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Preformation of clusters in heavy nuclei and cluster radioactivity
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Within the preformed cluster model approach, the values of the preformation factors have been deduced from
the experimental cluster decay half-lives assuming that the decay constant of the heavy-ion emission is the
product of the assault frequency, the preformation factor and the penetrability. The law according to which the
preformation factors follow a simple dependence on the mass of the cluster was confirmed. Then predictions for

some of the most possible cluster decays are provided.
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Cluster radioactivity (heavy-ion radioactivity) by heavy
nuclei with an emitted cluster heavier than an « particle but
lighter than fission fragments was first theoretically predicted
in the beginning of the 1980s by Sandulescu, Poenaru, and
Greiner [1]. The first observation was the detection of '“C
emitted from 2Ra by Rose and Jones [2]. Since then, other
cluster radioactivities have been observed leading to '4C, 2°0,
23F 22.24-26Ne, 28.30Mg, and 3*3*Si emission, and their partial
half-lives have been measured. The decaying parent nuclei
range from 2?'Fr to >*?Cm at present, all from the translead
region, while the daughter nuclei are almost closed shell
spherical nuclei. This indicates that shell effects play a key
role in selecting possible cluster emissions, and the study of
cluster emission can be used to identify shell effects including
the very weak subshell closures [3-5]. Several theoretical
approaches can be employed to investigate cluster emission:
among them the preformed cluster model (PCM) [3,5,6], in
which the cluster is assumed to be preformed in the parent
nucleus and the preformation factor for all possible clusters
is calculated by solving the Schrodinger equation for the
dynamical flow of mass and charge; the superasymmetric
fission model [7-11], which is based on Gamow’s idea of
barrier penetration; the unified fission model [12—14] (some
authors name it the Coulomb and proximity potential model);
and a cluster model with a mean-field cluster potential can also
provide a good description of cluster emission [15].

In the present work, the cluster decay constant is the
product of the assault frequency, the preformation factor,
and the penetrability. The potential barrier which governs the
heavy-ion emission has been determined using the generalized
liquid drop model (GLDM) with the help of the experimental
Q value. The GLDM describes the shape evolution from
one body to two separated fragments in a unified way. The
preformation factor has been extracted from the experimental
cluster decay half-lives and from the theoretical determination
of the penetrability and the usual assault frequency. As long
as the relation between the preformation factor and the cluster
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decay is valuable, predictions can be given for the possible
cluster decays using the Q value from Audi’s recent data [16].
The cluster decay constant is defined as [17]

A= Pol)()P. (1)

Imagining the cluster moving back and forth inside the nucleus
with a velocity v = «/2E /M, it presents itself at the barrier
with a frequency vy = 5=+/2E/M. R is the radius of the
parent nucleus and E is the energy of the cluster corrected for
recoil; M is the average value of mass inertia for the cluster,
that will be discussed later. The penetration probability P
is calculated within the WKB approximation. The potential
barrier governing the cluster emission is determined within
the GLDM [10,17].

The barrier penetrability P is calculated within the action
integral

R\)ul
P =exp {—% / \/ZB(r)[E(r) — E(sphere)]dr} , (2
Rin
where R;, is the distance between the mass centers of the
portions of the initial sphere separated by a plane perpendicular
to the deformation axis to assume volume conservation of the
future fragments. Ry is simply e?Z4Z./Q. The inertia has
been chosen as B(r) = (1 + 1.3 f(r)) [11] where

Reon—r <
Reont—Rin’ r RCOII[!
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O, r > Rcont~

fr)= { 3)
Reont = R1 + Ry, Ry and R, are the radii of the daughter
nucleus and cluster, respectively. The present inertia can
simulate a rapid variation of the friction force effects only at
the moment of the neck rupture between the nascent fragments.
The preformation factor Py of a cluster inside the mother
nucleus can be estimated from Eq. (1).

The resulting potential barriers for  decay and cluster *2Si
emission of 23¥Pu are displayed in Figs. 1 and 2, respectively.
The maximum of the pure Coulomb barrier lies at the touching
point between the nascent fragments. The introduction of the
proximity forces lower the barrier of 4.9 MeV for >¥Pu —
o + 23*U and 24.4 MeV for >®Pu — 32Si + 20Hg. Further,
the peak is shifted toward a more external position. For cluster
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FIG. 1. Potential barrier of o emission from 2**Pu with (solid
line) and without (dotted line) the proximity energy.

emission, the barrier is lowered by the proximity forces more
than that for o decay since the asymmetry is weaker.

In order to estimate the contributions of the proximity forces
on the cluster emission as well as on the « decay quantitatively,
we calculated the penetrability with and without the proximity
energy, respectively. The results are presented in the third
column of Table I. The ratio of the penetrabilities with and
without the proximity energy (PP / P!y stands between 2
and 3 for the o decay and increases rapidly with the mass
number of the emitted cluster.

