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Measurable decay modes of barium isotopes via exotic cluster emissions
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Cluster decays of Ba nuclei are calculated within a preformed cluster model. The n-nuclei
H, Be, C, 0, and Ne are predicted as the possible decay modes, lying within the limits of

present experimental methods. Other than the o. particle, C decay of Ba is shown to be the
most probable one with half-life time T&(2 10 s, stressing the role of doubly magic 50Sn daughter
nucleus in cluster radioactivity. The use of di8'erent Q values for Ti12 estimates and presence of
nuclear structure efFects in Geiger-Nuttall plots are also discussed.

PACS number(s): 23.60.+e, 21.60.Gx, 23.90.+w, 27.60.+j

Recently, one of us and collaborators [1] have pointed
out some new instabilities against exotic cluster decays
for some "stable" nuclei in the region 50 ( Z ( 82. In
particular, C and 0 decays of Ba are predicted
to have half-life times 102 and 10 s, respectively,
which are well below the presently measured upper limit
for heavy cluster decays of radioactive nuclei. However,

2 Ba is a short lived nucleus with the measured [2] half-
life of only 24 s and hence the predicted cluster-decay
probabilities are too small for the experimental possibil-
ities. Apparently it is of interest to search other possi-
bilities with larger cluster decay constants (shorter de-
cay half-life times). Knowing that all the so-far-observed
daughter nuclei in radioactive cluster-decay studies are
the magic or nearly magic spherical nuclei, the isotopes
of barium, lighter than Ba, suggest an exciting new
possibility of even a doubly magic 50Sn50 as one of the
daughter product.

Experiments are now being planned [3] at GSI, Darm-
stadt (Germany), for producing 4Ba whose theoreti-
cally estimated half-life is still lower 0.1-1 s. We un-
derstand that similar efforts are going on in Dubna (Rus-
sia) for producing Ba. The aim of these experiments
is not only to produce new, lighter isotopes of barium,
but also to measure the possible emissions of C and o.
particles from these "stable" nuclei. The only theoretical
estimate available on cluster decays of these nuclei is the
simple barrier penetration calculation of Poenaru et at.
[4]. These authors use a unified fission model (UFM)
whose parameters are fitted to a large volume of data on
a decay and the C decay of Ra. We choose to work
here with the preformed cluster model (PCM) of Malik
and Gupta [5] which has been used quite extensively now

[6—10] and is perhaps the only theoretical prescription
known for calculating the cluster preformation probabil-
ity based on collective model picture of the nucleus [11].
The calculations are made for 56Ba nuclei.

In the PCM of Malik and Gupta [5], the decay half-life
time Tzg2 or the decay constant A is defined as

& = Po&oP (&i(2 = ln 2/&).

Considering a coupled motion in dynamical collective co-
ordinates of mass asymmetry q = (Ai —A2)/A and rela-
tive separation R, Malik and Gupta solved the stationary

Schrodinger equation [5,9]

H(rt, R)Q(rt, R) = Eg(ri, R),

with the Hamiltonian constructed as

H(q, R) = V(q) + V (R) + V(q, R) + 2B„„q'—
+2BRRR + BR„R

For collective potentials calculated in the Strutinsky
method and B,~ as cranking masses, both the coupling
potential and coupling mass are small [12—15]. This re-
duces the problem to one of decoupled motions, with
Po oc I@(rt)I' and P oc I@(R)I'.

The stationary Schrodinger equation for g motion is

—+V(R) g (&) = E,g (&),
0 1 0

whose numerical solution (for fixed R) gives the ground-
state (v = 0) cluster preformation probabihty

Po(&2) = I&'(~) I' 2
-(~)—„

P = P, W,-Pg,

where, for simplicity, the internal deexcitation probabil-
ity TV, is taken as unity, and the WKB penetrabilities
are

R,
P; = exp —— (2@[V(R) —V(R;)])'1 dR,

R

Choosing the inner turning point R = Ri + R2 (= Rt)
or = Ci + C2 (= Ct), Ci being the Siissmann central
radii, the potential V(rt) in two spheres approximation
is defined as the sum of nuclear binding energies, the
Coulomb and proximity potentials. The mass parameters
are the classical hydrodynamical masses [16].

For R motion, instead of solving the corresponding
radial Schrodinger equation, the WKB method is used.
Then, for the penetration path shown in Fig. 1 of Ref.
[5],
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Rg

Ps = exp —— (2@[V(R)—Q])'/ dR .
& R,

(8)
70

32 1)s at nuclei
2-180Ba

Both these integrals are solved analytically by
parametrizing V(R) suitably (for further details, see
Refs. [5,9].

