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Identification of low-lying proton-based intruder states in 189– 193Pb
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Low-lying proton-based intruder states have been observed in the odd-mass isotopes189,191,193Pb in experi-
ments at the RITU gas-filled recoil separator. The identification has been performed by observing the fine
structure in thea decay of the parent193,195,197Po nuclei in prompt coincidence with conversion electrons and
g rays in the daughter lead isotopes. Along with the literature data these results establish a systematics of
intruder states in the odd-mass lead isotopes from197Pb down to185Pb. Interpretation of these states involves
the coupling of the 1i 13/2 or 3p3/2 odd neutron to the 01 state in the oblate minimum in the even-mass lead
core. Conversion coefficients have been determined for some of the transitions, revealing mixing between the
coexisting states. The experimental results are compared to potential energy surface calculations.
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I. INTRODUCTION

Within the last decade the neutron-deficient lead isoto
became the subject of extensive experimental and theore
studies, and a wealth of information on shape coexistenc
these nuclei was obtained; see@1–4# for a review. As a result
of the shell closure atZ582, lead nuclei are spherical i
their ground state~g.s.!, but at higher excitation energies
subtle interplay between configurations with differe
shapes—oblate and prolate—has been predicted@5,6#. This
has been observed experimentally; see, for example, re
in-beam and decay studies of the even-mass nuclei182–192Pb
~@4,7–19# and references therein!.

In particular, low-lying 01 p @two-particle–two-hole
(2p-2h)] proton-based intruder bandhead states~i.s.!, asso-
ciated with a deformed oblate shape, have been identified
b- anda-decay studies in the even-mass lead nuclei dow
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190Pb ~see, for instance,@12,20#! and recently in188Pb @13–
15# and in 186Pb @17#. The excitation energy of these stat
shows a nearly parabolic dependence on the valence neu
number with a predicted minimum@6# close to the neutron
midshell atN5104; the intruder states even become the fi
excited states in186–194Pb. In some cases a rotationlike ban
built on top of the intruder state has been identified. Con
tent with theoretical predictions@2,6#, prolate rotational
bands, presumably ofp(4p-4h) or p(6p-6h) character,
have been observed in182,184,186,188Pb. In alpha-decay studie
the corresponding prolate 01 bandhead can be populated, a
for example, in 186Pb @17#. In agreement with theoretica
predictions, the energy separation between the coexisting
late and prolate 01 states in186Pb was found to be rathe
small, of the order of 150 keV.

In the odd-mass lead nuclei the coupling of a valen
neutron to the states in the spherical, oblate, and pro
minima in the neighboring even-mass lead core is expec
to result in corresponding coexisting configurations. Rat
extensive systematics of excited states exist for the odd-m
lead nuclei withA>193 @21#; recent in-beam studies of th
light odd-mass lead isotopes identified the lowest positi
parity states in187,189,191Pb @22–24#. The structure of the
low-lying states in 187–199Pb can be interpreted as a wea
coupling of the odd 1i 13/2 neutron to the low-lying spherica
states of the even lead core. In191,193,195,197Pb dipole bands
have been observed which were interpreted asM1 cascades,
resulting from the coupling of the 1i 13/2 neutron hole to two
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protons excited across theZ582 shell gap, occupying the
1h9/2 and 1i 13/2 intruder orbitals at small oblate deformatio
~see, for example,@21,24# and references therein!. However,
in contrast to the even-mass lead nuclei, information on
low-lying deformed intruder bandheads is scarce. Exci
13/21 states have been observed in the high-spin isome
195,197Pb~via b-decay studies of the parent Bi nuclei@25,26#!
and in 187Pb ~via thea decay of191Po @27,28#!. These states
are interpreted as the coupling of the 1i 13/2 valence neutron
to the oblatep(2p-2h) 01 bandheads in the even-ma
lead core. Furthermore, in a recent fine-structurea-decay
study of 189Po @18#, a low-lying excited state has been foun
in 185Pb which could be tentatively interpreted as the fi
observation of a prolate deformed intruder state in the o
mass lead nuclei.

In the low-spin isomer in187Pb an oblate intruder state
resulting from the coupling of a 3p3/2 neutron to the oblate
01 state in the even-even core, has been observed@27,28#.

