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Heavy-ion emission in spontaneous decays of249,252Cf nuclei
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~Received 14 April 1999; published 16 November 1999!

Theoretical possibilities for exotic cluster emissions from249Cf and 252Cf parents are explored on the basis
of the very much used preformed cluster model of one of us~R.K.G.! and collaborators. The calculated
a-decay half-life time for252Cf match the experiments exactly and the same for249Cf within an order of 3. The
most probable heavy cluster decay for both the parents is predicted to be46Ar or 48Ca, 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 future.@S0556-2813~99!03211-2#

PACS number~s!: 23.70.1j, 25.85.Ca, 25.85.Ec, 27.90.1b
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I. INTRODUCTION

Heavy ions, i.e., nuclei heavier than thea nucleus~com-
monly called clusters! are emitted spontaneously in deca
of radium ~Ra!, actinium ~Ac!, and other heavier actinide
upto plutonium~Pu!. The heaviest cluster observed so far
32Si emitted from 238Pu parent nucleus@1,2#. Many early
attempts@3–6# to detect a heavier34Si cluster decay of the
next heavier element241Am resulted in only an upper limit-
ing value ~decay half-lifeT1/2.1.7331025s!, whereas the
same, rather the Si isotopes33,34,35Si, are observed recentl
@7# in ternary fission of243Am* , produced in thermal neu
trons induced reaction242Am(nth , f ). No ternary particles
heavier than the above noted Si isotopes were detected.
negative results of cluster dcecay experiments for241Am and
the ever decreasing cluster decay probability@the decay con-
stantl~s21!# with increasing size~mass! of the emitted clus-
ter seem to have deterred experimentalists to attempt clu
decay measurements of transplutonium or transameric
parents~except for what is discussed in the next paragrap!.
Theoretically, however, in spite of the increasing compe
tion with spontaneous fission which becomes comparabl
~cluster! massA2;42 @8#, the cluster preformation probabi
ity is shown to reach a minimum value atA2;28 but then
increases and becomes nearly constant forA2.34 @9–11#. It
may be mentioned here that such calculations are avail
only for the preformed cluster model~PCM! of Gupta and
Malik @12–14#. The predictions of another preformed clust
model due to Blendowske and Walliser@15# stop at A2
528. Apparently, any experimental and/or theoretical clus
decay study for parents heavier than Pu~or Am! and clusters
heavier than32Si would be of interest for knowing the limit
of this process with respect to binary~and/or ternary! fission
@7,16–18# and to test the predictions of various availab
mechanisms for understanding this new phenomenon
heavy-ion emission, the cluster radioactivity.

Californium ~Cf! nuclei offer interesting possibilities fo
the heavier cluster decay studies since the closed shell ef
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of the doubly magic48Ca nucleus are expected to come in
play. So far it is the closed shell effects of the daugh
nuclues~208Pb or 100,132Sn! that have been observed@1,2# or
predicted@11,19–21#. Spontaneous binary and ternary fissi
of 252Cf have been studied quite extensively recen
@7,16,17,18#, with 4He, 10Be, and 14C nuclei observed as
ternary fission particles. For the light nucleus accompan
binary decay of252Cf, however, the only experimental a
tempt of Ortleppet al. @22# resulted in an upper limit on
branching ratio@B5T1/2(a)/T1/2~cluster!<1028# for 46Ar or
48Ca cluster. For249Cf, more recently, Ardissonet al. @23#
first attempted an indirect experiment to interpret the ex
tence of an unassignedg line ~1554.2 KeV energy! in the
spontaneous fission spectrum, following the249Cf a decay,
as a possible signature of50Ca emission from249Cf and de-
duced a branching ratioB54.931029 @or T1/2(

50Ca)52.2
31018s#, which in a later direct experiment@24# is pushed
down ~or up! to B<1.5310212 @or T1/2(

50Ca!>7.431021s#.
Apparently, a theoretical cluster decay study of these Cf
clei is warranted both for the guidance of future experime
and for investigating the above mentioned novel closed s
feature of the emitted cluster.

