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a decay and shape coexistence in thea-rotor model
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The particle-plus-rotor model was employed to study the fine structure seen in thea decay of even-even
neutron-deficient nuclei in the Hg-Po region. The configuration mixing resulting from the shape coexistence
between well-deformed prolate bands and spherical~or quasirotational oblate! structures in the daughter nuclei
was considered. Experimentala-decay branching ratios are reproduced within one order of magnitude, except
for the case of180Hg, where the daughter nucleus176Pt is expected to be triaxial in its ground state. The effect
of configuration mixing on the relative intensities is discussed in detail, together with the sensitivity of results
to the choice of thea-nucleus optical model parameters.@S0556-2813~97!04609-8#

PACS number~s!: 21.60.2n, 23.60.1e, 24.10.Ht, 27.80.1w
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I. INTRODUCTION

Alpha decay has proved to be a very powerful tool
observe heavy neutron-deficient nuclei and study their st
ture. The idea that ana particle is first formed inside the
nucleus~preformation! and then tunnels through an effectiv
potential barrier of the daughter system was described q
tum mechanically by Gamow@1# and Condon and Gurne
@2#. Rasmussen@3# utilized the real part of thea-nucleus
optical potential in the surface region, derived from elas
a-scattering experiments@4#, to calculate the tunneling
through the Coulomb and centrifugal barriers. Later, the p
nomenon ofa decay was given a microscopic description
means of the nuclear shell model; this approach was ab
reproduce relativea widths for Po and odd-At isotopes i
theN5126 region@5#. However, the shell model calculation
yielded absolutea-decay widths which were orders of ma
nitude too small compared to the experimental values,
main reason being an improper treatment of the continu
Although configuration mixing effects were incorporated a
later stage, they still could not account completely for t
discrepancy with the data. Today it is understood that
crucial role in thea-particle formation process is played b
strong correlations between two-particle states, associ
with high-lying shell-model configurations and giving rise
strong clustering near the nuclear surface~see the recent re
view @6#!.

In a series of works based on general reaction theory,
partial width of thea decay was estimated for spherical n
clei using a two potential approach@7–10# ~see also Sec. II B
of Ref. @6# and references quoted therein!. This theory was
applied to the deformed case by Berggren and Olanders@11#
who introduced ana-plus-rotor model. They assumed th
the a-nucleus interaction, in addition to a spherical cent
potential, contains the rotationally invariant quadrupo
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quadrupole component. This model has recently been
plied to half-lives and angular anisotropies in thea decay of
some odd Rn, Fr, Pa, and U isotopes@12#.

Buck et al. @13#, in a simple spherical semiclassical trea
ment, succeeded in reproducing alla-decay constants of the
even-evena emitters, and were able to describe the favor
a decays of odd nuclei. Following the method introduced
Ref. @14#, the semiclassical approach has recently been
plied to describe thea-decay branching ratios of even-eve
actinide nuclei@15#.

The absolutea-decay widths of lead isotopes, includin
the radial dependence of the formation amplitude, were
culated within a realistic shell-model-based approach in
large configuration space@16–18#. Absolutea-decay widths
have also been calculated in axially symmetric shapes
applied to deformed even-even@19,20# and odd-masstrans-
lead nuclei@21,22#.

In the lead region, manifestations of shape coexistence
by now clearly established in a large number of nuc
@23,24#. In the neutron-deficient even-even Pt, Hg, Pb@23#,
and recently also in Po nuclei@25#, intruder 01 states~often
with rotational-like structures built upon them! occur at low
excitation energy. In the Hg and Pb isotopes, the exc
intruder configuration is believed to be more deformed th
the ground-state configuration, and the excitation energy
the deformed band reaches a minimum near midshell. In
neutron-deficient Pt isotopes, the deformed intruder confi
ration becomes the ground state and the excited 01 states
can be associated with quasirotational oblate structures@23#.
In many cases the well-deformed prolate and weakly
formed oblate bands strongly interact and this gives rise
strong configuration mixing. It was shown that thea decay
to the 01 bandhead of the strongly deformed band is sen
tive to the proton-pair configurations of the connecting sta
@26# and to the configuration mixing amplitudes@27#. A mi-
croscopic description of the intruder 02

1 states in Pb isotope
and theira feeding was performed in the framework of th
random phase approximation~RPA!, including proton-
1389 © 1997 The American Physical Society



i

ize
.
th
tu

t

ha

th
re
om
s
e

tic

d
r

da

th
s,
a

he
la

b
c

s,
ec
.
its
ea
ic
f t
th
he
cu
h
th
a

s

e
s

en

e

u-
r-

he

sys-

ual

u-

,

a

he

in
lly
s

the
la-

the

1390 56J. D. RICHARDSet al.
neutron pairing vibrations@28,29#; the calculateda-decay
hindrance factors turned out to be in good agreement w
experimental data.