In this paper we report on the observation, through fi
structure in thea decay of193,195,197Po, of low-lying proton-
based intruder states in the daughter189,191,193Pb isotopes.
Preliminary data from this study were given in@29#. Section
II of the paper gives the details on the experimental se
and in Sec. III we present the experimental data, which
further discussed in Sec. IV on the basis of potential ene
surface~PES! calculations. Conclusions are given in Sec.

II. EXPERIMENTAL SETUP

The experiment was performed at the gas-filled rec
separator RITU@30# at the Accelerator Laboratory of th
University of Jyväskylä ~JYFL!. The 193Po nuclei were pro-
duced in the166Er(32S,5n)193Po @Elab(32S)5169 MeV# re-
action, while the 195Po nuclei were studied in th
169Tm(32S,p5n)195Po @Elab(32S)5188 MeV# and
160Dy(40Ar,5n)195Po @Elab(40Ar) 5189 MeV# reactions.
The nucleus197Po was produced in the latter reaction on t
admixtures of the heavier dysprosium isotopes in the tar
Self-supporting targets of'500 mg/cm2 thickness were ex-
ploited with an enrichment of 96%, 100%, and 67% f
166Er, 169Tm, and 160Dy, respectively. Pulsed beams~2 ms
on /8 ms off! of 32S and 40Ar, delivered by theK5130
cyclotron, were used with an average intensity of ab
15 pnA after pulsing.

The recoiling fusion-evaporation products, after pass
through the separator, were implanted into a 35 m
380 mm, 300-mm-thick position-sensitive silicon strip de
tector ~PSSD!, where their subsequenta-particle decays
were registered. The energy resolution of the individ
strips was about 20 keV. Four germanium detectors w
installed a few cm behind the PSSD for the measuremen
prompt and delayed~up to a fewms) a-g-ray anda-x-ray
coincidences. The energy calibration and absolute efficie
determination of the germanium detectors were perform
using an intensity-calibrated60Co source and mixed
152Eu/133Ba g-ray sources. At the backward hemisphere
PSSD was surrounded by six 5 cm35 cm, 456-mm-thick
silicon detectors@further referred to as electron detecto
~EDs!#, forming a 5 cm310 cm, 5-cm-deep box, ope
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from two opposite sides to let the recoils pass through. Th
detectors were used to detect conversion electrons~CEs! es-
caping from the PSSD in prompt coincidence with the fi
structurea decays of the parent polonium nuclei feedin
low-lying excited states in the daughter lead isotopes. Alsa
andb particles escaping from the PSSD without deposit
their full energy were detected in the electron detectors. T
low-energy (Ee2<800 keV) part of the spectra in the ED
was roughly calibrated with an133Ba source. The determina
tion of the absolute efficiency of the EDs necessary for
calculations of conversion coefficients will be discussed f
ther in the text. More details on the application of th
method are given elsewhere@14,18#. In the data analysis
a-particle decays in the PSSD were searched for in pro
coincidence with either low-energy signals in the EDs
with g-ray events in the germanium detectors.

III. EXPERIMENTAL RESULTS

A. Excited states of 189m,gPb

To illustrate the analysis procedure, we present a deta
discussion of the193m,gPo→189m,gPb decay. Figure 1~a!
shows a singlesa-particle spectrum, collected between bea
pulses for the 32S1166Er reaction. In addition to
193gPo @Ea56949(5) keV# and 193mPo @Ea57004(5)
keV# @31#, othera-particle emitters—for example,194Po and
193Bi—were produced with higher cross sections. Figu
1~b! shows the samea-particle spectrum but requiring
prompt (DTa-e2,40 ns) coincidence with a low-energ
signal (Ee2<700 keV) from the backward EDs. Twoa
lines at Ea56194(20) keV andEa56375(15) keV are
clearly observed in Fig. 1~b!.

The first line at 6194 keV is associated with the know
fine-structurea decay of 194Po @Ea56194(7) keV, ba

50.22%] to an excited 01 p(2p-2h) intruder state at 658
keV in 190Pb, decaying further solely by conversion electr
emission to the 01 g.s. @32#. By comparing the intensity of
this line ~after normalization to the known branching rat
ba) with the intensity of the g.s→g.s. (Ea56842 keV) a
decay of194Po @Fig. 1~a!#, the absolute efficiency of the ED
for 570 keV conversion electrons was deduced. As the
duced efficiency value applies to electrons with an energy
Ee25658 keV2Be2, whereBe2 is the electron binding en
ergy in the daughter lead nucleus, the electron efficiency
other energies was deduced usingGEANT Monte Carlo calcu-
lations @33#, normalized to the above experimental value.