We have used here the preformed cluster model of Gu
and collaborators@12–14,25#, which is described briefly in
Sec. II. Also, a simplification of this model to an alternativ
model, called unified fission model~UFM!, is discussed. Our
calculations are presented in Sec. III and a summary
discussion of results is given in Sec. IV.

II. THE MODEL

In the preformed cluster model~PCM! of Guptaet al., the
decay constantl ~related to the decay half-lifeT1/25 ln 2/l!
is the product of three factors: the cluster preformation pr
ability P0 , the barrier impinging frequencyn0 , and the bar-
rier penetration probabilityP,

l5P0n0P. ~1!

TheP0 andP are calculated by introducing a coupled motio
in dynamical collective coordinates of mass asymmetryh
5(A12A2)/(A11A2) and relative separationR via the sta-
tionary Schro¨dinger equation
m
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H~h,R!Cn~h,R!5EnCn~h,R!. ~2!

The potentials entering this equation are given by

V~h,R!52(
i 51

2

Bi~Ai ,Zi !1
Z1Z2e2

R
1Vp , ~3!

defined by the sum of binding energies, the Coloumb and
proximity @26# potentials. The chargesZi are fixed by mini-
mizing the potential@given by Eq.~3!, without Vp , for fixed
h and R# in the charge asymmetry coordinatehZ5(Z1
2Z2)/(Z11Z2).

In view of the definition~1!, Eq. ~2! is solved in the de-
coupled approximation,Cn(h,R)5Cn(h)Cn(R), such that
the stationary Schro¨dinger equation for, say,h-motion, at a
fixed R value, is

S 2
\2

2ABhh

]

]h

1

ABhh

]

]h
1V~h!D Cn~h!5Eh

nCn~h!,

~4!

with En5Eh
n1ER

n . The mass parametersBhh(h) are the
classical hydrodynamical masses of Kro¨ger and Scheid@27#.
Then, the cluster preformation probabilityP0 , for theh mo-
tion, is P0}uC(h)u2. Only the ground state (n50) solution
is relevant for the cluster decay to occur in the ground s
of the daughter nucleus. Then, the properly normalized fr
tional cluster preformation probabilityP0 at a fixedR ~5Ra ,
the first turning point! is

P0~A2!5uC0~A2!u2ABhh~A2!
2

A
. ~5!

For R motion, instead of solving the corresponding rad
Schrödinger equation, as usual, the penetration probabilitP
is the WKB penetrability. For the tunneling path shown
Fig. 1 ~marked PCM!, the penetrability

P5Pi Pb ~6!

with

FIG. 1. An illustrative scattering potentialV(R), showing for
the preformed cluster model~PCM! and unified fission mode
~UFM!, the penetration paths and other characteristic quantitie
06431
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Pi5expF2
2

\ E
Ra

Ri

$2m@V~R!2V~Ri !#%
1/2dRG , ~7!

Pb5expF2
2

\ E
Ri

Rb

$2m@V~R!2Q#%1/2dRG . ~8!

This means that tunneling begins atR5Ra and terminates a
R5Rb with V(Rb)5Q-value. The deexcitation probability
(Wi) betweenPi andPb is taken to be unity@28#. Both Eqs.
~7! and ~8! are solved analytically@13,14,25#.

The impinging frequencyn0 in this model is obtained
from the experimentalQ value, taken as total kinetic energ
shared between the two fragments. Then, for the light fr
ment ~the cluster!,

n05
velocity

R0
5

A2Q/mA2

R0
, ~9!

with R0 as the radius of the parent nucleus andm as the
nucleon mass. For more details, see the recent revi
@1,11#.

