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A new model is proposed for the mechanism of cluster formation and then penetration of the
confining nuclear interaction barrier in radioactive nuclei. The cluster formation is treated as a
quantum-mechanical fragmentation process and the WKB penetrability is found analytically. Ap-
plications of the model are made to '*C decay of **7?2*Ra and ?*Ne decay of 2*?U. The branching
ratio for '*C decay of 2**U is also calculated and is found to be incredibly small as compared to that

for its 2*Ne decay.

I. INTRODUCTION

Spontaneous decay of radioactive nuclei via emission of
clusters heavier than the a particle is now well estab-
lished experimentally.! Emission of !C from
222,223,224,226Ra and 24-}1e from 230Th, 231Pa, and 232U are
observed and their branching ratios with respect to a
particle are measured.? !° Knowing that radioactive nu-
clei also fission spontaneously, this new phenomenon can
either be simply a case of strongly asymmetric fission or
an exotic process of cluster formation and escape from
the parent nucleus by making many assaults on the
confining barrier, similar to a decay. Thus, all the
theoretical attempts made so far stem from either
Gamow theory of nuclear a decay or the nuclear fission.

In Gamow theory applied to heavy cluster decay,
though some very recent calculations'! do consider the
complete two-step mechanism of first formation and then
tunneling, the early calculations were made simply for
the one-dimensional WKB penetrability through a
Coulomb-potential-plus-square-well nuclear potential of
width R =ro(A}3+ 4}7°). Here A, and A, are, re-
spectively, the mass numbers of the daughter nucleus and
of the emitted cluster. Many such calculations have been
made?>7 to fit empirically the Gamow penetrability fac-
tor to the measured data. The resulting empirical values
of the effective nuclear radii, however, are not incom-
mensurate with our present day knowledge of nuclear
sizes. Another WKB penetrability calculation due to Shi
and Swiatecki'? is based on the potential barrier deter-
mined in a two-spheres approximation as a sum of
Coulomb and nuclear proximity potential for R 2 R,,
where R, defines the touching configuration of two
spheres. For the overlap of two spheres (R <R,), down
to the radius R, of the parent nucleus, these authors use
the simple power-law interpolation and calculate the
WKB penetrability factors for the turning points corre-
sponding to potential energies equal to Q value of the re-
action. Inclusion of the proximity potential is found to
make the penetrability ratios several orders of magnitude
smaller than for a pure Coulomb barrier. Notice that, as
in Gamow factor calculations, these calculations also as-
sume the preformation factor to be unity for both the
heavy clusters and a-particle emissions. In this sense,

39

these works treat the heavy cluster emission as a fission
process.

The first quantitative calculations of the decay con-
stants (A) for this new nuclear process were made by
Sindulescu et al.'®> and Poenaru et al.'*~!" In their im-
proved version, these authors!® use an analytical su-
perasymmetric fission model (ASAFM) that is fitted to
the extensive data on a-decay half-lives (T, ;) as well as
to the *C decay of **Ra. The ASAFM gives an analyti-
cal expression for half-life, calculated as the WKB
penetration probability through a barrier ¥V (R) approxi-
mated by a second-order polynomial in the separation
distance R for the overlap of two spheres from the parent
nucleus radius R, up to the touching point R,, and by a
Coulomb (V) plus centrifugal (V;) potential for the
touching configuration R =R,. The half-life for a meta-
stable system (Q > 0) is defined as

In2 _ In2
T,,= a = _V; ’ (1)
where the assault frequency (escape attempts) v in
ASAFM is given in terms of empirical zero-point vibra-
tion energy E;,, as