The a line at 6375 keV was assigned to thea decay of
193mPo to an excited state at 637~1! keV in the daughter
189mPb nucleus. This assignment is based on the observa
of nine 6375~15!–637~1! keV a-g coincident pairs in the
prompt (DTa-g<40 ns)a-g matrix; see Fig. 1~c!. The sum
Q value Qa,sum57147 keV for the 6375–637 keVa-g
pairs is similar to theQa57152 keV value of theEa

57004 keV g.s.→g.s.a decay of 193mPo. There is a smal
shift to higher energies of thea-particle energies of 10–15
1-2
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IDENTIFICATION OF LOW-LYING PROTON-BASED . . . PHYSICAL REVIEW C65 064301
keV in the a-e2 spectrum@Fig. 1~b!# compared to values
deduced from thea-g spectrum@Fig. 1~c!#. This shift is due
to summing in the PSSD of thea-particle energy with the
energy, left by the conversion electron in the PSSD wh
escaping to the backward detectors, as discussed in@14,18#.
This energy loss is in agreement with calculations perform
with the GEANT Monte Carlo code@33#, taking into account
the experimentally measured (X,Y, depth, intensity!
position-implantation depth-intensity distribution of the r
coils in the PSSD. The energy labels of the peaks in Fig. 1~b!
were corrected for this effect.

Similarly, fine structure in thea decay of193gPo populat-
ing an excited level at 549 keV in the daughter189gPb was
identified by observing eight 6420~20!–549~1! keV a-g co-
incident pairs@Fig. 1~c!# with the corresponding value o
Qa,sum57104 keV, close to the value ofQa57096 keV
for the 6949 keVa decay of193gPo. In thea-e2 coincidence
spectrum@Fig. 1~b!# a corresponding weaka transition at
Ea56420(20) keV could be tentatively observed as
shoulder of the more abundant peak atEa56375 keV.

The prompt character of the observeda-g coincidences
limits the multipolarity of the 637-keV and 549-keVg-ray

FIG. 1. ~a! Singlesa-particle energy spectrum measured in t
32S1166Er reaction in between beam pulses.~b! The same spectrum
as in ~a! but a prompt coincidence with a low-energy signal in t
EDs is required.~c! Prompt (DTa-g<40 ns) a-g coincidence ma-
trix for the events from spectrum~a!. Arrows point toa-g coinci-
dence events that are labeled with thea-particle andg-ray energies
~in keV! and the isotope thea decay belongs to. Thea-particle
energy labels in~b! are corrected fora-CE summing; see discussio
in the text.
06430
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transitions toL<2. Furthermore, by comparing the numbe
of a-g and a-e2 events for theEa56375 keV a decay,
after correcting for the correspondingg-ray and electron ef-
ficiency, a total conversion coefficient ofa tot51.1(4) for the
637 keV transition was deduced. The deduced convers
coefficient value is larger than the theoretical values@34# for
L<2 transitions @a tot(E2)50.017, a tot(M1)50.06, and
a tot(M2)50.16], indicating a strongE0 component in the
637 keV transition. Similarly, a total conversion coefficie
a tot50.34(16) for the 549 keV transition was deduced, to
compared with the theoretical values ofa tot(E2)50.024,
a tot(M1)50.088, or a tot(M2)50.25. The latter value is
consistent, within the error bars, with the measured va
However, as we will show further, a parity-changingM2
assignment can be ruled out. Therefore the 549 keV tra
tion should be of mixedE0-M1-E2 character.

The given uncertainties of the conversion coefficients
mainly determined by the number ofa-g and/ora-e2 events
registered and by the uncertainty of about'20% in the EDs
efficiency determination.

By comparing the number of registered 7004 keV a
6949 keV a decays between beam pulses and the co
sponding sum ofa-e2 anda-g events~corrected fore2 and
g-ray detection efficiencies!, branching ratio values ofba
50.8(3)% for Ea56375 keV andba50.7(3)% for Ea
56420 keV a decays were derived. Based on these da
hindrance factor~HF! values were deduced which provid
crucial information on the spin, parity, and configurations
the states connected by thea decay. Thea-decay scheme o
193m,gPo is shown in Fig. 2; decay data are given in Table
The discussion on the configurations andI p assignments will
be given in Sec. IV.

