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The effects of residual coupling interactions on the newly discovered decay Ra ' C+ Pb are inves-

tigated. The couplings to the low-lying collective excitations of Pb produce an order of magnitude

enhancement in the tunneling probability. A new possible mechanism for this decay is discussed whereby a
' C fragment is transformed into ' C by picking up two neutrons as it tunnels out.

Gamow's explanation of nuclear e decay in terms of tun-
neling through a potential barrier was one of the early, and
enduring, triumphs of quantum mechanics. ' Renewed at-
tention has been focused on nuclear decay processes by the
recent discovery of rare spontaneous carbon emission from
radium isotopes. 2 4 A number of calculations have been re-
ported ~ which attempt to describe these exotic decays.
The conceptual basis for these calculations stems either
from an application of Gamow's approach or from the
theory of nuclear fission'6 (see Ref. 5 for references to ear-
lier works). In each case an essential step consists of calcu-
lating penetration probabilities for tunneling through a one-
dimensional barrier.

During the last few years there has been, on the other
hand, considerable interest in the tunneling phenomena in
connection with studies of low-energy heavy-ion fusion reac-
tions, ' These fusion rates can be orders of magnitude larger
than the results of conventional one-dimensional barrier
penetration calculations. This has been explained by the
fact that coupling interactions between the composite sys-
tems during the tunneling process generally enhance the
penetration probability. Such effects have also been con-
sidered previously in alpha-decay work. In particular, stud-
ies of the role played by the deformation of the daughter
nuclei have a long history (see, e.g. , Ref. 9 and references
therein). In contrast, the new carbon-decay mode involves
a spherical daughter and, as will be seen, allows for much
stronger and more varied effects than have been discussed
in connection with alpha decay.

The developments in the description of low-energy fusion
reactions can be most easily applied to the problem of nu-
clear decay if one adapts the traditional picture which en-
visions the decay products as being preformed in their
ground states and impinging on a confining barrier at a
given rate. In this model the decay rate is given by

A, = A.pPpT

where Xo is the frequency of escape attempts, Po is the
ground state preformation factor, and T is the tunneling
probability. In a conventional calculation T would be com-
puted using the WKB expression

te b
TP (E)-exp —2 ' dr v'2t[Ut(r) —E]/gJa

where U(r) is the potential energy for the decay fragments,
p, is their reduced mass, and E = Q is the difference
between the rest energies of the initial and final systems.
The turning points a, b occur where U(r ) = E.

A more general expression would also account for the ef-
fect of the coupling interactions between the decay products
during the tunneling process. These couplings affect the
transmission coefficient in the ground state and also allow
for transitions to final excited configurations. The tunneling
probability for a given channel p can be written as'p

T,= I &a I' T"'(E—p),
where e& is the excitation energy of the state and C& is the
amplitude of the channel wave function traveling past the
barrier. For fusion reactions the waves are ingoing and one
normally sums over all final states. In the decay problem
the waves are outgoing and there is the possibility of ob-
serving these states separately.

It is interesting to note that the couplings generally induce
transfer reactions as well as inelastic excitations. In particu-
lar, a& is negative for exothermic transfer processes. We
shall return to this point below.

In this work we focus on the specific decay

Ra —qsPb+ C

which has a Q value of 33 Mev. In general, one should
consider excitations of both fragments as well as transfer
modes. Here we first assess the effects of couplings to the
low-lying collective states of Pb. This can be done con-
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veniently by treating these degrees of freedom as indepen-
dent harmonic vibrations. Consider a set of such modes
with frequencies coi, . . . , &AN. An approximate expression
for the transmission probability leading to the final state
with phonon occupation numbers ni, . . . , nN can be ob-
tained by following the discussion in Ref. 10, starting from
the inside of the barrier and working outwards. The result
is

? 1

/v (I 2) "i N

Tg g
= e Q T E X l??Ap??

n;~ i~i

N
tag

t

(2/h' ) „dt V~[«(t)]e ' dt' V;[r(t')]e '

i=1

I;= (1/tt) dt V, [r(t)]e '

(for related work, see also Ref. 11). Here V~ specifies the
interaction which couples to the ith mode and r(t) is the
trajectory in the inverted potential which leads from
«(0) - a to r (r) = b, that is,

ta l
r(t) =a+ dt v'2(U —E)/p,a 0

For the case of tunneling in the ground state the
transmission probability leading to a decay rate ) 6 reduces
to

Ta-e T '(E)

The exponential gives an enhancement with respect to the
conventional barrier penetration. It is also interesting to
note that the rate A. i leading to a one-step channel excitation
is such that

g?/lta = (I) Tt &(E—Zp? )/ Tip&(E) = (I)2e-2 '

This provides a simple basis for predicting relative decay
rates.

For the ' C +' Pb calculations we have scaled a nuclear
potential UN used to describe "C +' Pb elastic scattering
data. ' The parameters of this Woods-Saxon potential are
V0=40 MeV, ro 1.26 fm, and a0-0.56 fm. The couplings
are specified using the macroscopic model expression (see,
e.g. , Ref. 13)

I3R 0U?v

v'4?r 'dr 2L+ 1 r~+'

where R is the nuclear radius, P is the deformation parame-
ter of the mode, and L is its multipolarity. %e included the
low-lying 2+, 3, 4+, and 5 states of Pb. The corre-
sponding excitation energies are 4.1, 2.6, 4.3, and 3.2 MeV
while the deformation parameters are 0.06, 0.12, 0.07, and
0.07, respectively. '

With these parameters we obtain an enhancement factor

h
e 0=16

and a ground state transmission probability

TG=4.6X10 25

The transmission probability to the other excited states is
negligible. For instance, the decay to the octupole state is

hindered by a factor of about 10 ' with respect to the
ground state. The penetration factors are fairly stable with
respect to variations of the nuclear potential in the interior
side of the barrier because most of the tunneling occurs
under the long-ranged Coulomb interaction.