2E;
[2] vib
= = —— 2
Voo h 2
with
4— 4,
E ;,=Q [0.056+0.039 exp 5 for 4,24,

(3)

and P is the WKB penetrability, calculated at the turning
points corresponding to the potential energies equal to
Q'=Q +E,,. From a systematic study, '® these authors
find that for the trans-lead nuclei the decay rates are larg-
est (T , smallest) for clusters leaving the daughter nuclei
to be a magic (*°®Pb) or almost magic nucleus. In other
words, the shell effects are found to play the most
significant role in selecting out the new decay modes.
Very recently, a couple of theoretical papers have also
included the clustering formation factor in their work.
Landowne and Dasso!® studied the effects of residual cou-
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pling interactions to the low-lying excited states of the
daughter nucleus (?*®Pb) and estimated the preformation
factor for '*C relative to that for the a particle. For de-
cay into excited states of the daughter nucleus, another
model, called excitation model, is developed by Greiner
and Scheid.'® Both these works show an order of magni-
tude enhancement in the ground-state transmission prob-
ability, similar to what Poenaru et al.!® obtained by in-
cluding the emission from excited states by simply
redefining Q'=Q +E ;, + E*; here E* is the fraction of
excitation energy concentrated in this collective mode
leading to separation. Landowne and Dasso!® have also
investigated a new mechanism of '>C cluster transform-
ing into '“C by picking up two neutrons while tunneling
out. Their estimate gives the preformation factor of over
100 for !2C relative to “C. This result, however, is not
surprising in view of a systematic calculation by Iriondo
et al.'' who have shown that the formation amplitudes
diminish with increase of cluster size. Within the
Gamow theory, these authors!! have for the first time
studied both the steps of first formation and then penetra-
tion through the Coulomb barrier. Based on their experi-
ence with microscopic calculations for a-cluster forma-
tion inside the nucleus (by using large shell model
configuration spaces with neutron-neutron and proton-
proton pairing interactions included), they defined the
heavy-cluster formation probability relative to a particle
simply as ratio of penetrability of the Coulomb barrier at
7o=0.98 to that at r,=1.2 fm. A more direct method of
calculating the preformation factor by using the shell
model wave functions for *C and Pb nuclei, and allowing
for pairing correlations in the wave functions for the Ra
nuclei, is given by Blendowske et al.?° Roughly speak-
ing, the preformation probability (also called the spectro-
scopic factors by these authors) is proportional to the
squared product of the overlaps between the nucleon
states in the emitted fragment (the daughter nucleus) and
the last 4 or 14 states in the ground-state wave function
of the parent nucleus.

In this paper, we propose a new mechanism for the
clustering formation in nuclei, as the quantum mechani-
cal fragmentation process, and give an analytical method
for calculating the WKB penetrability of the confining
nuclear interaction barrier. Without any fitting parame-
ter, our calculated branching ratios and half lives com-
pare reasonably well with experiments and our calcula-
tions of the relative cluster preformation probabilities
agree within an order of magnitude with other available
calculations and estimates. Our model of decay process,
decoupled in two steps of clustering formation and tun-
neling of the interaction barrier, is described in Sec. II.
The results of our calculations and a summary of our re-
sults are given, respectively, in Secs. III and IV.

II. THE MODEL

We consider (i) the formation of two fragments (the
cluster and the daughter nucleus) in their ground states
with probability P, and (ii) the tunneling of the confining
nuclear interaction barrier ¥ (7,712,R) with probability P
by impinging on it with frequency v. The step (i) is de-
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scribed by introducing the dynamical collective coordi-
nates of mass and charge asymmetries of the two frag-
ments, defined?' =% as

A4,— 4, 4

4 and 7, 7 . 4

Step (ii) refers to the motion in the R coordinate. In prin-
ciple, these two steps, describing the 5 (and 7;) and R
motions, are coupled. However, it has been shown by
Gupta and co-workers?®?’ that the coupling effects of rel-
ative motion to asymmetry coordinates in the potential
are very small, at least for fission charge distributions and
a-particle transfer resonances. The potentials are calcu-
lated by using the two-center shell model (TCSM) or the
experimental binding energies. Also, it is known?!™%3
that the cranking coupling masses Bg, and Bg,, are

very small such that BR,,<<(BRRB,7,,)1/2 and By,
<<(BggB,,,,)""? hold good. In view of these results,
we treat the two motions in a decoupled approximation
and define the decay constant

)\.=POVP . (5)

zZ,—-27,
n

Knowing A, we can calculate the decay width I" (=#A) or
the half-life time T'; ,, (=In2/A). In the following subsec-
tions we describe the methods used to calculate the three
quantities of Eq. (5).