B. Excited states of191m,gPb and 193mPb

Similarly to the case of193m,gPo, fine structure in thea
decay of 195m,gPo and of197mPo has been identified on th

FIG. 2. Alpha-decay scheme of193m,gPo. Indicated are
a-particle energies, intensities, and hindrance factor values~see
Sec. III!. Spin and parity assignments are discussed further in
text.
1-3
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TABLE I. The a-particle energies (Ea), intensities (I a), and HF values for the ‘‘main’’ and fine-structure~f.s.! a decays of theI p

513/21 andI p53/22 states in Po nuclei along with the spin and parity (I p) and excitation energies (E* ) ~relative to the lowest-energy stat
of the same spin and parity! of the excited states in the Pb nuclei. The total conversion coefficients (aexpt) and multipolarity for some
transitions are given in the last two columns, respectively.

APo A24Pb

Ea ~keV! I a (%) HF I p ~Po! I p ~Pb! E* ~keV! aexpt Mult.

193gPo→189gPb 6949~10! 99.3~25! 2.5~3! 3/22 3/22 0
f.s. 6420~20! 0.7~3! 3.7~16! 3/22 3/22 549~1! 0.34~16! E0-M1-E2
193mPo→189mPb 7004~10! 99.2~35! 2.1~3! 13/21 13/21 0
f.s. 6375~15! 0.8~3! 1.2~4! 13/21 13/21 637~1! 1.1~4! E0-M1-E2
195gPo→191gPb 6606~10! 99.8~35! 2.43~14! 3/22 3/22 0
f.s. 6030~20! >0.17~5! <6.5~19! 3/22 3/22 597~1!
195mPo→191mPb 6699~10! 99.8~25! 1.96~18! 13/21 13/21 0
f.s. 6050~20! 0.20~12! 2.8~15! 13/21 13/21 670~1! 0.8~3! E0-M1-E2
197mPo→193mPb 6385~10! 99.3~35! 2.0~2! 13/21 13/21 0
f.s. 5622~25! >0.05~3! <1.7~10! 13/21 13/21 757~1!
p
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basis of theQa sum-energy balance, by analyzing prom
a-g and a-electron coincidences collected for the corr
sponding reactions.

For 195mPo and 195gPo coincident pairs of 6050~20!–
670~1! keV a-g ~nine events! and 6030~20!–597~1! keV
a-g ~six events! were observed, respectively. This esta
lishes excited states at 670~1! keV in 191mPb and at 597~1!
keV in 191gPb. In addition, ana line at Ea56065(20)
keV @Na-e2543(6) a-e2 events# in the a-particle spec-
trum gated by the electrons in the EDs was observed. A
correcting for an energy shift of 10–15 keV due toa-e2

summing~see above!, an ‘‘unshifted’’ a-particle energy of
Ea56050(25) keV was deduced, which fits well to th
6050~20!-keV fine-structurea decay of 195mPo and is too
high to be consistent with the 6030~20!-keV fine-structurea
decay of 195gPo. On this ground the conversion electro
coincident with the fine-structurea decay of 6050~25! keV
were attributed as resulting from the deexcitation of the 6
keV level in 191mPb and a conversion coefficient ofa tot
50.8(3) for the 670 keV transition could be deduced.
comparison of the measured and theoretical@a tot(M2)
50.14,a tot(M1)50.053, anda tot(E2)50.015] conversion
coefficients shows also here the presence of a strongE0
component in the 670 keV transition in191mPb.

For 197mPo two a-g coincident pairs with 5622~25!–
757~1! keV have been found, which result in a sumQa,sum
value of 6496~25! keV. This value is in agreement~within
1s) with the value ofQa56517 keV for the 6385 keV
g.s.→g.s.a decay of197mPo. Therefore we tentatively iden
tify an excited state at 757~1! keV in 193mPb. Anticipating the
discussion in Sec. IV, we mention that the excitation ene
of this state fits well in the systematics of the 13/21 intruder
states in the odd-mass lead nuclei with 189<A<197.

As a result of low statistics and a rather high backgrou
in thea-e2 coincidence spectra, we were not able to extr
the number ofa-e2 coincidences for195g,197mPo; conse-
quently, no conversion coefficients for the 597 keV and 7
keV transitions could be deduced.
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The experimental results for thea decay of 193,195,197Po
are summarized in Table I. The hindrance factors, spin
parity assignments, and multipolarity values for someg-ray
transitions are discussed in Sec. IV. We mention that in
case of thea decay of 195g,197mPo the deduced branchin
ratios and hindrance factor values represent lower and up
respectively, limits because of the nonobservation ofa-e2

coincidences.