The only variable in our calculations is the value of fir
turning pointR5Ra . We have varied it fromRa5C11C2
5Ct to Ra5Ct2DR5R0 in order to fit the only experimen
tal number known, thea-decay half-life. This means that th
maximum value ofDR is determined byRa5R0 , the parent
nucleus radius. HereCt is the touching configuration of two
nuclei, withCi as the Su¨smann central radii

Ci5Ri2
1

Ri
, ~10!

Ri51.28Ai
1/320.7610.8Ai

21/3 fm. ~11!

Note thatCt is different for different cluster1daughter con-
figuration. Also, the choiceRa'Ct assimilates the effects o
both deformations of the two fragments and neck format
between them@25#.

The PCM simplifies to an alternative description, call
unified fission model~UFM! @1#, if the preformation factor
P051 and the penetration path is straight toQ value i.e.,
Ra5R0 , as shown in Fig. 1~marked UFM!, such that

P5expF2
2

\ E
Ra

Rb

$2m@V~R!2Q#%1/2dRG , ~12!

with V(Ra5R0)5V(Rb)5Q value.Ra andRb are, respec-
tively, the first and second turning points. This calculation
referred to as UFM, in the following.

III. CALCULATIONS

We have made our calculations for the249Cf nucleus by
using the 1995 Audi and Wapstra tables of experimen
binding energies@29#, and for the252Cf nucleus, the 1995
theoretical binding energies of Mo¨ller et al. @30#, supple-
mented by experimental numbers from Audi and Waps
@29# for Z<8. It may be mentioned here that a similar ca
culation for 252Cf was made recently by Kumar, Gupta, an
6-2
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HEAVY-ION EMISSION IN SPONTANEOUS DECAYS . . . PHYSICAL REVIEW C 60 064316
Scheid@8# by using the 1988 Mo¨ller and Nix tables of bind-
ing energies@31#, which resulted in underestimated clust
decay branching ratios with respect toa decay. No fitting of
a-decay half-life was attempted in this early calculation.

Figures 2 and 3 give, respectively, the normalized fr

FIG. 2. The fragmentation potential, normalized to the par
nucleus binding energy, for the249Cf parent, calculated at twoR
5Ra values of the first turning point. The minima are marked
light mass fragments, with the corresponding heavy fragment
Cd also shown in braces. The binding energies are taken from A
and Wapstra@29#.

FIG. 3. The same as for Fig. 2, but for the252Cf parent. The
binding energies are taken from Mo¨ller et al. @30#, supplemented
from Audi and Wapstra@29# for Z<8.
06431
-

mentation potentialsV(h) for 249Cf and 252Cf parents, cal-
culated at two differentRa values. We notice that, almos
independent of theRa value, in each case, deep potent
energy minima occur not only at the doubly or singly clos
shell nuclei @a particle, 18

46Ar28 ~or neighboring14
42S28 and

20
48,50Ca28,30!, 32

82Ge50 and50
1302132Sn80,82#, but also at light clus-

ters 10Be, 14C, 20,22O, 26Ne, 30Mg, and 34,36Si. We are in-
terested here only in the potential energy minima because
preformation factorsP0 for nuclei at the minima are larges
compared to their neighbors. This is depicted in Figs. 4 a
5 for the 249,252Cf nuclei, where2 log10P0 is plotted as a
function of DR(5Ct2Ra). Only the clusters for massA2
<50 are considered. We notice that theP0 are largest for
4He, 10Be, and14C nuclei ~the clusters observed@17,18# in
ternary fission of252Cf! but then42S, 46Ar, or 48,50Ca nuclei
get preformed more probable than O, Mg, or Si nuclei. Ho
ever, we shall see in the following that, other than fora
particle, the decay probabilities are largest~or decay half-life
smallest! for 46Ar or 48,50Ca clusters. The decay probabilitie
for the best preformed light clusters10Be and14C are very
small compared to many other clusters. This happens du
the penetrability factorP.