A. The clustering formation probability P,

We define the preformation probability as a quantum-
mechanical probability of finding the fragments A, and
A4, (with fixed charges Z| and Z,, respectively) at a point
R of the relative motion. For this purpose we solve the
stationary Schrédinger equation in 7 at fixed 5, and R:

__# 3 1 3
2v'B,, 9 /B, 3

+ V("I"UZ’R) ¢SQw1;Z(77)

— plo) o)
=E@WR,m) . ©)
Then, the probability of finding the mass fragmentation 7
at the position R and with fixed 7, on the decay path is
proportional to Itﬁ}“’,;z(n)lz. This probability, when

scaled to a fractional mass yield at a mass number, say,
A, of one fragment (dp=2/A4), gives for the ground
state (w=0), the formation probability

T 2
Po(A)=14R, (ADIV By (A1) €

The quantum number =0, 1,2,. . . counts the vibration-
al states 1/1(1{“’7;2 in the potential V. In the present model,

we have considered the fragments to be formed in the
ground state. This means that the clustering preforma-
tion process is assumed to be an elastic process. Howev-
er, it may be noted that excited state (ws<0) are also pos-
sible which modify the internal structure of the fragments
(and hence the formation probability) due to the Pauli
principle. It has not been feasible to include such effects
even in a microscopic calculation by Blendowske et al.2°
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In our collective model description, for fission and some
heavy-ion collision studies?"?>2° we have allowed the
possible consequences of such excitations by assuming a
Boltzmann-type occupation of excited states, but for the
cluster-decay process this introduces other unmanageable
complications (e.g., see Sec. II B).

The R and 7, dependences in (6) enter through both
the potential and mass parameters. We fix 77 by minim-
izing the potential in this coordinate. In other words, we
assume the decay process to take its path through the
bottom of the valley of the potential in 1, (such potential
energy surfaces are always?>~% of nearly the harmonic
oscillator shapes). Then, the fragmentation potential
V(7m,R) in (6), is calculated by using the two-spheres ap-
proximation. This approximation simplifies the calcula-
tions and is justified in view of our earlier calculations of
V(m) at different R values, using TCSM in the Strutinsky
method for the overlap regions and the experimental
binding energies for asymptotic R (see, e.g., Fig. 5 in Ref.
28, Fig. 1 in Ref. 29, or Fig. 1 in Ref. 30). It is shown
clearly that the general shape of the potential ¥V (7), in-
cluding the positions of all the potential energy minima,
is independent of the choice of R value. (See also Sec.
III A for a further discussion). Thus, for two touching
(or overlapping) spheres, we define V(7,R) as a sum of
the experimental binding energies, Coulomb interaction
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and the proximity potential,

2 Z,Z,e?
V(n,R)=— EB,-(A,-,Z,-H-—T—-FVP . (8)
i=1
As stated above, the charges Z; are fixed here by minim-
izing the sum of the two binding energies and Coulomb
potential in charge asymmetry coordinate 7. The prox-
imity potential ¥ is given by Blocki et al.’!

C,C,

=4 172
Ve=dmrb e e,

$(C—C,—C,) )

with nuclear surface tension coefficient
y=0.9517[1—1.7826(N —Z)*/A*] MeVfm~2. (10

The width (diffuseness) of nuclear surface is b =1 and the

Stissman central radii C; of fragments, related to the

effective sharp radii R; is '
b 2

C,=R;,— R (11)

1
For R;, we use the semiempirical formula
R,=1.284}7—0.76+0.84,7 % . (12)

¢ is the universal function of proximity potential,

—1(£—2.54)*—0.0852(£—2.54)* for £<1.2511,

$(6)= | —3.437 exp(—£/0.75) for £>1.2511,

where £=(C —C,;—C,)/b. For touching configuration
of two nuclei ¢(0)=—1.7817 (from Table I of Blocki
et al.’!).