IV. DISCUSSION

As discussed in our previous work@12,27#, a-decay fine-
structure measurements are a powerful tool to identify an
study low-lying intruder states. Thea-decay hindrance fac
tors can provide information on the structure of the sta
involved in both parent and daughter nuclei. In the daugh
nucleus the characteristics of the decay of the intruder st
gives information concerning the mixing between the co
isting states. Additional information on the structure of t
different states involved in thea decay is provided by PES
calculations.

A. Spin and parity assignment to the excited states identified
in 189,191,193Pb

Unfortunately, no directI p measurements have been r
ported for the ground state and isomeric state of poloni
isotopes withA<197 and for lead isotopes withA<193
@21#. However, based on well-established systematics
heavier odd-mass polonium and lead isotopes, theI p

513/21 assignment to the a-decaying states o
193m,195m,197mPo and to the respective daughter produ
189m,191m,193mPb as well as the 3/22 spin and parity assign
ments to193g,195gPo and189g,191gPb have been suggested b
many authors@21#. According to systematics and availab
experimental data these states are explained by a w
coupling of the 1i 13/2 or 3p3/2 valence neutron to the 01

spherical states in the even-mass neighbors~see, for ex-
ample,@22,24,36# and references therein!. The assignment of
1-4
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the same spin and parity to the parent and daughter nu
within each decay chain is strongly supported by the l
hindrance factor values HF'(2 –2.5) for thea transitions
between the respective states~Table I!. The HF of odd-mass
nuclei is defined as the ratio of the reduceda width da

2 ,
calculated by the method of Rasmussen@37#, of the transi-
tion relative to the reduceda width of the unhindered g.s
→g.s. (DL50) transitions in the even-even neighbors. A
HF value less than 4 implies unhindered decay betw
states of equal spin, parity, and configuration@35#. The slight
retardation of thea decay of the odd Po isotopes, compar
to the 01→01 transitions in the neighboring even-eve
cores, can be qualitatively understood as a result of a blo
ing effect by the 3p3/2 or 1i 13/2 odd neutron. Assuming tha
thea particle is essentially formed at the nuclear surface,
occupation of an orbital at the Fermi surface by an odd p
ticle will reduce thea-particle formation probability, analo
gous to the well-known reduction in pairing correlations.

FIG. 3. Low-energy level systematics for selected configurati
in the light lead isotopes. Yrast states are indicated by circles,2

1

states by empty right triangles, 13/22
1 states by filled down tri-

angles, and 3/22
2 states by filled up triangles. The data for185Pb

from @18# are shown with a solid diamond. Suggested deformat
assignments to most of the states are indicated. The excitation
ergies are shown relative to the 01 ground state in the even-mas
nuclei, and relative to the lowest 3/22, 13/21 states, for the
negative- and positive-parity states, respectively, in the odd-m
nuclei. Results are taken from@7–10,13,15,17–26# and the presen
work.
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a result of a different number of sub-orbitals~2 and 7, re-
spectively!, the blocking of a single suborbital in the 3p3/2

orbital appears to have higher impact on thea-particle for-
mation probability ~reduced widthda

2) compared to the
blocking of a single suborbital in the 1i 13/2 orbital. This is
indeed seen from the present data, as thea decay between
the 3/22 states of Po and Pb (191g,193g,195gPo) has a system
atically slightly higher hindrance factor (HF'2.5), com-
pared to the decay between the 13/21 states (HF'2 in
193m,195m,197mPo); see Table I.

We emphasize the importance of underlying configu
tions when evaluating hindrance factors. In the191Po
→187Pb case, as discussed in Refs.@27,28#, the 7378 keVa
decay proceeds between two 13/21 states. This decay is
strongly hindered~HF526! due to different configurations
involved @pure intrudern(1i 13/2) ^ p(4p-2h) in 191Po and
normal n(1i 13/2) ^ p(0p-0h) in 187Pb]. This strong hin-
drance is also evident from the long half-lifeT1/2

593(3) ms of the 13/21 state, to be compared to the 3/22

state in 191Po with nearly the samea energy of 7334 keV,
but a half-life of 22 ms; see discussion in@27#.

