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Alpha-cluster states of 212po in a realistic potential model
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Half-lives and o;-branching ratios for the members of the ground-state "band" in Po are
deduced using an a-cluster model. The o.-core potential is obtained from a double folding procedure
and has integral values close to those obtained in elastic u scattering. The preformation probability
is found to be P = 0.035. The long half-life of the (18+) isomer is explained by the prediction
of the excitation energy of the 16+ state to lie above the (18+) isomer. The (11 ) and (13 ) at
E = 2411.3 and 2771.8 keV are tentatively assigned to the negative parity n-cluster "band. "

PACS number(s): 24.10.Ht, 21.60.Gx, 23.60.+e, 27.80.+w

Recently we [1] have shown that the use of an optical
potential deduced &om experimentally known charge dis-
tributions by means of the double-folding procedure [2]
results in a very good description of elastic and inelastic
scattering of o. particles on Pb for incident energies
ranging &om near the Coulomb barrier up to 139 MeV.
Abele and Staudt [2] have shown that for the system

Oo. these potentials enable not only excellent fits to
elastic scattering data but also allow one to describe the
excitation energies of a-cluster states in Ne and their
p-decay properties. The success of this work motivated
the present investigation on the decay properties of the
members of the ground state (g.s.) "'band" in z~zPo de-
scribed as quasibound states in the system Pbo, . In

I

a very recent work Buck et ol. [3] investigated the same
system using a phenomenological a-cluster potential with
parameters obtained in a global fit to n-decay properties
of heavy nuclei. Even though we agree with the conclu-
sion made in this work that the o.-cluster configuration
contributes a large amount to the structure of the yrast
states in Po, there are important diHerences in our
approach to this problem.

The levels of the g.s. "band" and two members of a
possible negative parity "band" in Po where a clus-
tering might be important are shown in Fig. 1.

In the &amework of the double-folding model the real
part of the optical potential is described by

Vjy {r)= Ay Uy (r) = As pT (rT )pp(rp)$, 6(E,pz + py, 8 = ~r + ry —rT ~)drpdrT,
0 0

where r is the separation of the centers of mass of the
target (core) nucleus and the n particle (cluster), and
pT (rT ) and pl (r~) are the nucleon densities of the cluster
and core, respectively. Details of the numerical computa-
tion of the potential Us (r) are given in Refs. [1] and [2].
The vol»rrle integral of the folding potential U~(r) cal-
culated for an o,-particle energy of 10 MeV is

J~ = U~(r)r dr = 264.63 MeV fm .
AT Ay

(2)

AT and A~ are the mass numbers of the core and the
cluster, respectively. To this o;-core nuclear potential one
has to add the Coulomb potential Vc (r), which we take as
a uniformly charged sphere of radius B, = 7.11 fm, and a
centrifugal term VI,(r) as it arises from the separation of
the angular coordinates in this single-particle problem.
The total o,-core potential has thus only one "&ee" pa-
rameter, the normalization factor A~. But &om extensive
studies on elastic and inelastic scattering of o. particles on
various nuclei using this potential [1,2] it is known that
the volume integral of the nuclear o.-core potential has to
be in the range 260 MeV fm' ( J~ ( 400 MeV fm, thus
restricting A~ to the range 1.0 & Ap & 1.5.

In the cluster model members of a common "band" are
characterized by a common value G, which in the case of
an o. cluster is given by

4 4

0 = 2N+L = ) (2n;+1) = ) g;. (3)

In this equation, the so-called Wildermuth condition [4],
N is the number of nodes and L the relative angular
momentum in the a-core wave function and 2n; + l; =
g, the corresponding quantum numbers of the nucleons
building up the cluster. To satisfy the Pauli principle
these individual nucleons have to occupy the 6~ neutron
and 5hcu proton shells, respectively; thus a value of G &
22 is to be expected.

In the calculation of the a-decay width I' we use the
semiclassical approximation outlined in Ref. [5]:

Q2I' = PF exp —2 k(—r)dr
4p

(4)

c& 2p

The preformation factor P is adjusted to give the mea-
sured half-life of the ground state in Po. The normal-
ization factor F is according to [5] approximately given
by
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with the wave number k(r).
The radii ro, r~, r2 are the classical turning points given

by the condition V(r;) = Q, with rp the innermost turn-
ing point. For low L values ro ranges &om close to zero

up to 3.8 fm for L = 18; rq is found to be 8.5 fm
and r2 26 fm using our potential.