The angular momentum dependent term V;
[=#*(1+1)/2uR? with u=m(A4,4,/A) as the re-
duced mass, m being the nucleon mass] is not included in
Eq. (8) since / values involved here are small ( ~57) and
its contribution to lifetime estimates are also shown to be
small. 1332

For the mass parameters B,, (1) in (6), we use the clas-
sical model of Krdger'and Scheid.?* This model gives a
simple analytical expression whose predictions are shown
to compare nicely with microscopic calculations.?* The
model gives

AmR? | v,(1+p)
B, = -
K 4 v (1+8)?
with
peRel 1 R 1 R
2R | 1+cosf, R, 1+cos6, R, ’

SZi[(l_cosel)(Ih_RcH'(l_cosez)(Rz—Rc)] ’
v.=mRIR | (14)

and v, =v; +v, the total conserved volume. For angles

(13)

—

6, and 0,, we refer to the inset in Fig. 3. Apparently
6,=0,=0° and 6=0 for two touching spheres. R, (5£0)
is the radius of a cylinder of length R, having a homo-
geneous flow in it, whose existence is assumed for the
mass transfer between the two spherical fragments. The
flow is assumed to be radial. The authors use a special
ansatz for R :

R,=amin(R,,R,)f (R/R,) (15)

with f(x)=1 for x <1 and a=0.4-0.8 for best fit to the
microscopic calculations.

B. The assault frequency v

For the assault or escape frequency v, we use the sim-
ple relation

v=-2-=02E,/u)'*/R, , (16)
R,

where R is the radius of the parent nucleus and E, is the
kinetic energy of the emitted cluster. Since we have as-
sumed both the emitted cluster and the daughter nucleus
to be produced in the ground state, the entire positive Q
value is the total kinetic energy (Q =E, +E,) available
for the decay process. This is shared between the two
fragments, such that for the emitted cluster
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4,

E2=7Q , (16a)

and E,=Q —E, is the recoil energy of the daughter nu-
cleus. For the observed *C decay of Ra nuclei and 2*Ne
decay of 232U, the assault frequency is very large, ~ 10%!
sec

C. The tunneling probability P

We use the WKB approximation and calculate the tun-
neling probability analytically. The nuclear interaction
potential V' (R), from Eq. (8), for fixed 7 and 1, on nor-
malizing to the sum of the binding energies, becomes

Z,e?

_—_R—+VP for R 2R, . (17)
This expression is similar to that used by Shi and
Swiatecki'? and is illustrated in Fig. 1 (solid lines) for
22Ra—14C+2%Pb. For R <R,, we simply join smooth-
ly the potential calculated at R =R, from (17) to the Q
value at the parent nucleus radius, R =R,. For the re-
gion Ry <R <R,, we are not interested in the actual
shape of the potential, since our calculations in Sec. III
suggest to use R =R, for the evaluation of the preforma-
tion factor. In other words, the first (inner) turning point
in the WKB penetrability integral is chosen at R =R,.
The outer (second) turning point, R =R, is taken to give
the Q value of the reaction, i.e., V(R,)=0Q.

Z,
V(R)=

sol- 222p4 » Yeg 4 208py,

A
55

50

Vv (Mev)

Wi Ej
Q+Eyjp
Py
30|
R R
25{Ro_, t, R Refn P A L
8 10 2 W% 16 18 20 22 R(fm)
FIG. 1. The nuclear interaction potential for

222Ra— 4C+28Pp, calculated as a sum of Coulomb and prox-
imity potentials (solid lines). The path of tunneling is also
shown. The dotted lines show the parametrized potential [Eq.
(24)], used to calculate the penetrability analytically.
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We notice in Fig. 1 that for the inner and outer turning
points, respectively, at R =R, and R,, the transmission
probability P consists of three contributions: the penetra-
bility P; from R, to R;, the deexcitation probability W; at
R; and then the penetrability P, from R; to R,. Thus,

P=P,W,P, . (18)

Notice that shifting the first turning point from R =R, to
R =R, leads to model of Shi and Swiatecki'? for penetra-
bility calculations.