We can further use the HF values to deduce informat
on the spin and parity of the excited states in189,191,193Pb,
identified in our work. The low HF values for the fine
structurea decays of193,195,197Po establish the same spin an
parity for the states connected by these decays:I p513/21

have been assigned to the excited states, identified
189m,191m,193mPb and I p53/22 to the excited states in
189g,191gPb; see Table I. We remind the reader that some
the hindrance factor values in Table I~including HF<6.5 for
191gPb) are upper limits only~see Sec. III B!. Furthermore,
in some cases (189,191mPb) the spin and parity assignment
the excited states is supported by a strongE0 component in
the decay of these excited states. The prompt character o
a-g coincidences together with the low HF values exclud
a parity-changingM2 component in the decay of the excite
states, resulting in a mixedE0-M1-E2 character of the tran
sitions.

B. Oblate intruder states

The low-energy level systematics of the lead nuclei w
182<A<200 relevant for further discussion is shown in Fi
3. As the energy difference between the isomeric 13/21 and
3/22 states is not known for the odd-mass Pb nuclei,
excitation energy of the negative- and positive-parity state
given relative to the lowest 3/22 and 13/21 states, respec
tively. The values are taken from@7–10,13,15,17–26# and
the present work.

In the odd-mass isotopes withA>191 the 17/21, 21/21,
and 25/21 states closely follow the 21, 41, and 61 levels of
the yrast band in the neighboring even-mass nuclei. As m
tioned above, this pattern can be explained by the weak c
pling of the odd 1i 13/2 neutron to the ground state band in th
neighboring even-even core; see@22,24# and references
therein. The ground state band in these cases is of sphe
character although some mixing with the intruding obla
states occurs@38#.
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For nuclei withA,190 the observed band structure in t
odd- and even-mass lead isotopes differs considerably.
yrast states withI p>41 in the even-mass182–188Pb isotopes
show an abrupt change compared to the yrast band of
heavier Pb isotopes. The nearly parabolic behavior of th
yrast states with a minimum aroundN5103 can be associ
ated with a prolatep(4p-4h) structure intruding to low en-
ergy @6–9,19#. In contrast, the yrast states in187,189Pb do not
drop down in energy as much as in the even-mass nu
The 17/21, 21/21, and 25/21 states are believed@22# to re-
sult from the weak coupling of the odd 1i 13/2 neutron to the
~yet unobserved! spherical states in the even-even co
which presumably become nonyrast in the light even-m
lead nuclei, although admixtures from a prolate structu
resulting from the strong coupling of the odd neutron to
even-even core, cannot be ruled out@22#.

The excitation energy of the oblate 01 p(2p-2h) in-
truder bandheads in the even-mass lead nuclei withA>186
also shows a parabolic dependence as a function of the
tron number@12–17#. These states become the first excit
states in 1862194Pb and the hindrance factor for the fin
structurea decay to these states evolves from 2.8 in194Pb to
0.56 in 186Pb @12–14,17#.

Figure 3 clearly demonstrates that the behavior of
13/21 excited states in189m–193mPb, identified in this work,
along with the literature data on195m,197mPb @25,26#, follows
closely the behavior of the 01 oblate intruder states in th
even-mass lead core and the same trend is observed fo
3/22 excited states in189g,191gPb. Furthermore, similar to th
01 oblate intruder states in1882194Pb, the 13/21 and 3/22

excited states become the first excited states in the1892191Pb
nuclei.

Therefore the observed low-lying states in the odd
isotopes are interpreted as intruder states, resulting from
coupling of an odd 1i 13/2 neutron (189m–197mPb) or 3p3/2 neu-
tron (189g,191gPb) to the 01 band head of the oblat
p(2p-2h) configuration in the even-even lead core.

As discussed in Refs.@4,32#, the ground state wave func
tion of light Po nuclei contains both a nearly spherical n
mal and deformed intruder component. By comparing
transition strength of thea decay of Po to the oblate intrude
state and spherical state of the daughter Pb nuclei, one
obtain information on the configurations present in t
ground state of Po. The reduceda width valuesda

2 are plot-
ted as open symbols as a function of neutron number for
g.s.→g.s. (01→01

1) decay of the even-mass Po and Rn n
clei @Fig. 4~a!# and for the 13/21→13/21

1 and 3/22→3/21
2

decays of odd-mass Po@Fig. 4~b!#. Data are taken from
@12,13,15,17,18,21,27,28,32,39#. We note that the data fo
188,189Po are preliminary; based on intensities from@18#, no
I p assignment to189Po has been made so far. Unlike heav
nuclei @see, for example, the even-mass Rn isotopes in
4~a!, where a gradual increase in the reduced width is
served when moving away from theN5126 closed shell#,
the da