The assault &equency vp, for both the cluster and
daughter nuclei formed in the ground state, is delned
simply as

v g(2E2lu)
Rp Rp

N 40

gI oluN

RSO
Cg0

88
Si~

with kinetic energy of cluster Es ——(Az/A)Q and Q =
Eq + E2, the Q value. Ro is the equivalent spherical
parent nucleus radius.

The model of Malik and Gupta was extended recently
[17,18] to include deformations of both the cluster and
daughter nuclei. The barrier gets lowered considerably
and the inner turning point R lies at Q value, with
R ) Ro. In other words, the simplifying assumptions
of choosing R = Rq and introducing the idea of internal
deexcitation in the model of Malik and Gupta is found
to assimilate completely the deformation effects of both
the cluster and daughter nuclei.

Figure 1 shows the calculated fragmentation potential
V as a function of cluster mass A2 for various Ba isotopes.
We notice that for the N = Z ~~sBa nucleus, the minima
in V(As) occur only at A2 ——4n cr nuclei. As the ratio
N:Z increases, the minima start appearing also at A2 ——

4n+ 2 clusters. This result was first observed in Ref. [6].
The preformation probabilities Po are also large for the
clusters referring to potential-energy minima [19].

Figures 2 and 3 give the Geiger-Nuttall (GN) plots be-
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tween the calculated Tz/s and Q values or penetrabilities

P. We notice in Fig. 2 that the logqoT~&si(s) vs Q
plots for each cluster are nearly straight lines but with
different slopes and intercepts. Thus, the equation of the
straight line (the GN law) for each cluster is different [18].
This difference of slope and intercept for each cluster is
associated [11,18] to their having a different preformation
factor Po. Similarly, logqoT~/s(s) vs —ln P plots in Fig. 3
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FIG. 2. Geiger-Nuttall plots of logqsT;&s(s) vs q '~ for
various clusters emitted from Ba.
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FIG. 1. Fragmentation potentials for Ba, at
R =| 1+C2.
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FIG. 3. Same as in Fig. 2, but for logqsT~&s(s) vs —ln P.
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are nearly straight lines for each cluster. The di8'erences
in slopes and small deviations kom straight lines may
arise due to the presence of nuclear (proximity) poten-
tial in V(B) (in GN law, P is the pure Coulomb barrier
penetrability). Thus, the nuclear structure effects are ev-
ident in Fig. 3. The fact that here the Pp are diferent

for di8'erent clusters and decrease with increase in their
size is presented in Fig. 4. The variation of —logypPp
with A2 is reasonably well represented by a straight line,
at least for A2 & 30. For A2 ) 30, the values of Pp
increase rather than decrease, in agreement with earlier
observations [8,20j.

TABLE I. Predicted half-life times T1~2 and other characteristics for certain cluster decays of
Ba isotopes, using the preformed cluster model of Malik and Gupta [5]. The first turning point
Ro = Cl + C2. For Q values the masses are of Moiler and Nix [21] for A ) 16 and Wapstra et al.

[21] for A ( 16 (see also footnote a).

Parent Emit ted Daughter Q value
nucleus cluster nucleus (MeV)

Preformation
probability

P0

Decay
constant
A (s ') loglOTl/2 (S)

112B 4He

Be
12G
160

Ne
24M
28S
32S

108X
104T
100S
96Gd
92Pd
88R

Mo
80Z

4.33
10.?2
21.46
26.94
28.77
35.19
40.89
46.28

9.98x 10
9.13x 10
2.44 x 10
3.00 x 10
2.98x10-"
2.44 x 10
?.48x 1P
1.81 x 10

5.68x 10
1.00x 10
1.24x 10
3.00x 10
6.50x10 32

3.54x 10
4.1Px1P-"
2.09x 10

—2.91
5.84
3.75

13.36
31.03
34.29
37.23
38.52

114B 4He

Be
12G

16O

Ne

Mg
28S.
32S

110X
106T
102S

'8Gd
94Pd
"Ru
86Mo
82Z

3.13
7.52

20.20
18.34
27.17
29.60
35.62
41.99
45.63

9.98 x 10
1.39x10 '
4.08 x 10
8.96x 10
1.94x10-"
7.03x 10
4.48 x 10
9.22 x 10
6.26x10-"

7.64x 10
5.02 x 10
5.27x 10
1.47x 10
3.06 x 10
1.06x 10
5.07x 10
5.72 x 10
8.45 x 10