The objective of this paper is twofold. First, we general
the a-core model of Ref.@11# to the case of band mixing
Second, we demonstrate that configuration mixing due to
shape-coexistence effects does influence the fine struc
seen in thea decay. Partial widths fora decay to excited
states are calculated and the corresponding branching ra

B~q!5
vq

(q8vq8
~1!

are determined.@In Eq. ~1! vq5Gq /\ stands for the decay
width to a particular excited state in a daughter nucleus c
acterized by the set of quantum numbersq.#

The paper is organized as follows. Section II contains
description of the theory, including a number of new featu
pertinent to the region discussed. The method used for c
puting the interaction between coexisting bands is discus
in Sec. III. The results of calculations are presented in S
IV. Finally, conclusions are contained in Sec. V.

II. FORMALISM

A quantal formulation of the theory ofa decay of de-
formed and/or oriented nuclei based on a reaction-theore
foundation was proposed some years ago@11#. The original
version, implementing the idea of ana-particle-plus-rotor
model with quadrupole-quadrupole coupling between the
formed core and thea particle, used a harmonic-oscillato
basis for the single-particlea orbitals. This program was
later employed to analyze the anisotropy measurement
@30# for odd-mass At and Po isotopes@31#. A more recent
version, based on Woods-Saxon~WS! wave functions, was
first used@32# to reanalyze the same data so as to confirm
applicability of the model to a number of light actinide
especially those showing indications of octupole deform
tion. It is important to stress that the model is basically
phenomenological one. The formulation in terms of t
particle-rotor model is dictated by the need to take angu
momentum conservation~rotational invariance! into account.
When applying to realistic cases, empirical data must
used to fix the parameters of the model. Thus, for instan
potential depths must be adjusted so as to reproduce the
cay energy (Qa value! as given by empirical nuclide masse
because this energy has a very strong influence on the d
rate~or equivalently the half-life! of the nucleus considered
The theoretical validity of the model is to be sought in
ability to use general quantal principles and structural id
to reveal relationships between different pieces of empir
data. On the other hand, the phenomenological nature o
model implies that it cannot be used for predicting, e.g.,
half-life for a parent nucleus if either its mass or that of t
daughter is unknown, and the model is unreliable for cal
lating intensity relations if the low-lying states of the daug
ter nucleus are unknown. It must also be pointed out that
Pauli principle can only be imposed in an approximate w
because thea particle, a composite system, is treated a
pointlike object.
th
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A. Alpha-core Hamiltonian

Consider a systemA ~the nucleusAZ) formed by a sphe-
roidal coreC and ana particle. The interaction between th
center of mass of the core and thea particle is expressed a
a sum of a sphericala-core central potentialU(r ) and the
multipole-multipole term describing the coupling betwe
the multipole moment of the core,QCm

l (V), and that of thea
orbital, Qm

l (r ). Under these assumptions, thea-core Hamil-
tonian can be written as

HA5HC1Ha1Ta1U~r !1VQQ , ~2!

whereHC andHa are the intrinsic Hamiltonians of the cor
anda particle, respectively, and

VQQ5(
l

kl (
m52l

l

~21!mQm
l ~r !QC2m

l ~V! ~3!

is the multipole-multipole particle-core interaction. The co
pling constantskl in Eq. ~3! are determined from the unde
lying particle-particle interaction.

The principal dynamical variables in this model are t
a-core relative coordinate vectorr[Ra –RC, the orientation
V ~given, e.g., by the Euler angles! of the intrinsic core
reference system with respect to the laboratory reference
tem, and the corresponding conjugate momentap and JC,
the latter being the core angular momentum. The individ
intrinsic coordinates of the core and thea particle are ig-
nored, but their intrinsic states can be included in the form
lation if necessary. If we chooseTa to be the relative kinetic
energy of~the center of mass of! thea particle and the core
thenHA is the intrinsic Hamiltonian of the nucleusA.

The multipole moment of multipolarityl of the
a-particle orbital entering Eq.~3! is defined as

Qm
l ~r !5 f l~r !A 4p

2l11
Ylm~ r̂ !, ~4!

where f l(r ) is the corresponding radial form factor. As
consequence of the rotational invariance ofHA , the form
factor f l(r ) must be entirely independent of angles. T
orientation-dependent core 2l-pole moment is given by

QCm
l ~V!5QC

lDm0
l* ~V!, ~5!

where the ~electric! 2l-pole momentQC
l for a uniform

~charge! distribution with charge radiusRC is

QC
l52S 3ZC

4pRC
D E r lPl~cosu!d3r . ~6!

The formulation in terms of a multipole-multipole force as
Eq. ~2! can be shown to be equivalent to using an axia
deformed intrinsica-core potential with the symmetry axi
coinciding with the symmetry axis of the core~i.e., the
daughter nucleus!. This potential generates single-particlea
orbitals analogous to the Nilsson nucleon orbitals@33# cor-
rected for the Coriolis force. Since one is interested in
wave functions in the laboratory system, the entire calcu
tion is carried out in the laboratory reference frame. As
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56 1391a DECAY AND SHAPE COEXISTENCE IN THEa- . . .
interaction is expressed in terms of multipole-multipole o
erators, the orientation dependence of the interaction
sents no further problems.