Following Greiner and Scheid!® (see also Refs. 18 and
32), the choice of starting the tunneling process at an en-
ergy V(R,), i.e., above the Q value, is a decay into the ex-
cited states of the daughter nucleus (or the cluster or
both). These authors suggest to scale the deexcitation
probability W;, exponentially with the excitation energy
E;:

i

W,=exp(—bE;) . (19)

This apparently means that the deexcitation process is re-
stricted to only first-order transitions. If the parameter b
is allowed to depend on R;, it would then become a pro-
cess of multiple deexcitation into excited states and
proceed as a step like process. This means that second-
and higher-order transitions have to be calculated, which
make the model complicated, though calculable. The an-
satz (19) is applied to a decay of 2*>?2*Ra and 2**U and it
is shown!? that for R; values of interest, the parameters b
must be very small. Therefore, for heavy cluster emis-
sion, the authors assumed b=0, which means

w,=1. (20)

Then, Eq. (18), defining the transmission probability
reduces to

P=PpP,, 1)

where in WKB theory, the penetrabilities P;,P, are
defined as

2 R

P,=exp —ka (2ulV(R)—V(R)1}'2dR |, (22
R,

P, =exp 'y {2ulV(R)—Q1}'/%dR | , (23)

We solve the integrals in Egs. (22) and (23) analytically.
For this purpose we parametrize the potential V(R), cal-
culated from Eq. (17) and illustrated in Fig. 1, as follows:

V(R,)+s(R—R,), R,<R<R,,

Vs—Lk(R —Rp)? R,<R<R,,
V(R)= (24)

R '_Rh
V(Rh)ncl—_, Rh <R SRI ’

R

i

R
V(R,)—C, , R,<R<R,,

1
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Equation (24) shows that the first part of potential from
R, to R, is a straight line of slope s, the top part between
R, and R, being an inverted harmonic oscillator and the
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fRRif(R)dR =fRRSf(R)dR +fRRhf(R)dR

rest from R, to R; and R; to R, are a Coulomb potential + f Rif(R )dR , 25)
of the type 1/R. Vjy and Ry in Eq. (24) give the height R,”
and position of the barrier. Then, using the fact that we get
J
2 J—
Py=exp |~ ZV2u[3[V(R)—=V(R)]VAR, ~R,)
— 712_._1:[ Vg —V(R)][9,— Lsin2¢,— &, + Lsin2¢,]+1/C, R, R;[3;— Lsin29,]} (26)
with
Ry~ Ry 1 Ry—Rp _[R—Rr, "
¥, =cos ——, %,=cos !———, &=tan"! | ——— ,
‘/aZ \/aZ Rh
w2y —proy, k= ALVBT VROV, —V(ROT2Y R,[V(R,)=V(R,)]
o= — —_ . s = , =
2Tk tB i (R,—R,)? ! R;,—R,
f
and For #32U, a deep minimum also appears at 2*Ne. In this
work?? it is also shown that inclusion of proximity poten-
P,=exp |— E\/E'u‘/ C,R,R,[9,— 1sin29,] 27) tial does not bring any alteration in these minima, except
# ! ? that the minima at large mass asymmetry become slightly
. deeper. This evidently means that the potential energy
with minima, determining the possible clustering formation
5 a1 | R R V2 RyV(R)=V(R,)]
4 Ri ’ 2 Rb o Rl ' T T T T T T T
Substituting (26) and (27) in (21) we get the analytical ex- wop Ra —l

pression for the tunneling probability P, which in turn
substituted in (5), along with (7) and (16), gives the decay
constant A.

