2.04x 10°7
345j+21%p0 90.22 9.7610 % 4.10x10° %0 1.20x 10 %® 1.23x10 %0 1.94x 10%® 4.53x 10"
365j+21%pq 88.78 1.9610 3¢ 2.59x 10 %° 3.14x 1028 2.38x10 %2 3.96x 10° 3.83x 10
4254 207pp 109.42 1.1%10 %5 6.32x10 % 1.33x10° 2 7.33x10° 26 1.50x 107 4.96x 10°
4SAr+20%Hg 124.72 1.6%10 % 6.47x10 3° 1.88x10°1° 1.55x10 28 7.35x 1071 2.24x10%
48Cat20pt 137.69 1.8%10 %° 2.95x 10 %6 9.47x10°1° 1.08x10 %2 1.26x 107 6.84x 10°°
50Ca+19%t 136.69 4.4%10°%7 1.65x 10 %7 2.15x10°1° 1.95x10 28 2.36x 107 6.92x 10*7

the PCM and UFM predict the-decay half-life time for  the 2°Cf nucleus to be a poor parent for exotic cluster emis-
24%Cf parent within an order of 3. Such a disagreement mightions, at least for the coming few years.

have its origin in the charge redistribution effects, suggested
to be important forv decay by some authof82], or simply

in the use of different radius expressi¢hl) for the odd

mass?*%Cf nucleus or a small error in th@ value used here Figure 9 and Table Il give the results of our calculation
L 25 .
since thea-decay half-life time for thé>’Cf parent is fitted O “Cf parent. As already mentioned above, we have used

almost exactly(see below For the heavier cluster decays, Nere the 1995 binding energies of Nw et al. [30]. More or
however, the two model predictiofihat of PCM and UFM less the same results, rather better than what are obtained for

could not be similar, since compared Ry=1 for UFM, 24%Cf parent, are given here. For tlieearly best fit atAR
very low preformation factors are obtained for the PCM.  =1.029fm or Ral= Ro=C;—1.029fm, the calculated
Figure 8 and Table | show that the decay half-life timesa-decay half-lifeT5j( ) =8.18x 10’ (s) matches the experi-
for 19Be 14C, and other lighter clusters are predicted to be tognental number T5$(a)=8.33<10"s] almost exactly. A
large, beyond the present day experiments. The smallest dérther matching of the two numbers can be obtained by
cay half-life is predicted fof*®Ar or “®Ca (both having al- ChoosingAR to a next level of accuracy. Sind, is nearly
most the same valiiewith #°S and®’Ca being the next most

B. 252Cf parent

(equally probable cases, depending on tie value. For the - 252¢1

best fit to a-decay half-life, i.e., forAR=1.034fm orR, 70 | x—Xx#0
=C,—1.034fm, the predicted decay half-life fé¥Ca clus- §:§:X’X”X\X”X"x 200
ter is T5%(%%Ca)=6.92< 10°"s, which is much higher than 60 """‘V*v—v;;/ w¥iope
the very recently deduced upper limit a%2(>°Ca=7.4 PR e __3;'2?
X 1071 (s) [24]. However, the predicted(cluste) values 504 ** s
are shown to decrease considerably in going fiegs C, VQ - —:T:T;T:'/I 14
—1.034 toR,=C; . In this context, it may be reminded that, 40d T—1 D;‘*Z(S:
as shown by Kumar and Gupta9], the choice oR, in the 2 o o aCa
neighborhood ofC, assimilates the effects of deformation 8 D/u_u/ﬂ/ /§2§813Ar
and neck formation between the two decay products. In other 301 5 oo A /A/A8;85

words, with such effects included, the calculated cluster de- /A/A/Agf :8§8§

cay half-life times for, say®°Ca decay of?*°Cf would cer- 204 §=85=5—

tainly be <10*’s. In view of this result, we have given in

Table | the predictions of PCM for the two extrenfeR 104 AtHe
values. A further comparison of this mod&CM) calcula- ] A/A/A/‘
tion with the results of another recent calculation due to Poe- 0 ¢—¢—¢—f—fff"f’l -
naruet al. [33], together with the one obtained for a simple 00 02 04 06 08 10

square well modefwith parameters taken from R¢B4]) is
given in our other publicatioh24]. The values quoted there
in Ref. [24] for PCM are an early version of the refined  FIG. 9. The same as for Fig. 5, but for the decay half-life times
results given here in this paper. All these calculations predict,4(s).

AR=C-R_(fm)
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TABLE Il. Calculated decay half-life and other characteristic quantities for various heavy-ion emissior@4@nusing the preformed
cluster model(PCM) of Gupta and collaborators. The impinging frequency is nearly constant, with an average valye ®f7
X 10P*s 1. The experimentak-decay half-life timeT$5(a)=8.33x 10" s.