The intrinsica-core optical potentialV(r,V) may be ap-
proximated by the deformed WS potential

V~r,u!5
VWS

11exp$@r 2R~u!#/aWS%
, ~7!

with the angle-dependent half-value radiusR(u) given by

R~u!5RWSH 11 (
lmin

lmax

blYl0~cosu!J . ~8!

Here u is the angle between the position vectorr of the a
particle and the symmetry axis of the core. The form fac
f l(r ) in Eq. ~4! can be obtained in the first order from
Taylor expansion of the WS potential inbl , and the
2l-pole coupling constantkl is given by the self-consistenc
relation @34#

kl5
1

ZC

2l11

l13

VWSRWS

2aWŜ r l&C

. ~9!

B. Effect of shape coexistence

The problem presented by the data on neutron-defic
Pt, Hg, Pb, and Po isotopes@23# requires a modification o
the model Hamiltonian. These nuclei are examples of sh
coexistence showing rotational~and/or vibrational! bands
which, although they have the same parity and signat
have quite different intrinsic structures and different def
mation parameters. Transitions within the band show
hanced electric quadrupole rates, while electromagnetic t
sitions between members of different bands are stron
hindered.

In order to simulate the effect of shape coexistence,
assume that the excited~coexisting! band is coupled to the
ground band by means of a monopole-monopole interac
which, by analogy with Eq.~2!, can be written

k0Q0
~0!~r!QC

~0!~j !, ~10!

where the variablej denotes the quantum numbers of t
core. In practice, we shall use the symbolj to distinguish
between the coexisting band structures, i.e., the ground b
(j50) and the excited band (j51).

According to Eq.~6! the monopole moment of the core

QC
~0!~j !52F 3ZC

4pRC~j!G E P0~cosu!d3r 52ZCRC~j!2,

~11!

where, to a good approximation,

RC~j!25R~j!WS
2 17p2a~j!WS

2 ~12!

~see, e.g., Appendix C of Ref.@35#!. We see that the mono
pole moment of a WS distribution depends on bothRWS and
aWS.

The strength of the monopole-monopole interact
should be determined from the observed bandhead ene
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and interband transitions. Because of conservation of ang
momentum, only members of the same band having the s
value ofJC can be coupled via the monopole operator. T
means that only theradial components of the mass an
charge distributions can be affected by the monopole c
pling. Consequently, in the present model only the WS
rametersRWS and aWS can change as a direct result of th
monopole transition. In the following, it has been assum
that the monopole transition is associated with the chang
the radiusRWS. Consequently, the coupling constantk0 and
the form factor f 0(r ) to be used in conjunction with the
monopole moment operator are given by

k0f 0~r ![
]V~r ,RWS,aWS!

]RWS
DRWS

5
VWS

aWS

exp@~r 2RWS!/aWS#

$11exp@~r 2RWS!/aWS#%2
DRWS, ~13!

whereRWS[RWS~j50! andDRWS[RWS(j51!2RWS(j50!.
The dynamical cause of the assumed changeDRWS of the
radial shape of the potential that generates thea orbitals is
not specified. As discussed in the Introduction, the predo
nant view at present of the underlying microscopic struct
is that the coexisting configuration differs from that of th
ground-state band by a two-nucleon-two-hole excitat
@23#.

It is a reasonable expectation that ana particle in anl 50
orbit surrounding the core in its 01 ground state may interac
with the core and excite it to its next 01 state, and that such
a change of the core state should also have consequence
the self-consistenta-core potential. The models propose
here are primarily constructed to satisfy these expectat
qualitatively and to serve as a starting point for more qu
titative approaches. The validity of the quantitative imp
mentation of these ideas should then of course be subje
to severe tests and critically examined. The calculations p
sented here should be viewed as the first step in this di
tion.

C. Calculation of the decay rate

We now define a model HamiltonianH0 as

H05HC1Ha1Ta1u~Rb2r !U~r !1u~r 2Rb!Ub1VQQ ,

~14!

where the last term, the multipole-multipole interaction,
given by Eq.~3!. Note that the monopole term (l50) is also
included. Thea-core potential here is constantU5Ub , for
r>Rb , Rb being the barrier radius. Therefore,H0 may have
bound statesfE0

with energies in the interval 0,E0<Ub .
These states may be used as ‘‘initial states’’ in a proc
leading to eigenstatesCE of the true Hamiltonian, Eq.~2!, in
accordance with the formalism of Refs.@9,10#. It is to be
noted that the energy of the bound state,E0, is not exactly
equal to the energy of thea-particle resonance,E, the latter
being associated with the real part of the pole in a ma
element of the full Green’s function@9#. However, as dis-
cussed in Ref.@36#, the resonance shiftDE5E2E0 is ex-
tremely small and can be ignored in the process of readj
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1392 56J. D. RICHARDSet al.
ing the depth of the potential well to reproduce experimen
Q value~see below!. Therefore, in the following we putE05
E. Since the truea-particle statesCE are unbound and rep
resented asymptotically by free outgoing Coulomb wav
they describe the decay of the initial statefE0

.