The preformation factor may be considered as the overlap
of the actual ground state configuration and the configuration
representing the cluster coupled to the ground state of the
daughter. Obviously it is expected to be much less than unity.
The extracted preformation factors from the GLDM are listed
in column 5 of Table I, and the results from the DDM3Y model
[18] are also listed in the last column for comparison. As can be
seen, the preformation factors decrease with the increase of the
emitted cluster mass number A,. Our results are comparable
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FIG. 2. Potential barrier of 32Si emission from 2**Pu with (solid
line) and without (dotted line) the proximity energy.
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FIG. 3. Negative of logarithm of preformation factors (Py) as a
function of the cluster mass number A,.

to other values. For example, our calculated value of Py
for 2'2Po « emission is 3.405 x 1072 to be compared with
1.88 x 1072 [18] and 2.5 x 1072 deduced in [19]. A value
of 3.1 x 1072 was obtained by Mohr [20] in a double folding
model calculation using the density from the experimentally
known charge distribution. The general coincidence of the
preformation factors from the present results and the DDM3Y
calculations is clear.

It has been suggested [21] that, in the case of heavy cluster
decay, the preformation factor may scale as

A,—1)/3
)( =1/ ’ (4)

where Aj is the mass of the cluster and Py’ is the preformation
factor for the o decay. Thus a plot of log,, Py against A, should
be a straight line. In the upper panel of Fig. 3, the negatives of
log,o Po as well as a best fit line are plotted for decays where
both the parent and the daughter are even-even nuclei against
the mass number of the cluster. The points fall nearly on a
straight line with the P¢ value given by 2.897 x 1072. This
is comparable to the values 1.93 x 1072 by Bhattacharya and
Gangopadhyay [18] and 1.61 x 1072 by Poenaru et al. [22].
The study has been extended to decays where both the parent
and the daughter nuclei have odd mass though the number
of observed decays is rather small. The corresponding curve
is shown in the lower panel of Fig. 3. Here the S, value is
Py = 0.0214 which is very close to the value Py = 0.0135
obtained in [18]. With such a linear fit of the logarithm of the
spectroscopic factors with mass numbers, we have extended
our scheme to calculate the half-lives of some other possible
decays where unambiguous lifetime measurements are not yet
available and where possibilities of some other decays exist.
The results obtained with the GLDM and the fitted values of P
from Eq. (4) are tabulated in Table II, compared with the results

Py=(P§
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TABLE 1. Preformation factor P, of cluster decay obtained in the present calculation and compared with that of
the DDM3Y. The decay energy Q and half-life 7' are measured in MeV and s, respectively.

Decay Qexpt PDef/PCoul loglOTexpt POGLDM PODDMSY
212po — “He + 2%Pb 8.950 2.80 —6.52 3.405 x 1072 1.88 x 1072
23po — “He + 2®Pb 8.540 2.78 —5.37 2.652 x 1072 1.67 x 1072
2l4po — “He + 2'°Pb 7.833 2.45 —3.78 8.734 x 1072 3.45x 1072
25At — “He + 2''Bi 8.178 2.50 —4.00 2.467 x 1072 1.31 x 1072
28py — “He + 20U 5.59 2.14 9.59 1.462 x 107!

2Ipr — 1C 4 20771 31.317 54.71 14.52 2.559 x 1077 1.50 x 1078
2IRa — C + 27pb 32.396 57.66 13.39 2.808 x 1077 1.55 x 1078
222Ra — '“C 4 2%pp 33.05 64.23 11.00 4.619 x 107° 1.64 x 1077
223Ra — C + 2Pb 31.829 57.50 15.20 4.545 x 1078 2.85%x107°
224Ra — 4C + 2!%Pp 30.54 58.36 15.92 2.614 x 107° 1.04 x 1077
25Ac — #C + 2Bi 30.477 35.58 17.34 5.743 x 1077 8.14 x 1078
226Ra — 4C + 22Pb 28.20 38.21 21.34 4.789 x 1077 3.97 x 1078
28Th — 20 + 2%pp 44.72 108.54 20.72 3.546 x 107° 8.37 x 107!
20U— 22Ne + 2%Pb 61.40 166.04 19.57 7.537 x 10711 6.72 x 10712
20Th — 2Ne + 2°Hg 57.571 168.30 24.64 2.310 x 10712 1.87 x 1071
B1pa — 2*Ne + 2Bi 60.417 210.29 23.38 5.542 x 10714 3.13x 1071
22U— %Ne + 2%Pb 62.31 245.73 20.40 2.173 x 10712 9.77 x 10714
23U — %Ne + 2Pb 60.486 228.12 24.82 2.725 x 10714 1.47 x 1071
24U — 2Ne + 2!Pb 58.826 215.39 25.25 2.630 x 10712 1.54 x 10713
23U — PNe + 2%Pb 60.776 330.45 24.82 3.276 x 10714 4.02 x 107'°
24U — Ne + 2%Pb 59.466 239.18 25.07 1.755 x 10712 1.67 x 10714
B4U — BMg + Hg 74.11 296.11 25.74 1.106 x 10715 6.30 x 107V
26py —» 8Mg + 205pp 79.67 464.31 21.67 1.029 x 1013 2.83 x 107"
28py — BMg + 21°Pb 75.912 395.01 25.70 3.206 x 10713 1.21 x 10716
28py — 328i + 206Hg 91.19 944.18 25.28 5.343 x 107" 2.34x 10718
28py — 0Mg + 205pp 77.00 435.97 25.67 2.733 x 10716 2.34 % 10718
22Cm — 3Si + 2%pb 96.509 851.74 23.15 7.754 x 10718 1.10 x 107"