III. CALCULATIONS AND RESULTS

A. The relative clustering formation probability

In this section, we have first calculated the fragmenta-
tion potentials V' (7) at various relative positions R, start-
ing from touching configuration (R =R,) to a large over-
lap of two spheres. This is illustrated in Fig. 2 for 2*’Ra.
We notice that the positions and depths of all the poten-
tial energy minima are almost independent of the R
value. As already discussed in Sec. II A, the situation
would remain exactly the same if, instead of two spheres
approximation, the TCSM were used for calculating the
potential energy surfaces V(7). It may, however, be
mentioned that at present this statement is true only for
A, 2 12, since the TCSM is not yet tested for very light
clusters like the a particle. Following this result, the
fragmentation potentials were also calculated earlier®” at
the touching configurations for a number of cases
(%227 22%Ra, 224226Th, and 2*?U). In each case, deep poten-
tial energy minima are found to occur at the usual fission
fragments (e.g., ®Kr and its complementary fragment
134Te in #??Ra) and *He, °Be, *C, and *~5°Ca clusters.
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O o 00 S0 80 70 6 30 40 30 20 100

FIG. 2. The fragmentation potential ¥ (n) for **’Ra, calcu-
lated at various relative positions R of the two fragments, using
Eq. (8) with Vp=0. The nuclear shape configurations shown
here refer approximately to “C+2%Pb. Calculations are also
made for R =R;+R,—0.5 (not shown here), presenting exactly
the same results.
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TABLE 1. Cluster preformation probabilities, P, (cluster), relative to one, and their ratios for *’Ra,

at various relative separations.

R (fm) Py(*C) Pyla) Py(1*C)/Py(a)
R,+R, 1.40X 1071 9.93%x107% 1.41x1077
R,+R,—0.5 4.12X1071 1.12x1077 0.37x1077
R,+R,—1 2.33X107¢ 9.33%x107! 0.25x1077
R,+R,—2.2 0 3.93x1071°

(and decay) channels are only due to shell effects. 3

Table I gives our calculated preformation probabilities
P, for '*C and a particle in **’Ra at different R values
(using the potentials of Fig. 2 with ¥ added and classical
mass parameters of Fig. 3). We notice that P, depends
strongly on position R of the two fragments (cluster and
daughter nucleus). At R =R,+R,—2.2, i.e., when the
overlap of the cluster with the daughter nucleus is large,
the formation yield for *C is zero and very small
(~10719) for the a particle. However, it is interesting to
observe that as the overlap of fragments decreases (the
relative separation R increases), the relative cluster pre-
formation yield with respect to a particle, i.e:, the ratio
Py(*C)/Py(a), remains almost constant. In the follow-
ing, we have interpreted this result in terms of the zero
point vibration energy E,;, introduced by Poenaru
et al.' empirically to fit the cluster decay half-life times.

Using Eq. (3) for E;;,, we find that the configuration of
larger overlap (R =R+ R, —2.2) refers to an excitation
energy below E., but the ones with smaller overlaps
(R=R;+R,—1 to R;+R,) above it. This suggests
that the clustering formation begins at relative position
corresponding to V(R)=Q +E_,, and then the cluster
formation probability relative to a particle remains al-
most the same up to the touching configuration. This re-
sult allows us to choose the touching configuration
(R =R,) as our starting point for the tunneling process.

8
222
7k Ra
6l
—~
&
E
s 5P
“
e
o] o
=
=
@ L Ry + Ry=1
2r R= Ryt Ry
\
1+
Ry + Ry -2.2
0 L 1 " 1 1 i L 1 1 !
1o 100 90 80 70 60 50 40 30 20 10

-« A

FIG. 3. The mass parameters B,,(7), calculated for different
R values, using the classical model of Krdger and Scheid (Ref.
33) with a=0.4 in Eq. (15). Calculations are also made for
R =R, +R,—0.5 but are not shown here.