2 values for the even- and odd-mass Po nuclei rem
constant down toN5106. Wauterset al. @32# showed that
the saturation behavior for even-mass Po nuclei is due to
increasingp(4p-2h) intruder admixture in the ground sta
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of the Po mother nucleus. The decay to the spher
p(0p-0h) 01

1 ground state of Pb is retarded, while thea
decay to the excitedp(2p-2h) 02

1 intruder states in Pb is
getting increasingly favored when moving towards the n
tron midshell. Indeed, by summing up the reduced widths
the a decay to the ground and excited 01 states (da,tot

2 ,
shown by solid symbols!, where data for the fine-structur
decay are known, the expected increase inda

2 when moving
away from theN5126 closed neutron shell is reproduce
From Fig. 4~b! it is clear that the total reduced width (da,tot

2 )
of the a decay of the odd Po isotopes behaves in a sim
way. The sudden drop in theda

2 values of 189,191mPo is pos-
sibly due to a structure change, as discussed in R
@18,27,28#. From the Po reduced-a-width plot it is also clear
that thea decay of the odd-mass Po nuclei is slower co
pared to the even-mass nuclei; furthermore, the decay of
3/22 state is more hindered compared to the 13/21 state.
Both facts are qualitatively explained by a blocking effect,
discussed above.

FIG. 4. ~a! Reduceda widths as a function of neutron numbe
for the 01→01

1 decay,da
2 , of Po ~open triangles! and Rn~open

diamonds!, and for the sum of the 01→01
1 and 01→02

1 decay of
Po,da,tot

2 ~solid triangles!. ~b! The same as in~a! but for the decay
of the 13/21 ~circles! and 3/22 ~squares! states in the odd-mass P
isotopes to the 13/21, 3/22, respectively, states in Pb. Data a
taken from@12,13,15,17,18,21,27,28,32,39#.
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FIG. 5. Total potential energy
surfaces for positive- and
negative-parity states in189Pb
~a!,~b!, 191Pb ~c!,~d!, and 193Pb
~e!,~f!. Positions of the spherical
oblate, and prolate minima ar
shown by dots. The contour line
are separated by 100 keV.
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C. Potential energy surface calculations for the odd-mass lead
nuclei

To further justify the intruder interpretation for the ob
served states, we performed PES calculations, details o
calculations can be found in Ref.@40#. These calculations
were used to describe the odd-mass Po nuclei@28#, while in
the present work a summary of the results for the odd-m
lead nuclei is given. To check the reliability of the results,
performed PES calculations for the neighboring even-m
lead nuclei which provide extensive systematics for the
truder oblate 01 band heads; see Fig. 3. Rather good qu
tative agreement between the calculated and experime
excitation energies of the deformed 01 bandheads relative to
the spherical minimum was obtained, but quantitatively
calculated energy values are systematically about 500
06430
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higher than the experimental ones. One should mention
in Ref. @3# by using the same approach a rather good ag
ment between calculated and experimental excitation e
gies of the 01 oblate bandheads in the even-mass196–202Po
was obtained. All this gives us confidence with the results
the PES calculations. Potential energy surfaces for the p
tive and negative parity states in189–193Pb are shown in Figs
5~a!–5~f!. In agreement with the experimental data, t
dominant minimum in the PES of the positive- and negati
parity states in189–199Pb corresponds to the occupation of t
1i 13/2 or 3p3/2 neutron orbitals, respectively, producin
spherical (b2<0.05) 13/21 or 3/22 states lowest in energy
In addition, an excited oblate configuration (b2'0.18, g'
260) is predicted to coexist at low excitation energy, bo
for positive- and negative-parity states. In193m,gPb these
1-7
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minima are seen as shallow shoulders in the PES, wh
develop further and reach a minimum in excitation ene
for 187m,gPb @28#, while for lighter nuclei the oblate mini-
mum is predicted to rise in energy and finally to disappe
Similar to the even-mass lead nuclei, the calculated ene
values for the oblate states are higher compared to the
perimental values~by '300 keV for the positive-parity
states and by'200 keV for the negative-parity states!. Nev-
ertheless, the qualitative agreement between the meas
and calculated energies—i.e., the trend of the excitation
ergy of these states as a function of neutron numbe
189–193Pb—is rather good. A prolate minimum is predicted
lie '300 keV higher in energy than the oblate minimum
189Pb, while in the heavier odd-mass Pb nuclei the prol
minimum practically disappears. Thus, the results of the P
calculations strongly support the interpretation of the exci
13/21 states in189m–197mPb and 3/22 states in189g,191gPb as
oblate intruder states with 1i 13/2^ p(2p-2h) and 3p3/2
^ p(2p-2h) configurations, respectively.