The solutions toH0fM
I 5EfM

I with well-definedI andM
are obtained by diagonalizingH0 in the weak-coupling basis

f
~nKCj!M
~ l JC!I

~r ,V!5(
m

^l ,m,JC,M2muI ,M &

3@xnl m~r !XKCj
JCMC~V!#M

I , ~15!

resulting in coefficientsanl JCj
KCzI . Here xnl m(r ) is the wave

function of thea orbital andXKCjMC

JC is a wave function of

the core Hamiltonian corresponding to the diabatic confi
ration j @the quantum numberj introduced in Sec. II B dis-
tinguishes between the ground band (j50! and the coexist-
ing excited band (j51!#. The quantum numberKC is the
projection of the core spinJC on the symmetry axis of the
core, andz stands for other quantum numbers labeling
core states.

Using the formalism of Refs.@9,10# with the model eigen-
states fM

I as initial states, the~partial! decay rate,
vJCKCz5GJCKCz /\, for populating the daughter state~labeled

by its spinJC, bandhead spinKC, and band labelz) is given
by

vJCKCz5
4m

\3kJCKC

(
nl j

uanl JCj
KCzI u2uTnl ju2, ~16!

where

Tnl j5E
Rb

`

F l ~r !V~r !unl j~r !dr ~17!

is thea-transition amplitude~‘‘transmission coefficient’’! in
the (nl ) channel. In Eq.~17!, V(r )5$U(r )2Ub%u(r 2Rb)
is the interaction causing the decay andunl j(r ) is the radial
wave function of thea particle. It is generated in a spheric
WS potential which is different in the two bands becau
RWS depends onj. @As discussed in the following section
the labelj distinguishes between thediabatic ~noninteract-
ing! core states whilez stands for the physicaladiabatic
~mixed! core states.# The functionF l (r ) represents the regu
lar scattering radial wave function of the Hamiltonia
T1V1Ub . In practice,F l can be well approximated by th
regular Coulomb wave function; the associated error on
decay width does not exceed 10%@36#. The influence of
deformations of various multipolarities is incorporat
through the coefficientsanl JCj

KCzI .

The model described here, or its nearest predecessors
previously been applied to a variety of nuclei with masses
the range 200,A,230. To interpret and judge the resul
one must understand how the analysis is done. Initially
Hamiltonian ~14! is diagonalized assuming that one of t
eigenvectors$anl JCj

KCzI
% is the one that corresponds to th

‘‘ground state’’ of the parent nucleus. It must be elabora
l
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that although only one solution is thought to be physica
relevant, it will be seen that this choice is not always obvio
when performing calculations. This is an important point th
will be taken up more thoroughly in Sec. IV C. The solutio
are labeled according to their relative energy after diagon
ization, but before their individual tuning to adjust the pote
tial depth. Diagonalization and readjusting is performed u
the correct decay energyQa is obtained for a particular so
lution. When this solution has the correct decay energy,
relative feedings to excited states of the daughter nucleus
calculated.

For computational reasons we usually restrict thea orbit-
als to one or two major shells, viz., those compatible with
assumed single-nucleon constituents of thea particle accord-
ing to the so-called oscillator rule@32#,

Na5Np1
1Np2

1Nn1
1Nn2

. ~18!

In deformed nuclei this rule loses precision because
single-nucleon orbitals there have components from sev
spherical shells, but it remains useful as a rule of thumb
setting the major quantum numberNa . The oscillator rule is
also an approximate way of satisfying the Pauli principle
the nucleons in thea particle with respect to those in th
core. The assumption made here is that the formation
already taken place when the decay occurs; it is ana particle
that penetrates the Coulomb barrier, not four separate nu
ons which come together during or after the penetration.

D. Mixing of core states

A model of how bands of different kinds can interact in
nucleus and give rise to modified bands with mixed prop
ties was suggested by Dickmann and Dietrich@37# and later
applied by several groups@38–40# for structure consider-
ations. It has also been used by Wauterset al. @27# in
a-decay analysis.

The two-band model assumes that the states of the e
even daughter nuclideA24(Z22) can be approximately de
scribed as belonging to either of two bands, the ‘‘grou
band’’ and the ‘‘intruder band.’’ We need not go further in
the physical nature of these states; we simply assume
they are eigenstates of a model core HamiltonianHC0

and
have different and distinguishable properties. The ‘‘tru
core HamiltonianHC differs from the model Hamiltonian
HC0

by an interactionHC2HC0
[V coupling the bands such

that

^Xj
JuVuXj8

J8&5VJdJJ8~12djj8!. ~19!

The ‘‘true’’ daughter statesXz,J are eigenstates o
HC5HC0

1V; they are linear combinations of the model co

statesX0
J andX1

J :

Xz,J5az,JXj50
J 1bz,JXj51

J , z50,1. ~20!

The interactionV is usually associated with theE0 transi-
tions between spherical and deformed states in the core
tem. As discussed in, e.g., Ref.@39#, the observedE0 tran-
sition strengths result from the mixing of states with differe
shapes.
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The decay theory presented in the preceding sections
scribes how the ‘‘true’’ core statesCn,J are populated when
ana particle in the parent nucleus makes a transition from
metastable statefM

I , a quasibound eigenstate of the mod
HamiltonianH0, Eq. ~14!, to the final state in which the cor
is represented byCz,J and thea particle is in outgoing state
with appropriate wave numberkf . However, in developing
the decay formalism, we have tacitly assumed that the c
states are such that the matrix elements of the multipole
erators can be calculated as if the core states are pure
~or pure vibrator! eigenfunctions. The actual values of th
matrix elements are specified in terms of deformations wh
are input parameters for the calculation.