The reduced transition probabilities for p transitions
between cluster states are given by

2 2 T2 - 2

B(EL,I; ~ Lf) = u~ I, (r)r u~, r„(r)d. r (Lf[[Y~[[L;),
2L, +1 (6)

where the wave functions u~l, (r) have been calculated
using the subroutine BIND &om the distorted-wave Born
approximation (DWBA) code DWUCK5 [6] and have been
normalized to give

f
1'2

tL~r, (T)dr = 1.
0

The factor P&2 accounts for the effect that the moments
of the charge radius do not equal the moments of the
separation of core and cluster and is given according to
Ref. [7] by the expression

+ I )( + )~~E~~ ~(@LL L)"L[(2L+I)"l'

with 1/tp = 18.097 MeV fm/e and hc = 197.33 MeV fm.
Especially for low transition energies and high multipo-
larities internal conversion can be the dominating pro-
cess; therefore the conversion coeKcient al~ has to be
taken into account in calculating the total width of the
levels. The half-life Tzg2 and the o.-branching ratio b

are then given by

X'Z~ + ( I)'X'-Z~
(AT + A~)L (8)

bin 2

r. +r„ 6
r.

I' +I',)

' (10)

2772

3000 t16 ]
~OOOO~lttOtttHQO ~ OtlteOOOOO ~ +

2922 18,45 s

brr 99.93%

To deduce half-life T&~2 values and n-branching ratios b
one has to calculate the electromagnetic decay width

In Table I the results of the present calculation are pre-
sented. The normalization factors A~ have been adjusted
to reproduce the experimental excitation energies for the
diferent states in Po belonging to the g.s. "band" us-
ing a value of G = 22 for the global quantum number,
since a constant A~ would result in an inverted spec-
trum. From the study of elastic and inelastic n scatter-
ing [1] one would expect a value of JR 350 MeVfm
for the volume integral of the potential corresponding to

2411
(11 )

~ .~ ~ ~ ~ eooro ~ ~ ~ ~ ~ ~ oooo ~ t []2 ]

1834

00
LPl

10,0.55 ns

1476

1356

1133

8,17 ns

y bo 42% or 6%

6,0.76 ns
bg ~71%

X4
b 279o

727 2'
4 bo 0.033%

0, 0.3 ps
~ bo 100%

FIG. 1. Partial level scheme for Po [12]. Level snd tran-
sition energies are given in keV, o;-branching ratios 6 in 'Fo.

Known half-lives are quoted next to the spin of the levels.
Dashed lines denote levels predicted by the potential model.

J E (MeV)
0+ 0.000
2+ 0.727
4+ 1.133
6+ 1.356
8+ 1.476
10+ 1.834

(12+)
(14+) 2.885
(16+) 8.0'
18+ 2.922

(11 ) 2.411
(13 ) 2.772

alo(E2)

0.014
0.055
0.340
3.4

0.076

Q4:2.2x10

A~
1.203
1.193
1.187
1.179
1.173
1.163
1.148
1.132
1.119
1.105
1.228
1.215

I' (eV)
1.54 x 10
3.96x 10
5.32 x 10
3.08 x 10-'
4.03x 10
7.46x10
1.75 x 10
1.43 x 10
1.48 x 10
3.27 x 10
1.89x 10
1.35 x 10

I'.) (eV)

9.25 x 10
7.25 x 10
4.75 x 10
6.53x 10
3.52 x 10

2.54 x 10

Total conversion coefficient from Ref. [16].
Interpolated from neighboring values.

TABLE I. Spin J and excitation energies E, [12], and
theoretical (E2)-conversion coeKcients [16] for states belong-
ing to the g.s. "band" of Po. The normalization factors
A p have been determined to reproduce the experimental exci-
tation energies. The o.-decay widths I' have been calculated
with a preformation probability P = 0.035; the "p-decay"
widths F,~ include the internal conversion process. The exci-
tation energies (denoted with a superscript b) of the 12+ snd
16+ members are predicted in interpolating the corresponding
values for Ay.
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A~ 1.35. This larger volume integral can be obtained
if the calculations are performed using a value G = 24 for
the global quantum number, implying that higher-lying
shells do contribute to the structure of the cluster states.
It turns out, however, that the predictions for the decay
widths of these states do not change very much (less than
about 10'%%up) if the number of nodes in the wave func-
tion of the relative motion is increased by 1. A rather
smooth decrease in the value of the volume integral of
the potential is observed as the L value increases. This
decrease re6ects either a deficiency in the potential or in
the model. The relatively successful description of excita-
tion energies and spectroscopic factors using shell model
calculations [8] which predict the yrast states in 2~2Po

to arise &om ming&2 vg9&z configurations with a leading

[xhz&2]o [vga&2) g component hints at rather a limitation
of the potential model. It has to be pointed out that the
change in A~ enters linearly in the volume integral J~.
This corresponds to a change in J~ of about 3.3'%%up to re-
produce the levels &om spin 0 to 10, whereas the volume
integral of the potential used by Buck et al. [3] corre-
sponds to a change by almost 10'%%up for the same levels.
Moreover, Buck et cl. [3] used a global quantum number
G = 20. This clearly contradicts the fact that Pb is a
doubly magic nucleus.