D. E0 strength and mixing between coexisting shapes

Both fine-structurea-decay studies and PES calculatio
show a decrease in excitation energy of the deformed
truder states in the Pb isotopes when approaching the neu
midshell; in all cases the spherical state remains lowes
energy, but increased mixing between the low-lying coex
ing shapes is expected. A direct measure of the mixing of
deformed intruder state and the spherical ground state is
E0 transition strength@41,42#.

Lifetime measurements of the excited 01 intruder states
in the even-mass190,192,194Pb isotopes indicate that the mix
ing between the deformed intruder state and the sphe
state increases with decreasing neutron number@43#, but in
all cases the ground state is of mainly spherical character~up

FIG. 6. Experimental~triangles! and theoreticalE2 ~squares!
andM1 ~circles! conversion coefficients for the transitions betwe
the 13/21 states in the odd-mass Pb nuclei. Experimental data
187Pb, 195Pb, and197Pb are taken from@27,25,26#, respectively. All
values are total conversion coefficients, except for187Pb whereK
conversion coefficients are given.
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to 98% of the spherical component in the ground state
190Pb).

No exact values of mixing parameters through lifetim
measurements could be deduced from the current exp
ment, but the conversion coefficients of the decay of
intruder states reveal some information about the mixing
tween the coexisting states. In Fig. 6 the experimental c
version coefficients for the transition between the 13/1

states in odd-mass Pb isotopes are shown as a functio
mass number. All values are total conversion coefficien
except for 187Pb whereK conversion coefficients are given
The data for 187Pb, 195Pb, and 197Pb are taken from
@28,25,26#, respectively. In195,197Pb, E0 components have
been observed in a number of transitions@25,26#. In this
work, as we are only sensitive to the lowest-lying states,
will only discuss the transition from the first excited 13/21

states. As mentioned before, the prompt decay of the intru
states limits the multipolarity toDL<2; the low hindrance
factors of thea decay exclude a parity-changing transitio
The experimental values therefore need to be compared
the theoretical values forE2 and M1 transitions only, in
order to extract the contribution of theE0 component. Figure
6 shows smallE0 components for the transition between t
13/21 states in 195,197Pb, indicating small mixing between
the 13/22

1 intruder state and the nearly spherical 13/21
1 state.

By moving to lower masses, in191,189Pb the 13/21 intruder
states drops down in energy and consequently the mixin
the oblate and nearly spherical 13/21 states increases with
strongerE0 component as a consequence. However in187Pb
this trend is interrupted and the experimental conversion
efficient can largely be explained by anM1 transition. Mix-
ing due to possible coexistence of the oblate state with p
late states could be the cause for the reduction of theE0
strength in the transition connecting the oblate and ne
spherical 13/21 states @27,28#. In order to quantify the
amount of mixing it is clear that dedicated experimen
should be set up to derive theE0-M1-E2 strength.

V. CONCLUSIONS

In an a-decay study of193,195,197Po, produced in heavy
ion comlete fusion reactions and separated with the RI
gas-filled separator, fine structure in thea decay has been
observed. The data provide information on then(1i 13/2)
^ p(2p-2h) intruder states in the189m–193mPb nuclei, ex-
tending the systematics of the 13/21 oblate intruder states in
the odd-mass lead nuclei from197mPb down to the midshel
nucleus 187Pb. Oblate deformed 3/22 intruder n(3p3/2)
^ p(2p-2h) states have been observed in189g,191gPb as
well. These intruder states deexcite to the nearly spher
states by transitions with different degree of conversi
qualitatively, the amount ofE0 strength can be understood
due to mixing between the involved configurations. Toget
with theoretical potential energy surface calculations and
beam andb-decay studies, the presenteda-decay studies
underline the richness of the neutron-deficient Pb region w
its wealth of different shapes induced by only a small nu
ber of active nucleons.
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