In addition to simplifying the calculations of relative
cluster preformation yields, this choice of R has the add-
ed advantage of not including the undetermined part of
the scattering potential from R, to R, in our analytical
calculations of the tunneling probabilities.

Table II gives our calculated relative cluster pre-
formation yields with respect to a particle (at
R =R,=R,+R,) for all the nuclei. ?*’Ra is also includ-
ed in this table for completeness. The results of the cal-
culations of other authors are also given here for compar-
isons. We notice that our calculations agree within an or-
der of magnitude with all the authors, except with Blen-
dowske et al.?® These authors obtain Py(!*C)/
Py(a)~10"1 for radium nuclei. However, they argue
that the formation probability should perhaps scale with
the mass of cluster. Knowing the typical value of
Pyla)~ 1072 for even nuclei in lead region, such an esti-
mate yields Py('*C)/Py(a)~1073. Hence, Blendowske
et al.?® seem to underestimate the cluster preformation
factor. Furthermore, in agreement with Iriondo et al. 1
our calculations also show, at least qualitatively, a de-
crease in preformation probability with increase of clus-
ter size.

We have also included in Table II, our calculations for
14C decay of *2U. We notice that the relative preforma-
tion probability for *C is about 100 times smaller than
for 2*Ne. This explains why ?*Ne emission, rather than
14, is observed in the decay of 232U. We shall see in the
following (Table III) that the calculated branching ratio
for the *C decay of 232y, relative to a particle, is also so
small that it is beyond the reach of present day experi-
ments.

B. The tunneling probability

We first calculate the elastic scattering potential V' (R)
by using Eq. (17) and fitting it to the parametrized poten-
tial of Eq. (24). This is illustrated in Fig. 1, showing a
reasonable comparison between the calculated and fitted
results. Here the position R; is determined for a best fit
to the straight line and inverted harmonic oscillator parts
of the potential. Then, R, is fixed by using an additional
condition V(R;)=V(R,). Knowing that by our
definition, the positions R; and R, are given by the con-
ditions V(R;)=V(R,) and V(R,)=Q, respectively, the
tunneling probability P is calculated by using the analyti-
cal expression (26) and (27) in Eq. (21).
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TABLE II. Relative clustering formation probabilities with respect to a-particle Py(cluster)/Py(a).

Emitted
Nucleus cluster Present work Ref. 2 Ref. 18 Ref. 11 Ref. 20
22Ra 14c 1.41X1077 ~1077 1.09X 1073 3.05%x 10710
23Ra e 5.46X1078 7X10754X1077 9.61X107° 2.78X1071°
24Ra Hc 1.69%x 1078 7.29%X107¢ 1.94X1071°
2y 2Ne 1.92x107 1 4.0X1071°

4c 1.80x 10713

C. The branching ratios and the half-life times

Using Eq. (5), we have calculated the branching ratios
Alcluster)/A(a) in two different ways: (i) using A(a) de-
duced from the measured a-decay half-life times>® and (ii)
using A(a) calculated within our model. Results of both
of these calculations are given in Table III, marked I and
II, respectively. For comparisons we have also given in
Table III, the experimental data as well as the calcula-
tions of Blendowske et al.?° that contain the preforma-
tion factor and that of Poenaru et al.!® and Shi and
Swiatecki'? that are without the preformation factor. We
notice that our calculation I for *C decay of Ra nuclei
compare with experiments better than the other calcula-
tions. For **Ne decay of 2*?U, however, our model pre-
dictions are off by an order of magnitude. In this connec-
tion, it may be relevant to note that for this decay the
measured  spontaneous fission branching ratio’’
Agp(**Ne)/Ma)=1.2X 1072 is comparable to the recent-
ly measured® cluster decay branching ratio A(>*Ne)/A(a)
given in Table III. This points out that the predominant
phenomenon in ?*Ne decay of 232U may be fission rather
than the cluster decay. Considering the fission of 2**U as
a dynamical fragmentation process,’! we have estimated
the yields for 2*Ne fragment relative to a particle at the

touching configuration using classical mass parameters.
This comes out to be ~107!!, which compares rather
well with other fission calculations!>!® and lie within a
factor of 10 of the experimental data. This point certain-
ly needs a further study.

