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Geiger-Nuttall plots of the accurate modern data on partial half-lives for a decay yield very striking
linear correlations. The plots for isotopic sequences which cross the neutron magic number N =126
show clearly the presence of diAerent linear relations for N & 126 and N & 126. We indicate that this
observation and all other data on ground-state to ground-state a decays for even-even nuclei with
76~ Z ~ 100 may be accounted for very well by a simple model with fixed parameters. An important
ingredient in the model is the proposal that preformed a particles in the parent nuclei move in orbits
with large values of a global quantum number.

PACS numbers: 23.60.+e, 21.60.Gx

A striking feature of a radioactivity is the occurrence
of linear correlations involving the decay half-lives Ti)2
and the corresponding Q values:

log)pT]t2=aQ ' +b,
which are traditionally called Geiger-Nuttall plots. In

particular, this relation was found to hold well for the
ground-state to ground-state decays of even-even nuclei
having fixed proton number Z and varying neutron num-

ber N, with N & 126. Quite spectacular correlations re-
sult from the use of the recent accumulation of accurate
decay data, including some cases for which the group of
isotopes has %&126. The isotopic sequences 90Th,

90Th and '78 Pt, . . . , '78 Pt provide good examples.
Of special interest are instances where the groups

straddle the neutron magic number N =126, as for the
sequence '84Po, . . . , 84Po. Here we find that the data
separate into two groups with N & 126 and Ã & 126, re-
spectively, each group having its own linear correlation
of the above form. We interpret this as evidence for a
cluster structure of the system in which the a particle
can move in two distinct orbits about the core. These or-
bits have diA'erent values of the global quantum number
G =2n+L, where n is the number of nodes in the wave
function and L is the orbital angular momentum. The
value of G should be chosen so that all the nucleons in

the a particle occupy states immediately above the Fermi
surface of the daughter nucleus. The G should remain
constant while a major shell of the daughter nucleus is

being filled, and increase sharply at the shell closure. Al-
though the combination 2n+ L is, strictly speaking,
characteristic of the oscillator potential, it is also a good
guide for assigning quantum numbers associated with
other nuclear potential shapes since the resulting nucleon

TABLE I. The values of the slope a, intercept b, and corre-
lation coeScient c obtained from a statistical fit of Eq. (1) to
a-decay data. I is the number of isotopes used in each fit.

Element

711Pt
u

g4Po"
Po h

9pTh"

10
8

3
7

126.59 + 0.90
136.49 ~ 1.38
128.52+ 0.35
140.80 ~ 0.44

—50.92+ 0.39
—52.01 + 0.59
—49.71 + 0.12
—51.97+ 0.18

0.999 79
0.999 70
0.99999
0.99998

"Neutron number N & 126.
Neutron number N ) 126.

shell structures are similarly arranged.
Table I shows the results of a statistical fit of Eq. (1)

to the a-decay data for the 78Pt, q4Po, and 90Th isotopes.
A complete account of all the data for ground-state to
ground-state decays of heavy even-even nuclei with
76» Z ~ 100 will be given elsewhere. We have ana-
lyzed these correlations using a simple a-particle-core
potential of the square-well + (surface-charge) Coulomb
form:

V= —Vv+C/R (r (R), V=C/r (r & R), (2)

where the product of charges C=2(Z —2)e . The po-
tential depth Vv and radius R are related through a
Bohr-Sommerfeld condition, i.e., for an L =0 a particle
with global quantum number G and separation energy Q,
the result is

' —I/2

R =—(G+ I), Q+ Vtv
——, (3)

E 2p C
h- R

with p the reduced mass.
The novel idea is to use Eq. (3) to find R from the en-
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For each decay the separation energy Q and the prod-
uct of charges C are known. Thus, once the formation
probability P, the potential depth Vz, and the global
quantum number G have been set, the corresponding ra-
dius R and half-life T~/2 can be determined. There are
strongly correlated ambiguities in the values of P, V~,
and 6, and, in particular, the formation probability P is,
in itself, poorly determined. We thus limit the number
of parameters at our disposal by setting P = 1

throughout, in common with similar analyses. ' A value
G-22 is suggested by the Wildermuth condition for this
mass region, and AG =(G2 —G~) =2 is the smallest
change compatible with angular momentum and parity
conservation for the 0+ to 0+ decays considered here.
Using the parameter values

0 325
I

0.450

P =1, V~ =134 MeV, G~ =22, G2 =24, (8)

12
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FIG. I. Model fits to a-decay half-lives Tv~ from Eq. (7)
with parameter values from Eq. (8). Experimental data are
from Ref. 3, and references therein.