In contrast to the recent calculations of Buck et al. [3]
we need a preformation probability of P = 0.035 (P =
0.027 for A~ = 1.355 which gives the correct Q value for
G = 24) to reproduce the cr-decay width of the g.s. in

Po. This result is in line with predictions for this fac-
tor from the microscopic calculations of Varga et al. [9]
which give a spectroscopic factor of 8 = 0.025. The the-
oretical investigations of Varga et al. are performed in a
combined shell and cluster model. It should be pointed
out that the radial wave function of the cluster model
has 12 nodes in their calculations. All a-decay widths in
Table I are calculated with the same value P = 0.035.
The electromagnetic transition probabilities are calcu-
lated under the assumption of pure cluster configurations
(8 = 1). The ratio 8/P )) 1 can be explained by the
fact that only a small &action of the a-cluster configura-
tion (8) present in Po can also exist as a free a particle
and a 2osPb core (P) due to the Pauli principle. A more
detailed discussion on spectroscopic factors in a decay

can be found in Refs. [9] and [10]. In the calculations of
Ref. [9] a very high amount of alpha clustering is found
(8 = 0.302).

In Table I also the 14+ member of the "band" pro-
posed by Sugawara et al. [11] has been used to fix the
corresponding value for Ay. With this one can predict
the excitation energy of the missing 12+ and 16+ levels
of the "band" in interpolating between the A~ values of
the I = L + 2 and I = L —2 members of the "band. "
It is very interesting to note that with this interpolation
the excitation energy of the 16+ member is predicted at
about 3 MeV that is above the excitation energy of the
18+ (Tqy2

——45 s) isomer. The long half-life of the isomer
is thus explained by the fact that with 84 multipolarity
and a transition energy of about 35 keV the width for
electromagnetic decay is extremely small even if one ac-
counts for the internal conversion. On the other hand
the predicted half-life for the o, decay is by about a fac-
tor of 20 shorter than the experimental result if the same
preformation probability of P = 0.035 is assumed. It is
clear that for states with spin I & 8 the above mentioned
[&&gy2]p 8 [&g&~2]z configuration cannot contribute; thus
it is not surprising to have different spectroscopic factors
for the high spin states. For this explanation to be valid,
one has to assume a steeper decrease for A~ with increas-
ing spin as expected by a linear extrapolation, since in
this case the 20+ and 22+ members would be energeti-
cally below the 18+ state, thus enabling E2 transitions.

A more detailed test of the wave functions obtained
in the potential model can be performed in studying the
predictions of half-life, B(EL) $ values and a-branching
ratios. This comparison of the available experimental
information [12] is presented in Table II. For the first
excited 2+ state at E = 727 keV an a branching of
0.042 is predicted, in very good agreement with the ex-
perimental data. Disagreement with the evaluation of
the data in Ref. [12] is found for the b values for the 4+
to 8+ members of the g.s. "band. " It has to be pointed
out, however, that the values given in Ref. [12] are not
directly measured.

Very good agreement is found for the half-life of the
6+ state as well as for the corresponding B(E2) value.
If the experimentally determined B(E2) value and the
measured half-life are correct, the b value of 71'%%up cannot

TABLE II. Comparison of experimental half-lives T&~2(expt), B(E2) values and a branchings with the theoretical predictions
in the potential model for states belonging to the g.s. "band" of Po.

0+
2+
4+
6+
8+

10+
18+

(MeV)
0.000
0.727
1.133
1.356
1.476

1.834
2.922

T, y2 (expt)

0.3 ps

0.76(22) ns
17 ns

0.55(14) ns
45 s

T&~z(theor)

0.3 ps
4.9 ps
62 ps

0.90 ns
7.0 ns

0.13 ns
1.6 s

B(E2) f(expt)
(W.u. )

13.5(37)
3.95(5)
8.4(20)
2.2(6)

E4 2 3+4'6

B(E2) $(theor)
(W.u. )

7.41
10.34
10.62
10.04

9.16
E4: 5.3

5 (expt)
(%)
100

0.033
~27
~71
~42
6(1)
no cx

99.93

b (theor)
(%)
100

0.042
0.72
6.08
5.7

0.021
99.94

Adjusted to experimental half-life using P = 0.035.
From the direct measurement in Ref. [13j.