The amount of mixing, i.e., the parametersaz,J andbz,J ,
is calculated based on experimental data. We should cle
distinguish between the ‘‘true’’ core state labelsz50, 1 and
the labelsj50, 1 introduced in Sec. II B which define th
diabatic~noninteracting! core states. The coefficientsanl JCj

KCzI

which specify the solutions to the eigenvalue proble
H0fM

I 5EfM
I can then easily be expressed in terms of

mixing parametersaz,J andbz,J .

III. BAND MIXING

Band interactionsVJ and mixing coeficientsaz,J andbz,J
have been extracted for the daughter nuclei176,178,180Pt and
182,184,186Hg using the two-level model of Sec. II D. Abov
spin I 56, the well-deformed prolate band becomes yras
these nuclei@23#. The diabatic bands (j50 and 1! can be
parametrized using the standard expansion

EJ,j5Aj1BjJ~J11!1CjJ
2~J11!2. ~21!

Because of the lack of experimental data, an assump
has been made that the interactions between the 01 states
and the 21 states in182,184Hg are equal. The results of band
mixing calculations for182Hg are illustrated in Fig. 1 where
the I 56–12 band members of the deformed intruder ba
were considered in the fit, Eq.~21!. The resulting band-
mixing parameters for all Pt and Hg nuclei considered in
study are listed in Table I.

FIG. 1. Calculated diabatic excitation energies~solid line! as
functions ofI (I 11) for the ground-band~g.b.! and well-deformed
intruder band~i.b.! in 182Hg. Experimental data are indicated b
symbols.
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For 190,192,194Pb, the band-mixing parameters were fou
in Ref. @38#; for completeness they are shown in Table II. A
the ground states of the Pb isotopes are spherical, a defo
tion of b250.01 was assigned to the ground band, neces
to perform the calculation.

IV. CHOICE OF PHENOMENOLOGICAL PARAMETERS

A. Results

As was discussed earlier in Sec. II C, only one eigens
of Hamiltonian ~14! is considered as the physical solutio

TABLE I. Results of band mixing calculations. Experiment
excitation energies have been taken from Ref.@44#. Numbers in
brackets were obtained by assumingVJC

5V0 ~see text!. The mixing
amplitudeaJC

@Eq. ~20!# always corresponds to a weakly deforme
~or spherical! structure. For instance, for the Hg isotopesaJC

de-
creases from the value close to one atJC50 ~oblate ground state! to
small values atJC54 ~prolate band becomes yrast!.

Nucleus JC Unperturbed Experimental uVu uaJC
u

energy~keV! energy~keV! ~keV!

186Hg 0 16 0 90.0 0.985
506.7 522.7

2 422.9 405.4 58.8 0.959
603.7 621.1

4 1060.5 808.2 71.3 0.272
828.3 1080.7

184Hg 0 19.8 0 83.9 0.973
355.3 375.1

2 451.8 366.5 83.9 0.701
449.1 534.4

4 1078.1 653.3 66.8 0.155
663.8 1088.6

182Hg 0 23.4 0 84.5 0.964
304.6 328a

2 500.7 351.8 84.5 0.494
399.8 548.6

4 613.2 @84.5# 0.0435
616.9

180Pt 0 292 0 233.5 0.624
186.7 478.7

2 741.6 153.3 265.5 0.411
273.1 861.4

4 1186.6 410.8 219.8 0.273
472.3 1248.1

178Pt 0 217.8 421.9 210.8 0.696
204.1 0

2 @210.8# @0.490#
@288.5# 170.1

4 @210.8# @0.257#
@483.1# 427.1

176Pt 0 75.2 0 166.3 0.90
367.8 443a

2 263.9 @166.3# @0.703#
@449.8#

4 564.1 @166.3# @0.325#
@638.4#

aFrom Ref.@26#.



te

co

e

is
ea
s

e

e
st
t

u
in
p

d

.

a
ll

ha

w

her

the
sed

to-

-

1394 56J. D. RICHARDSet al.
representing the ground state of thea-parent nucleus. Ini-
tially, the calculations were performed using WS parame
found by DeVries in thea-scattering experiments on208Pb
@41# ~set A: r WS51.32 fm,aWS50.65 fm!. Subsequently, for
each nucleus, the two parameters, i.e., the quadrupole
pling strengthk2 and the monopole ‘‘radial shift’’DRWS,
were adjusted until the theoretical relative intensities b
matched experimental values~local fit!. We found that these
parameters fall into separate ranges for each group of
topes. Therefore the next step was to calculate a global l
squares fit with one set of parameters for all the isotope
each element. The resulting relative intensities are listed
Table III. The associatedk2 and DRWS parameter sets ar
listed in Table IV.