Our calculation II in Table III compares poorly with
experiments, which means that the decay constants for
a-particle emission in our model are, in general, underes-
timated. However, we do not expect our collective pic-
ture to give a proper description of the a decay. For that
matter, for the heavy cluster decays, we have compared
in Table IV our calculated half-lives with other calcula-
tions and the experimental data. Once again a better
comparison with experimental data is obtained in case of
the calculations based on two-step mechanism of cluster-
ing formation and barrier penetration (the present work
and that of Ref. 20) for *C decay of Ra nuclei and that of
fission calculations (Ref. 16) for 2*Ne decay of 232U.

IV. SUMMARY

We have shown that the cluster radioactive decay can
be very nicely considered as a two-step, decoupled mech-
anism of clustering formation and tunneling of the
confining nuclear interaction barrier, at least for the

TABLE III. Experimental and calculated branching ratios (ratio of decay constants or decay widths) for heavy cluster emission

relative to a-particle emission.

Calculated branching ratios

With preformation

Experiments factor included Without preformation
Branching Present work factor
Decay Ref. ratio Calc. I Calc. 1I Ref. 20 Ref. 16 Ref. 12°
222 14~ 208 -10
Ra—"C+77Pb g gﬁ?g;iig-,o 1.92X1071°  5.94%1077 37X107°  1.0x107M 1.7X10°°
225Ra—C+2Pb 2 (8.5+2.5)X 10710
3 (7.6+3.0)X1071°
4 (5.5£2.0)x 10710 7.25X107° 5.95x1077 6.0x1071° 3.2%x107° 6.9%X107°
5 (6.1£1.0)X 10710
7 (4.7+1.3)X1071°
24Ra - 14C+219Ph 5 (43+1.2)X1071°  350%x1071°  1.10X107® 43%107"" 1.6X10712 6.2x10" 1!
22y > 2Ne+20%Pb 6 (2.0£0.5)Xx 10712 7.67X1078 2.04x1078 1.3x107 1 49Xx107"
22y C+25Rn 1.50Xx107%!  4.01X107%

2Only the ratio of the penetration probabilities, P(cluster)/P (a), are calculated.
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TABLE IV. Calculated and experimental cluster-decay half-life times.

Experiments Calculated values of log,o(T, ;)

Decay Ref. log1o( Ty 2) Present work Ref. 20 Ref. 16* Ref. 32
222Ra—> 14C+2%%pp 5,8 10.9-11.1 11.2 11.0 12.6 124
2Ra— 4C+2Pb 2-5,7 14.9-15.5 14.1 15.2 14.8 14.5
224Ra—1*C+21%Pb 5 15.8-16.0 15.0 15.9 17.4 17.1
227 2Ne+2%%Pb 6 21.3-21.5 16.5 20.4

2Calculations without odd-even effects.

lighter clusters like “C. For the heavier clusters, perhaps
the fission process is more predominant.

The clustering formation in our model is treated as the
quantum-mechanical mass- and charge-fragmentation
process. The static fragmentation potential V' (7,R) cal-
culations clearly show that, independent of R value, the
possible cluster formation (and decay) channels are fixed
by shell effects in it. The dynamical clustering formation
is shown to begin at the relative separation corresponding
to V(n,R)=Q +E, and its probability with respect to
a-particle formation is found to remain nearly constant
up to a separation distance corresponding to touching

configuration. Our calculations support the estimates of
Poenaru et al.'® for the zero-point vibration energy E ;.
The role of dynamics is shown to be important by pre-
dicting the *C formation in 2*?U to be at least 100 times
less probable than 2*Ne formation, relative to the a parti-
cle.
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Atomic Energy, Government of India, for financial sup-
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