of DDM3Y [18] and the upper limits on experimental half-
lives. Except for the case of 2**U decay, the results from the two
models are all consistent with the experimental observations.
In the case of 233U, the results from GLDM and DDM3Y
are very coincident, and the discrepancy between theory and
experiment is small.

TABLE II. Half-lives of cluster decay obtained with the GLDM
and compared with the results of the DDM3Y and experimental data.

Decay QO  logoT (s) logioT (s) logioT (s)
MeV) expt. GLDM DDM3Y
23Ac — #C 4+ 2MBi  33.065 13.738
23A¢ — PN + 28pb  39.474 14.806
24Th — “C + 2P0 32.929 14.289 13.68
226Th — 4C 4 22Po  30.596 18.461 18.28
24Th — 190 4 2%Pb  46.481 15.590 15.47
26Th — 130 4 2%Pb  45.727 >16.8 18.381 18.23
22Th — *Ne + 28Hg 54.497 >29.2 29.654 29.96
20U — *Ne + 2?Pb  55.945 >259 29.971 30.16
22Th — 2Ne + 2Hg 55.964 >29.2 28.971 28.57
U — Mg + Hg 74226 >27.6 25.678 26.56
ZNp — Mg + 2'Bi 74.817 >27.6 27.671 27.92
20py — 348i + 20Hg  91.029 >25.5 26.140 26.48
2 AmM — #Si + 27Bi 93.926 >24.4 25.778 26.25

New possible islands of cluster emitters around the doubly
magic nucleus '°°Sn and in the proton and neutron ranges

TABLEIII. Predicted half-lives of cluster decay from
medium mass nuclei.

Decay 0 (MeV) logoT (s)
114Ba — 12C + 1028 19.05 11.12
l4Ba — 10 + %8Cd 26.50 15.38
5B — 12C 4 19838 18.24 13.55
5Ba — 190 4 *°Cd 25.88 17.30
l6Ba — 12C 4 1048 17.22 15.50
6B — 160 4 190Cq 24.72 18.88
7Ba — 12C + 1058p 16.27 18.70
TR — 160 4 101Cqd 23.54 22.30
118Ba — 12C 4 1068 15.43 20.85
1183 — 190 4 192Cd 22.12 25.30
19Ba — 12C 4 1978 14.34 25.12
119Ce — 190 4 1838 27.69 16.17
120Ce — 190 4 %48p 26.58 17.75
212 — 12C 4 '98p 13.86 28.45
21Ce — 190 4 1958 25.49 20.48
122Ce — 190 4 1068 24.43 22.29
124Ce — 190 4 1988p 22.02 28.63
125pr — 160 4 1098p 23.09 27.98
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Z = 56-64 and N = 58-72, respectively, have been predicted
[23-25]. The first experiment concluded the nonobservation of
12C emission by '“Ba [26]. The predictions for cluster decay
half-lives are presented in Table III, which may be useful for
future experiments.

To summarize, the heavy ion emission from heavy nuclei
has been studied within a preformed cluster approach and
the GLDM. The decay constants are obtained from the
experimental half-lives. The penetration probabilities are
calculated from the WKB approximation and through the
potential barriers determined with the GLDM. After using
a classical method to estimate the assault frequencies the
preformation factors are extracted systematically. Clearly the
closed shell structures play a key role for the preformation
mechanism. The introduction of the proximity forces lower
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the barrier of cluster emission far more than that for o
decay since the asymmetry is weaker. The law according to
which the preformation factors follow a simple dependence
on the mass of the clusters was confirmed. Predictions have
been made for some possible decays from medium mass
nuclei.
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