For the Hg decays, the quadrupole coupling strengthk2
obtained in the local fit has a fairly similar value for all thre
decays. However,DRWS becomes very small, in order to be
fit the decay data of180Hg. This might be due to the fact tha
the ground state of the daughter nucleus,176Pt, has a differ-
ent deformation as compared to the 21 and 41 yrast states.
Indeed, according to Ref.@42#, the ground state of176Pt is
triaxial and not oblate as has been assumed in our calc
tions. Consequently, the global fit for the Hg decays is
worse agreement with experiment than for the other isoto
chains considered. As mentioned above, thea-rotor model
does not predict half-lives~i.e., absolutea-decay widths!
correctly ~neglecteda-formation probability in the assume
parent statefM

I , violated Pauli principle!, but is able to re-
produce the relative intensities to a rather good accuracy

B. Effects of band mixing on relative intensities

The effect of configuration mixing at the 21 states on the
a-decay relative intensities180,182,184Hg is shown in Table V.
The range of mixing amplitudes used in the calculation w
varied for the different isotopes around the experimenta
deduced values displayed in Table I. It is to be noted t
because of the normalization condition in Eq.~1! the relative
intensities to other states withJCÞ2 vary as well.

According to calculations, for thea decay of 188Pb and
190Pb, the effect due to shape mixing is rather weak. Ho
ever, in the case of the186Pb→182Hg a decay, the relative

TABLE II. Band-mixing parameters for190,192,194Pb taken from
Ref. @38#.

Nucleus JC Unperturbed Experimental uVu uaJC
u

energies~keV! energies~keV! ~keV!

194Pb 0 2.7 0 50.9 0.997
927.9 930.6

2 1066.1 965.0 157 0.834
1207 1308.2

192Pb 0 3.5 0 52.0 0.995
764.9 768.5

2 1066.9 853.8 191 0.668
1025 1237.8

190Pb 0 .9 0 .80 ,0.99
,649 658

2 871 773 @191# 0.457
1078.1 @1176#
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intensities are quite sensitive to shape mixing. This is furt
illustrated in Fig. 2. Thea-decay intensity to the 21

1 state
decreases with increasing mixing while the intensity to
22

1 state increases. This is not surprising since the increa
ground-state-band-like component in the 21

1 state is ex-
pected to enhance the relative feeding and, by the same
ken, it should result in a stronger hindrance for thea decay
to the 22

1 state. In Ref.@43# this observation has been dis

TABLE III. Calculateda-decay relative intensities~in %) ob-
tained in a local and global fit~see text!. Experimental relative
intensities (I expt) @26,27# are included for comparison.

Daughter JC
p I expt I th

local I th
global

186Hg 21
1 8.431022 8.431022 1.131021

02
1 1.531022 1.531022 1.031022

22
1 1.431023 1.231023

184Hg 21
1 6.031022 6.031022 1.331021

02
1 9.531022 9.531022 1.731021

22
1 1.131022 2.231022

182Hg 21
1 ,731022 7.031022 4.331023

02
1 231021 2.031021 2.531021

22
1 2.831021 2.331021

180Pt 21
1 4.231021 4.231021 6.431021

02
1 1.631021 1.631021 1.531022

178Pt 21
1 8.431021 6.731021 2.131021

02
1 3.431021 1.831021 5.831022

176Pt 21
1 1.031021 2.731021 7.031021

02
1 7.831022 2.531021 9.331021

194Pb 21
1 ,3.631024 3.731024 2.831024

02
1 1.331023 1.731023 1.331023

22
1 3.531025 2.731025

192Pb 21
1 8.431023 8.431023 1.331023

02
1 2.231022 2.431022 3.231022

22
1 4.631024 1.631024

190Pb 21
1 3.031022 6.131023

02
1 2.431021 3.031021 2.631021

22
1 2.331023 9.731024

TABLE IV. The coupling constantsk2 and DRWS obtained in
local and global fit performed in this work.

Parent k2 DRWS

nucleus ~MeV/fm2) ~fm!

190Pb 0.029 0.030
188Pb 0.024 0.015
186Pb 0.045 0.047
Global Pb 0.037 0.035
184Hg 0.028 0.161
182Hg 0.016 0.077
180Hg 0.010 0.001
Global Hg 0.052 0.041
198Po 0.025 0.110
196Po 0.033 0.142
194Po 0.020 0.126
Global Po 0.035 0.118
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TABLE V. Relative intensities fora-decay to low-lying excited states in182,184,186Hg as functions of a
mixing probability uau2 in the 21

1 state.