I = exp —2 k(r)dr (4)
2pR ~ 4 R

where P is the formation probability, and K and k(r) are
the wave numbers in the internal and barrier regions, re-
spectively,

suing quadratic equation for each decay. The potential
depth V~ and the two values G~ and G2 of the global
quantum number (corresponding to N & 126 and
N & 126, respectively) remain fixed throughout. Thus R
is simply related to Q and C.

The radius R is a crucial ingredient in the expression
for the decay width I, given in semiclassical approxima-
tion by

all the partial half-lives for the ground-state to ground-
state a decays of even-even nuclei with 76 ~ Z ~ 100
are fitted to within a factor of -2. Typical model fits
for the 78Pt, g4Po, and 90Th isotopes are shown in Fig. 1.

Most of the decay data fall into two groups with either
N ~ 126 and Z ~ 82, or with N & 126 and Z & 82. Our
model fits require G ~

=22 for the former case, and
G2=24 for the latter. This does not determine whether
the discontinuity in G is a consequence of the neutron
shell closure at N =126, or of the proton shell closure at
Z=82, or of a combination of these. The remaining
data (with Z & 82 and N ~ 126) provide some evidence
that the proton shell closure by itself is relatively unim-
portant. No effect of this closure is seen in Fig. 1 for
those isotopes of 84Po which have N ~ 126, and the de-
cay data are very well fitted with G =22. A small effect
of this closure could, however, explain the results of
Table II for the isotopes of g6Rn and 88Ra with N ~ 126.
For these cases the model with G =22 consistently
overestimates the experimental values of log~oT~/2 by
A(log~oT~p)-0. 3. Remarkably, out of a total of 89 de-
cays considered in this analysis, only 10 have
~A(log~pT~/2) ~

~ 0.25, and 7 of these are to be found in
Table II.

TABLE II. Deviations h(log~oT]/ ) =I g~po(T fj2'/TfP') be-
tween the calculated and experimental half-lives Tl/2 for a de-
cay of «Rn and»Ra isotopes with neutron number N & 126.

K= 2p Q+ I'w ——C
h R

k(r) = ——
Q

2p C
Q

2
p

The decay half-life is thus given by

6 ln2 ) pR
' c/g

T~~q= =P '21n2 exp 2 k(r)drr hEC ' "R

(6)

(7)

Nucleus

seRn
seRn
seRn
seRn
seRn
ssRa
ssRa
ssRa

114
116
118
120
122
118
120
122

h(log~oT~/p)

0.39+ 0.01
0.34 ~ 0.03
0.25 ~ 0.03
0.25 ~ 0.02
0.09 ~ 0.05
0.39+ 0.22
0.28+ 0.12
0.26 ~ 0.02
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FIG. 2. Reduced radius ro=R/A 't' for some typical even-

even nuclei with R from Eq. (3) and parameter values from

Eq. (8). Proton numbers Z are indicated in the figure, and the

lines serve to guide the eye.

This excellent agreement between the theoretical and
experimental half-lives implies that, for P = 1, the
eff'ective square-well radius R is singularly well deter-
mined by Eq. (3), with parameter values from Eq. (8).
In Fig. 2 we show the behavior of the corresponding re-
duced radius ro=R/A 'I for various elements as a func-
tion of neutron number N. Evidently ro is far from con-
stant, decreasing with increasing mass number A for

both N & 126 and N & 126, and having a discontinuity
at A =126. Of course, similar features are also found in

other analyses' in which the individual values of R are
fitted directly to the individual values of T~tz for each
decay. In those analyses the assumption of a nodeless
(G =0) wave function for the tt cluster results in varying
(and unphysically small) values of V~. In contrast, our
model provides the underlying principles which, through
Eqs. (3) and (8), generate the required features of R in a
natural way.

In conclusion, we have shown that an a-particle-core
potential of square-well form, with fixed depth, and ra-
dius given by the Bohr-Sommerfeld condition, repro-
duces all the a-decay half-lives for heavy even-even nu-

clei to within a factor of -2. We find that the a particle
has to occupy orbits with different global quantum num-

bers for N &126 and N & 126. Excellent agreement
with the data can also be obtained in a similar, but less

transparent, analysis based on a more realistic a-
particle-core potential of the diffuse-well type. We in-

terpret these results as strong evidence of cluster struc-
ture in these nuclei.
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