Figures 6 and 7 give the results of our calculation for t
barrier penetrabilityP. We notice that, for both the parent
the penetrabilities are largest for46Ar, or 48,50Ca clusters,
larger than even for thea particle. The penetrabilities for the
10Be and14C clusters are particularly very small. The me
surable decay probabilitiesl ~or half-life times T1/2! are,
however, a combined effect ofP0 andP ~the impinging fre-
quencyn0 being almost constant!, which we discuss in the
following for each parent nucleus separately.

t

r
di

FIG. 4. The~negative! logarithm of the preformation factorP0

for different clusters, plotted as a function ofDR, the value of the
first turning pointRa with respect toCt , the touching configuration
for the 249Cf parent.
6-3
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A. 249Cf parent

In an attempt to fit thea-decay half-life, we have calcu
lated the decay half-life timesT1/2~s! as a function of the
only variableRa of the model. This is displayed in Fig. 8
where log10T1/2~s! is plotted as a function ofDR5Ct
2Ra~fm!. The value ofRa lies in the rangeR0<Ra<Ct ,
which gives a limiting~maximum! value of DR51.034 fm
for the 4He cluster decay of249Cf. It may be reminded here
that Ct is different for different cluster1daughter configura-
tion.

FIG. 5. The same as for Fig. 4, but for the252Cf parent.

FIG. 6. The same as for Fig. 4, but for the penetration proba
ity P.
06431
We notice in Fig. 8 thatT1/2(a) increases asDR in-
creases, attaining a maximum valueT1/2

cal(a)54.043107~s!
at the limiting value of DR51.034 fm or Ra5R05Ct
21.034 fm. This value falls short of the experimental val
@T1/2

expt(a)51.10831010 ~s!# by an order of 3, and is the bes
fit that could be obtained within the PCM used here. Figur
and Table I show that the calculated preformation factorP0
for 4He cluster is of the order of unity, which means that t
predictions of this model and that of the unified fissi
model~UFM! for a-decay are identical. This means that bo

l-

FIG. 7. The same as for Fig. 5, but for the penetration proba
ity P.

FIG. 8. The same as for Fig. 4, but for the decay half-life tim
T1/2~s!.
6-4
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TABLE I. Calculated decay half-life and other characteristic quantities for various heavy-ion emissions from249Cf, using the preformed
cluster model~PCM! of Gupta and collaborators. The impinging frequency is nearly constant, with an average value ofn052.8
31021 s21. The experimentala-decay half-life timeT1/2

expt(a)51.1131010 s.

Cluster Performation probability Penetration probability Half-life times
1 Q value Po P T1/2(s)
daughter ~MeV! Ra5Ct Ra5Ct21.034 Ra5Ct Ra5Ct21.034 Ra5Ct Ra5Ct21.034

4He1245Cm 6.30 9.4231021 8.2231021 4.73310223 8.88310230 6.623100 4.043107

4Be1239Pu 8.53 2.28310214 7.87310213 1.97310273 6.58310272 8.9231064 7.7431061

14C1235U 25.79 9.64310225 7.09310223 4.86310241 3.09310243 5.8331042 1.2531043

22O1227Th 34.63 5.43310234 6.11310237 7.53310253 6.78310255 7.2231063 7.1231068

30Mg1219Rn 69.77 1.92310236 1.80310242 7.51310235 6.62310238 1.6831048 2.0431057

34Si1215Po 90.22 9.76310233 4.10310240 1.20310226 1.23310230 1.9431036 4.5331047

36Si1213Po 88.78 1.90310231 2.59310239 3.14310228 2.38310232 3.9631036 3.8331048

42S1207Pb 109.42 1.15310225 6.32310234 1.33310221 7.33310226 1.5031024 4.9631036

46Ar1203Hg 124.72 1.63310225 6.47310235 1.88310219 1.55310223 7.3531021 2.2431035

48Ca1201Pt 137.69 1.83310226 2.95310236 9.47310219 1.08310222 1.2631022 6.8431035