186Hg
Jz
p\ua2u2 0.50 0.60 0.70 0.80 0.90

21
1 1.1631021 1.1431021 1.0831021 1.0331021 1.0431021

41
1 5.5931026 2.6231026 1.2131027 1.7631026 1.1731025

02
1 4.4831022 2.8731022 1.9331022 1.3831022 1.0531022

22
1 1.3731023 1.4931023 1.4831023 1.4031023 1.2631023

184Hg
Jz
p\ua2u2 0.50 0.60 0.70 0.80 0.90

21
1 1.3131021 1.5831021 1.9031021 2.2631021 2.7131021

41
1 7.1331024 8.0531024 8.2031024 7.2331024 4.4331024

02
1 1.6231021 1.3731021 1.1931021 1.0431021 9.2231022

22
1 2.1631022 1.6731022 1.3331022 1.0831022 8.6531023

182Hg
Jz
p\ua2u2 0.50 0.60 0.70 0.80 0.90

21
1 4.4331022 6.8531022 1.0331021 1.4731021 1.9831021

41
1 8.0931025 1.1531023 1.4731023 1.7831023 1.9631023

02
1 2.4931021 2.8331021 2.9231021 2.9031021 2.8131021

22
1 2.2331021 1.3531021 9.3331022 6.8731022 5.2931022
s
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cussed in terms of the variation ofa-decay hindrance factor
to 21

1 states in182,184,186Hg.
As illustrated in Fig. 3 for thea decay of 198Po, the

relative intensities of the Po decays do not exhibit a sign
cant variation with shape mixing. This might be due to t
fact that in our calculations the ground-state structure of
was assumed to be spherical~see Sec. III! and the intruder
configuration very weakly deformed.

C. Choice of Woods-Saxon parameters

To investigate the influence of the optical model para
eters on relative intensities, a second set of WS parame
proposed in Ref @12# ~set B: r WS51.05 fm and

FIG. 2. Relative intensities of186Pb decay versus the mixin
amplitudeuau2 of the 21 states in182Hg. Lines represent calcula
tion. The arrow on the abscissa shows the calculated mixing am
tude from Table I. The upper limit on the experimental relati
intensity for the 21

1 feeding is also shown. In the calculations, t
parametersk2 and DRWS obtained from the local fit~Table IV!
were used.
-

b

-
rs

aWS50.70 fm! was employed. The main difference betwe
the sets A and B is a much smaller WS radius in set B.

A least squares minimization was performed, for a set
isotopes, for both parameter sets to establish optimal va
of k2 and DRWS. For the intermediate values ofr WS, the
calculations were carried out by linearly interpolating oth
parameters between the two limiting ‘‘best-fit’’ values. F
the Pb nuclei, the parametersk2 and DRWS were found to
change very little. The variation of the relative intensities f
the Pb decays as a function of the WS parameters is show
Fig. 4. The relative intensities show relatively little variatio
as a function of WS parameters. However, the calculati
show that when using WS parameters close to those of se
the better agreement with experiment is obtained for
eigenstate of Hamiltonian~14! corresponding to the solution
‘‘2’’ rather than the solution ‘‘3,’’ the latter being optima
for the Pb decays usingA parametrization. This behavior i
illustrated in Fig. 5.

Part of the analysis in this work has been concerned w
the choice of a particular solution. Fortunately, in most ca

li-

FIG. 3. Similar as in Fig. 2 except for the198Po decay. The gray
bar stands for the experimental value; its width corresponds to
experimental uncertainty.
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only one solution provides a reasonable fit of the experim
tal data. For instance, for the186Pb decay, only solution
number ‘‘3’’ can match experimental relative intensitie
Moreover, this choice is supported by the fact that this so
tion is rather sensitive to the mixing between 21 states, in
agreement with what is observed experimentally@26,43#.
Similarly, solution ‘‘3’’ agrees best with experimental da
for the a decays of188Pb and190Pb. On the other hand, fo
the Po decays, the optimal solutions vary from nucleus
nucleus.

V. CONCLUSION

In this paper the modified two-potential approach to
decay of a quasistationary state has been used in conjun
with the particle-plus-rotor model to study fine structure
thea decay of even-even neutron-deficient nuclei in the le
region. These nuclei are known to exhibit shape coexiste
between the ground-state band and an excited band ha
different deformation. The effect of configuration mixin
was incorporated in the particle-core formalism. By taki
experimental band interaction, all experimental relative
tensities were reproduced within one order of magnitu
except for180Hg. This probably can be explained in terms
a triaxial ground-state and low-spin shape change in
daughter nucleus176Pt.

Our analysis demonstrates that configuration mixing ha

FIG. 4. Dependence of the relative intensities in thea decay of
186,188,190Pb on the radiusr WS of the optical model potential.
S.
-

.
-

o

e
ion

d
ce
ing

-
,

e

a

significant effect on the relative intensities, except for the
decays. Finally the influence of the WS parameters was s
ied. The Hg and Pb decays were found to be rather sta
against the variation of the optical model parameters. For
Po isotopes, however, considerable changes in multip
coupling strengths were needed in order to fit the experim
tal relative intensities. Interestingly, a change in the radius
the optical model potential, while having a significant effe
on the calculateda-decay half-life, had considerably les
effect on the relative intensities.

Our primary concern for this work was to show the vali
ity and applicability of thea-particle-plus rotor model to
calculate fine structure in thea decay to nuclei that exhibit
shape coexistence. We expect that the model can be use
calculate the relative intensities ina decay of nuclei further
away from theZ582 shell closure where fine structure ha
been observed, e.g., Pt and Rn decays.
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FIG. 5. Same as in Fig. 4 except for the two solutions for190Pb,
namely, solution 3~a! and solution 2~b!.
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@14# P. O. Fröman, Mat. Fys. Medd. K. Dan. Vidensk. Selsk.1, 1
~1957!.