Using the simple estimate

xp= (v 2E/p, )/Rp

where Ro is the radius of the parent nucleus and the mea-
sured decay rate (half-life r?t? = ln2/X = 10" s)' we obtain a
preforrnation factor of

P,('4C) —0.5»O-'

Simi1ar calculations for the n decay of ' Po to 0 Pb
(Q=8.9 MeV, r??2=0.3 t?,s) obtained using the a+'psPb
elastic scattering potential of Ref. 15 ( Vp 96.4 MeV,
rp 1.07 fm, ap=0.625 fm) produce enhancements of only—1.2 and consequently values of Pp(a) 0.02. The small-
er enhancement in this case is due to somewhat weaker
coupling strengths, combined with the smaller value of the
reduced mass t?, . Likewise, we estimate Pp(a) —0.04 for
the a decay of '"Ra to " Rn (Q =6.7 MeV, r?t2=38 s). In
this way we obtain a ratio

P ("C)/Pp(n) —10

for the preformation of ' C in Ra relative to that for n
particles.

Up to this point our analysis presumes that the observed
' C originated from a preformed ' C nucleus in the interior
of Ra. From a nuclear structure point of view it may be
argued that it is easier to cluster ' C. The fact that ' C is
observed rather than "C is currently attributed to the more
favorable Q value (by 4 MeV) for ?~C decay." However,
the "C-decay mode can gain back the difference in Q value
for the price of picking up two neutrons as it tunnels out.
The first-order integral for this process is given by

I? = (1/tt) 'I dt Vr[r(t)]eJo
where VT now stands for the transfer coupling interaction
and Qr is the transfer reaction Q value. Using the macro-
scopic model for V~ proposed in Ref. 16 we estimate

(I? )' —0.01

for the "pPb ("C,' C) 'SPb reaction. With this value, the
' C-decay mode of "'Ra gives a ratio

X r/Xa —106

Thus if "C is formed in ' Ra it will almost inevitably es-
cape by transforming into ' C as it tunnels out. This may
be the actual reason why "C decay has not yet been identi-
fied. The fraction of observed ' C activity due to this
mechanism depends mainly on the ratio of Pp("C) to the
product Pp(' C) I? (' C ' C). For instance, based on the
above estimate it would take a preformation factor Pp('?C)
& 100Pp('4C) to make the formation of '2C followed by

two-neutron transfer the dominant mechanism in the ob-
served carbon-decay mode of radium.

One of us (S.L.) has been supported by a grant of the
Bundesministerium fur Forschung und Technologie, Federal
Republic of Germany.



33 NOVEL ASPECTS OF THE CARBON-DECAY MODE OF RADIUM 389

'G. Gamow, Z. Phys. 51, 204 (1928).
2H. J. Rose and G. A. Jones, Nature (London) 30'7, 245 {1984).
S. Gales, E. Hourani, M. Hussonnois, J. P. Schapira, L. Stab, and

M. Vergnes, Phys. Rev. Lett. 53, 759 (1984).
4P. B. Price, J. D. Stevenson, S. ~. Barwick, and H. L. Ravn, Phys.

Rev. Lett. 54, 297 (1985).
5D. N. Poenaru, M. Ivascu, A. Sandulescu, and W. Greiner, J. Phys

G 10, L183 (1984); Phys. Rev. C 32, 572 (1985).
Yi-Jin Shi and ~. J. Swiatecki, Phys. Rev. Lett. 54, 300 (1985).

7For a recent review, see Fusion Reactions Below the Coulomb Bar-
rier, edited by S. G. Steadman, Lecture Notes in Physics, Vol. 219
{Springer-Verlag, Berlin, 1985}.

C. H. Dasso, S. Landowne, and A. %inther, Nucl. Phys. A405, 381
(1983); A407, 221 (1983}.

9J. D. Rassmusen, in o, -P-y Spectroscopy, edited by K. Siegbahn

(North-Holland, Amsterdam, 1966), p. 701.
'oC. H. Dasso, S. Landowne, and A. Winther, Nucl. Phys. A432,

495 (1985).
"A. O. Caldeira and A. J. Leggett, Phys. Rev. Lett. 46, 211 (1981);

Ann. Phys. (N.Y.) 149, 374 (1983};D. M. Brink, M. C. Nemes,
and D. Vautherin, ibid. 147, 171 (1983).

'2J. B. Ball, C. B. Fulmer, E. E. Gross, M. L. Halbert, D. C. Hens-

ley, C. A. Ludemann, M. J. Saltmarsh, and G. R. Satchler, Nucl.
Phys. A252, 208 (1975)~

' R. A. Broglia, C. H. Dasso, S. Landowne, and G. Pollarolo, Phys.
Lett. 133B, 34 (1983).
A. M. Bernstein, in Advances in Nuclear Physics, edited by
M. Baranger and E. Vogt (Plenum, New York, 1969), Vol. 3.

' A. R. Barnett and J. S. Lilley, Phys. Rev, C 9, 2010 (1974).
'6C. H. Dasso and G. Pollarolo, Phys. Lett. 1558, 223 (1985).