50Ca1199Pt 136.69 4.43310227 1.65310237 2.15310219 1.95310223 2.3631023 6.9231037
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the PCM and UFM predict thea-decay half-life time for
249Cf parent within an order of 3. Such a disagreement mi
have its origin in the charge redistribution effects, sugges
to be important fora decay by some authors@32#, or simply
in the use of different radius expression~11! for the odd
mass249Cf nucleus or a small error in theQ value used here
since thea-decay half-life time for the252Cf parent is fitted
almost exactly~see below!. For the heavier cluster decay
however, the two model predictions~that of PCM and UFM!
could not be similar, since compared toP051 for UFM,
very low preformation factors are obtained for the PCM.

Figure 8 and Table I show that the decay half-life tim
for 10Be,14C, and other lighter clusters are predicted to be
large, beyond the present day experiments. The smalles
cay half-life is predicted for46Ar or 48Ca ~both having al-
most the same value!, with 42S and50Ca being the next mos
~equally! probable cases, depending on theDR value. For the
best fit to a-decay half-life, i.e., forDR51.034 fm or Ra
5Ct21.034 fm, the predicted decay half-life for50Ca clus-
ter is T1/2

cal~50Ca)56.9231037s, which is much higher than
the very recently deduced upper limit ofT1/2

expt(50Ca!>7.4
31021 ~s! @24#. However, the predictedT1/2~cluster! values
are shown to decrease considerably in going fromRa5Ct
21.034 toRa5Ct . In this context, it may be reminded tha
as shown by Kumar and Gupta@19#, the choice ofRa in the
neighborhood ofCt assimilates the effects of deformatio
and neck formation between the two decay products. In o
words, with such effects included, the calculated cluster
cay half-life times for, say,50Ca decay of249Cf would cer-
tainly be ,1037s. In view of this result, we have given i
Table I the predictions of PCM for the two extremeDR
values. A further comparison of this model~PCM! calcula-
tion with the results of another recent calculation due to P
naruet al. @33#, together with the one obtained for a simp
square well model~with parameters taken from Ref.@34#! is
given in our other publication@24#. The values quoted ther
in Ref. @24# for PCM are an early version of the refine
results given here in this paper. All these calculations pre
06431
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the 249Cf nucleus to be a poor parent for exotic cluster em
sions, at least for the coming few years.

B. 252Cf parent

Figure 9 and Table II give the results of our calculati
for 252Cf parent. As already mentioned above, we have u
here the 1995 binding energies of Mo¨ller et al. @30#. More or
less the same results, rather better than what are obtaine
249Cf parent, are given here. For the~nearly! best fit atDR
51.029 fm or Ra5R05Ct21.029 fm, the calculated
a-decay half-lifeT1/2

cal(a)58.183107 ~s! matches the experi
mental number@T1/2

expt(a)58.333107 s# almost exactly. A
further matching of the two numbers can be obtained
choosingDR to a next level of accuracy. SinceP0 is nearly

FIG. 9. The same as for Fig. 5, but for the decay half-life tim
T1/2~s!.
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TABLE II. Calculated decay half-life and other characteristic quantities for various heavy-ion emissions from252Cf, using the preformed
cluster model~PCM! of Gupta and collaborators. The impinging frequency is nearly constant, with an average value ofn052.7
31021 s21. The experimentala-decay half-life timeT1/2

expt(a)58.333107 s.