@15# T. L. Stewart, M. W. Kermode, D. J. Beachey, N. Rowley,
S. Grant, and A. T. Kruppa, Phys. Rev. Lett.77, 36 ~1996!.

@16# A. Insolia, R. J. Liotta, and E. Maglione, Europhys. Lett.7,
209 ~1988!.

@17# K. Varga, R. G. Lovas, and R. J. Liotta, Nucl. Phys.A550, 421
~1992!.

@18# K. Varga, R. G. Lovas, and R. J. Liotta, Z. Phys. A349, 345
~1994!.

@19# A. Insolia, P. Curutchet, R. J. Liotta, and D. S. Delion, Ph
Rev. C44, 545 ~1991!.

@20# D. S. Delion, A. Insolia, and R. J. Liotta, Phys. Rev. C46,
1346 ~1992!.

@21# D. S. Delion, A. Insolia, and R. J. Liotta, Phys. Rev. C46, 884
~1992!.

@22# D. S. Delion, A. Insolia, and R. J. Liotta, Phys. Rev. C49,
3024 ~1994!.

@23# J. L. Wood, K. Heyde, W. Nazarewicz, M. Huyse, and P. V
Duppen, Phys. Rep.215, 101 ~1992!.

@24# K. Heyde, J. Jolie, J. Moreau, J. Ryckebusch, M. Waroqu
P. Van Duppen, M. Huyse, and J. L. Wood, Nucl. Phys.A466,
189 ~1987!.

@25# N. Bijnens, P. Decrock, S. Franchoo, M. Gaelens, M. Huy
H.-Y. Hwang, I. Reusen, J. Szerypo, J. von Schwarzenber
Wauters, J. G. Correia, A. Jokinen, P. Van Duppen, and
ISOLDE Collaboration, Phys. Rev. Lett.75, 4571~1995!.

@26# J. Wauters, N. Bijnens, P. Dendooven, M. Huyse, H. -
Hwang, G. Reusen, J. von Schwarzenberg, P. Van Duppen
Kirchner, E. Roeckl, and the ISOLDE Collaboration, Phy
Rev. Lett.72, 1329~1994!.

@27# J. Wauters, N. Bijnens, H. Folger, M. Huyse, H. -Y. Hwan
.

r,

,
J.
e

.
R.
.

R. Kirchner, J. von Schwarzenberg, and P. Van Duppen, P
Rev. C50, 2768~1994!.

@28# D. S. Delion, A. Florescu, M. Huyse, J. Wauters, P. Van Du
pen, A. Insolia, and R. J. Liotta, Phys. Rev. Lett.74, 3939
~1994!.

@29# D. S. Delion, A. Florescu, M. Huyse, J. Wauters, P. Van Du
pen, ISOLDE Collaboration, A. Insolia, and R. J. Liotta, Phy
Rev. C54, 1169~1996!.

@30# E. Van Walle, J. Wouters, D. Vandeplassche, N. Severijns,
L. Vanneste, Hyperfine Interact.22, 507 ~1985!.

@31# T. Berggren, Hyperfine Interact.43, 407 ~1988!.
@32# T. Berggren, Hyperfine Interact.75, 401 ~1992!.
@33# S. G. Nilsson, Mat. Fys. Medd. K. Dan. Vidensk. Selsk.29, 16

~1959!.
@34# A. Bohr and B. Mottelson,Nuclear Structure~Benjamin, New

York, 1975!, Vol. II.
@35# L.R.B. Elton,Nuclear Sizes~Oxford University Press, Oxford

1961!.
@36# S. Åberg, P.B. Semmes, and W. Nazarewicz, Phys. Rev. C~to

be published!.
@37# F. Dickmann and K. Dietrich, Z. Phys. A271, 417 ~1974!.
@38# P. Van Duppen, M. Huyse, and J. L. Wood, J. Phys. G16, 441

~1990!.
@39# K. Heyde and R. A. Meyer, Phys. Rev. C37, 2170~1988!.
@40# G. D. Dracoulis, Phys. Rev. C49, 3324~1994!.
@41# R. M. DeVries, J. S. Lilley, and M. A. Franey, Phys. Rev. Le

37, 4481~1976!.
@42# B. Cederwall, R. Wyss, A. Johnson, J. Nyberg, B. Fant,

Chapman, D. Clarke, F. Khazaie, J. C. Lisle, J. N. Mo,
Simpson, and I. Thorslund, Z. Phys. A337, 283 ~1990!.

@43# J. D. Richards, C. R. Bingham, Y. A. Akovali, J. A. Becker, E
A. Henry, P. Joshi, J. Kormicki, P. F. Mantica, K. S. Toth,
Wauters, and E. F. Zganjar, Phys. Rev. C54, 2041~1996!.

@44# R.B. Firestone, inTable of Isotopes, edited by V.S. Shirley
~Wiley, New York, 1996!.