Cluster Performation probability Penetration probability Half-life times
+ Q value Po P T1/2(8)
daughter (MeV) R,=C, R,=C,—1.029 R,=C, R,=C,—1.029 R,=C, R,=C,—1.029
‘He+2%Cm 6.20 9.26¢10°* 7.43x10°* 2.04x10° %8 4.92x10°%0 1.58< 10 8.18x 10/
0Be+24%py 8.69 2.5 10 4 1.12x10 12 6.50x 10" "2 7.72x10°"* 2.45x 10°3 4.50x 10°°
Yc+2%y 25.69 1.0x10°%* 1.10x 10 % 2.97x10 4 2.21x10° 4 8.67x 10* 1.13x10%
200+2%2Th 37.46 5.9x 10" 2.93x10 %6 1.13x10°# 5.77x 10 % 4.08x 10°* 1.97x10°%°
220+-230Th 34.20 4.0%10 3 3.78<10°% 7.70<10°% 9.43x 1056 9.51x 10¢4 8.36x 107°
30Mg+22Rn 68.26 6.9%10 %8 1.20x10° 43 8.37x10° % 3.95x 10740 4.21x 10” 5.22x 100
345j+218pg 86.63 9.1&10 6 8.07x10 4 4.94x10 %0 7.64x10 % 5.15x10% 3.78<10°°
365j+216pg 87.08 1.0810 %3 9.88x10 4 6.56x 10 %0 5.58x10 4 3.37x10% 4.34x 10°*
4254+ 210pp 105.36 2.2810 %6 2.06x10 % 1.19<10 6.25< 10 2° 8.67x 1077 1.82x 100
46Ar 4-208Hg 126.19 1.910 28 8.64x 1033 2.32x10718 2.41x 10?2 5.10x 10*® 1.08x 102
48Cat20%Pt 138.33 6.15610 %° 2.28x10 % 3.85x10 18 5.56x 10?2 9.18x10%° 1.73x10%
50Ca+20%pt 137.71 8.2%10 %° 5.70x 10 %6 1.72x10° 18 1.90x 10 %2 1.59x 107! 2.07x10%®

unity for “He decay, both the modei®CM and UFNM can  from either of these parents. It may, however, be mentioned
be considered to make identically good predictions for theéhat th_e inclusion of the effects of deformations and neck
a-decay half-life time. Once again, the decay half-life timesformation between the decay products could lead to a favor-
for the lighter clusteré®Be }“C, etc. are predicted to be large able situation.

enough to conclude that these could not be observed as bi- Another interesting result of these calculations is that,
nary decay products. The most probable heavy cluster decay€xt to a-decay, the lighter cluster¥Be and'‘C are per-

in this case are also predicted to #far or “éCa, with pre- formed most favorably as binary decay products, but then,
dicted half-life times lying in the range of 1®-10°?s for ~ due to the penetrability factor, their decay half-life times are

“SAr and 10°—10%3s for “8Ca. Also, these predictions for the Predicted to be very large for the present day experimental
%0Ca cluster decay half-life time are larger than the onlyfacilities. Since these clusters are already observed as ternary

available old time upper limit of$$(5°Ca>10'° calcu- fission products, a cascade or sequential decay of the corre-

lated by using ther®${«a) in the deduced upper limit foB sponding binary decay daughter products could not be ruled
<1078[22]. Thus, in spite of our model predictions agreeing out. Alternatively, it is possible that these lighter clusters are
better with the évailable experimental informatiof?2Cf first preformed as binary decay products and then penetrate a

nucleus is also an equally difficult parent for the detection Oiihree body barrier.

an exotic cluster decay with the presently available experi- Finally, these calculatlon_s also thro_v_v_ some light on the
mental facilities. importance of the preformation probabiliti®g. First of all,

Po~1 for the a-decay which means an equivalence of the
two approachesPCM and UFM of with and without pre-
formation factor. On the other hand, the penetration prob-
We have looked into the possibilities of heavy-ion emis-abilities P for the heavier cluster®Ar and “4°%Ca are larger
sion from 24%5Cf parents, by using a preformed cluster than for thea-particle emission. This means thatff were
model (PCM). These heavy nuclei present as novel cases diixed as unity, as in UFM, these heavy cluster decays would
emitting a doubly magic clustéffCa or its neighboring nu- be more probable than even thalecay, which is contrary to
clei “éAr and *°Ca. If observed, the importance of the shell experiments.
effects of the lighteKclustey product, instead of the already
observed heaviefdaughter product, will be shown for the
first time. The calculations show th&Ar or *éCa are in fact
the most probable decays 8t%2Cf parents, but the esti-  One of us(M.B.) is thankful to Dr. N. Arunachalam,
mated decay half-life times are far more than the availabldirunelveli, for financial support and for allowing him to
upper limits. In other words, the calculations suggest thatwork at the Physics Department, Panjab University, Chandi-
with the presently available experimental methods, it will begarh. The hospitality offered by the Panjab University, Chan-
difficult, if not impossible, to observe the heavy-ion emissiondigarh, is also gratefully acknowledged.
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