Cluster Performation probability Penetration probability Half-life times
1 Q value P0 P T1/2(s)
daughter ~MeV! Ra5Ct Ra5Ct21.029 Ra5Ct Ra5Ct21.029 Ra5Ct Ra5Ct21.029

4He1248Cm 6.20 9.2631021 7.4331021 2.04310223 4.92310230 1.583101 8.183107

10Be1242Pu 8.69 2.50310214 1.12310212 6.50310272 7.72310271 2.4531063 4.5031060

14C1238U 25.69 1.07310224 1.10310222 2.97310241 2.21310243 8.6731042 1.1331043

20O1232Th 37.46 5.90310233 2.93310236 1.13310244 5.77310247 4.0831054 1.9731060

22O1230Th 34.20 4.07310234 3.78310237 7.70310254 9.43310256 9.5131064 8.3631069

30Mg1222Rn 68.26 6.99310238 1.20310243 8.37310237 3.95310240 4.2131051 5.2231060

34Si1218Po 86.63 9.16310236 8.07310243 4.94310230 7.64310234 5.1531042 3.7831053

36Si1216Po 87.08 1.08310233 9.88310241 6.56310230 5.58310234 3.3731040 4.3431051

42S1210Pb 105.36 2.28310226 2.06310234 1.19310224 6.25310229 8.6731027 1.8231040

46Ar1206Hg 126.19 1.90310223 8.64310233 2.32310218 2.41310222 5.1031018 1.0831032

48Ca1204Pt 138.33 6.19310225 2.28310234 3.85310218 5.56310222 9.1831019 1.7331033

50Ca1202Pt 137.71 8.22310226 5.70310236 1.72310218 1.90310222 1.5931021 2.0731035
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unity for 4He decay, both the models~PCM and UFM! can
be considered to make identically good predictions for
a-decay half-life time. Once again, the decay half-life tim
for the lighter clusters10Be,14C, etc. are predicted to be larg
enough to conclude that these could not be observed a
nary decay products. The most probable heavy cluster de
in this case are also predicted to be46Ar or 48Ca, with pre-
dicted half-life times lying in the range of 1018– 1032s for
46Ar and 1019– 1033s for 48Ca. Also, these predictions for th
50Ca cluster decay half-life time are larger than the o
available old time upper limit ofT1/2

expt(50Ca!.1015, calcu-
lated by using theT1/2

expt(a) in the deduced upper limit forB
<1028 @22#. Thus, in spite of our model predictions agreei
better with the available experimental information,252Cf
nucleus is also an equally difficult parent for the detection
an exotic cluster decay with the presently available exp
mental facilities.

IV. SUMMARY AND DISCUSSION

We have looked into the possibilities of heavy-ion em
sion from 249,252Cf parents, by using a preformed clust
model ~PCM!. These heavy nuclei present as novel case
emitting a doubly magic cluster48Ca or its neighboring nu-
clei 46Ar and 50Ca. If observed, the importance of the sh
effects of the lighter~cluster! product, instead of the alread
observed heavier~daughter! product, will be shown for the
first time. The calculations show that46Ar or 48Ca are in fact
the most probable decays of249,252Cf parents, but the esti
mated decay half-life times are far more than the availa
upper limits. In other words, the calculations suggest th
with the presently available experimental methods, it will
difficult, if not impossible, to observe the heavy-ion emissi
06431
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from either of these parents. It may, however, be mentio
that the inclusion of the effects of deformations and ne
formation between the decay products could lead to a fav
able situation.

Another interesting result of these calculations is th
next to a-decay, the lighter clusters10Be and 14C are per-
formed most favorably as binary decay products, but th
due to the penetrability factor, their decay half-life times a
predicted to be very large for the present day experime
facilities. Since these clusters are already observed as ter
fission products, a cascade or sequential decay of the co
sponding binary decay daughter products could not be ru
out. Alternatively, it is possible that these lighter clusters
first preformed as binary decay products and then penetra
three body barrier.

Finally, these calculations also throw some light on t
importance of the preformation probabilitiesP0 . First of all,
P0'1 for the a-decay which means an equivalence of t
two approaches~PCM and UFM! of with and without pre-
formation factor. On the other hand, the penetration pr
abilitiesP for the heavier clusters46Ar and 48,50Ca are larger
than for thea-particle emission. This means that, ifP0 were
fixed as unity, as in UFM, these heavy cluster decays wo
be more probable than even thea decay, which is contrary to
experiments.
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