'B(E4) value deduced from conversion coeiBcient [15).
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be correct. Prom the experimental data in Table II one
can deduce an a branching of about 30%.

Good agreement is found for the 6 value of 6+1% for
the deexcitation of the 17 ns 8+ isomer at 1476 keV di-
rectly measured by Lieder et aL [13],but the B(E2,8+ m
6+) value is overestimated by a factor of 2.5. Here one
should note, however, an experimental fact which was
not taken into account in the in-beam work of Refs. [11]
and [14]. Lieder et aL [13]measured p rays in coincidence
with the 10.18 MeV a-decay line &om the 8+ isomer and
observed a 120 keV line in clear coincidence. This implies
that this p ray has to be placed above the 1476 keV iso-
mer. In this investigation [13] the B(E2,8+ -+ 6+) value
has been deduced to be 8.4(20) Weisskopf units (W.u. ),
which agrees again very well with the predictions of our
model.

In accordance with the experimental finding a very
small a branching is predicted for the decay of the 10+
state at 1834 keV, but the B(E2) value is overestimated
in the potential model.

As stated above the potential model underestimates
the half-life of the 18+, but it is very interesting
to note that the predicted E4-transition probability
B(E4,18+ ~ 14+) = 5.3 W.u. agrees within the er-
rors with the experimental results obtained by Kudo et
at [15] o.f B(E4, 18+ -+ 14+) = 2.3+4 s W.u.

Two levels with spin (11 ) and (13 ) are reported [11]
at an excitation energy of 2411.3 keV and 2771.8 keV,
respectively. The (13 ) level is defined by a populating
El transition from the (14+) level and a deexcitation via
an E2 transition to the (ll ) level, which itself decays to
the 10+ state of the g.s. "band. " This pattern might be
explained in the following way: If these negative parity
states are interpreted as members of a "band" belonging
to the global quantum number G = 23 (the correspond-
ing values for A~ are 1.2281 for the 11 level and 1.2154
for the 13 state, respectively), the potential model pre-
dicts a B(E1,14+ -+ 13 ) value of 45 mW. u. corre-
sponding to a partial half-life of the 14+ state of about
Tig2 2 ps. The competing B(E2, 14+ m 12+) value
is predicted by this model to be about 6.7 %.u. cor-

responding to partial half-life of about T&~2 0.15 ns,
assuming that the predicted excitation energy of about
2.4 MeV for the 12+ member of the g.s. "band" is correct.
The same arguments hold for the deexcitation of the 11
state; again the El branch is much faster than the com-
peting E2 branch to the as yet unidentified 9 member of
that negative parity "band, " which, however, has to be at
a higher excitation energy than the 10+, since otherwise
an E1 transition from the 10+ state should be observed
experimentally. Even though this interpretation is very
tempting it needs more experimental information, e.g. ,
lifetime measurements, to be confirmed.

In conclusion it was shown that a potential model
based on a double-folding potential obtained &om nu-
clear mass densities of the cluster and core is able to
reproduce the experimental information for the members
of the g.s. "band" in 2po very well. This potential
(which is extensively tested in elastic and inelastic scat-
tering) allows a good description of the data if the global
quantum number is taken to be G = 22, thus satisfying
the Wildermuth condition. In line with theoretical pre-
dictions a preformation factor of P 0.03 is required to
reproduce the half-life of the ground state in Po. The
o.-decay width for the 18+ isomer is predicted to be too
wide, indicating a possible reduction in the amount of o.
clustering at high spin. The model accounts well for the
observed E2 strength and even for the E4 strength of the
18+ isomer. The fact that the pure cluster model repro-
duces the electromagnetic transition probabilities quite
well proves that a very high amount of alpha clustering
has to be present in the structure of the members of the
g.s. "band. " Prom an interpolation of the L dependence
of the normalization factors A~ the 16+ state is predicted
to be at an excitation energy of about 3 MeV, thus ex-
plaining the missing electromagnetic decay branch of the
18+ isomer. In view of some obvious inconsistencies in
the experimental data further investigations on the struc-
ture of the yrast and yrare states in Po are highly de-
sirable. This would also allow one to possibly confirm
the interpretation of the high spin negative parity states
as members of the odd-parity G = 23 "band. "
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