4.96
18.14
5.12
9.67

11.36
26.82
31.14
32.08
37.91

116B 4He

Be
12G
16O

20N

Mg
28S.
32S

112X
108T
104S

100Cd
96Pd
92R

"Mo
84Z

2.32
5.50

17.63
25.44
29.24
35.79
41.73
44.82

9.98x 10
5.97x10
5.53 x 10
1.69 x 10
8.72 x 10

P8x1P
1.83xlp '
2.00x10-"

1.03x10
5.39xlp '

44x1P
8.33x 10
5.50x 10
7.22 x10
6.15x10
5.50 x 10

12.83
32.11
11.31
14.92
27.10
29.98
32.05
39.10

118B

120B

4He

Be
12G
16O

20N

Mg
28S.
32 S

4He

Be
12C
16~

20N

Mg
28S.
32S

114X
110T
106S

102Gd
98Pd
94R
"Mo
86z

116X
1127
108S
104Cd
100pd
96R

Mo
88Z

1.90
5.35

15.44
21.76
26.34
34.49
39.65
43.94

1.54
2.92

13.40
20.10
23.60
31.40
39.80
41.00

9.98 x 10
5.8?x 10
5.86 x 10
6.80 x 10
1.87 x 1P
1.93x 10
4.24 x 10
1.36 x 10

9.71 x 10
1.71x 10
5.06 x 10
5.12x 10
3.00 x 10
9.05 x 10
1.90x10
3.70 x 10

1.80 x 10
1.02 x10
5.19xlp '

73x 1p
8.24 x 10
2.86 x 10
9.97x 10
1.06x 10

4.73x 10
2.44x10
4.08 x 10
3.55 x 10
1.70 x 10
1.75 x 10
1.17x10
2.45 x 10

18.59
32.83
18.13
25.27
35.93
33.39
36.84
40.81

26.17
68.45
32.23
41.29
58.61
61.60
56.77
67.45

Masses are from Comey et aL [21] and Wapstra et at. [21].
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FIG. 4. Logarithm of cluster preformation probability P0
vs mass A2 of clusters emitted from Ba. The straight
line gives the average behavior for 4 ( Aq & 30.

FIG. 5. Logarithm of calculated half-life times vs mass of
Ba parents for various cluster decays. The limit of present
experiments is also shown.

Table I and Fig. 5 present our calculations for the
decay half-life times. First of all we notice that, other
than a decay, C decay of Ba is the most probable
(largest A or shortest Tiiq). This means a clear preference
for the doubly magic Z = N = 50 Sn daughter nucleus
in heavy cluster decays of Ba nuclei. Also, the a and

C decays of Ba are predicted to be equally strongly
probable. Notice that not only the Q values for the most
probable decays of ' Ba are larger but also the Po
for these clusters to be preformed in ' Ba are much
larger than for other heavier parents. This is also true of
many other decays. Figure 5 shows that many decays up
to Ne cluster lie below the limit of present experimental
methods. Also, Table I illustrates for C decay of Ba
that both Po and P change significantly if different Q-
value estimates are used.

Summarizing, we have shown that the preformed clus-
ter model of Malik and Gupta predict He, Be, 2C, 0,
and Ne as the possible measurable decay modes of bar-
ium isotopes and, of these, He and C decays of Ba
are the most probable. This last result refers to a doubly
magic daughter nucleus zoSn50. The decays with their
daughters in the neighborhood of 50Sn can be labeled as

the Sn radioactivity, since the so-far-observed cluster ra-
dioactivity occurs with 8&Pb&26 or its neighboring nuclei
as the daughters and is called the Pb radioactivity. The
fact that in Sn radioactivity only A2 ——4n a nuclei are
predicted to be the most probable, stems I'rom N/Z = 1
for the best decaying parents.

The GN plots for various cluster decays of Ba isotopes
are similar to the ones for the observed cluster decays of
radioactive nuclei, except that here the Q values involved
are much smaller. The penetrabilities P are of similar
orders in the two cases (compare our Fig. 3 with Fig.
3 of Ref. [22]), though the potential used here contains
the nuclear term and the GN law is for pure Coulomb
potential. This difFerence in potentials is re8ected in GN
plots by their deviating slightly from straight lines and
having different slopes. Thus, the importance of nuclear
structure effects, in terms of cluster preformation factor
Po, are indicated in the GN plots. The P0 for clusters are
small, compared to one for a decay, and, for A2 ( 30,
decrease as the size A2 of cluster increases.
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