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Abstract. The 3/27 isomer in '®Pb and states above it have been populated in the a-decay of 3°Po. The
observed a-decay strengths to and the electromagnetic decay properties of the excited states in '®°Pb have
been combined with Potential Energy Surface and Particle-Plus-Rotor calculations to propose configuration
assignments. It is suggested that the a-decaying isomer of 8°Po is of prolate origin and that the prolate
configuration becomes very low in energy in *°Pb.

PACS. 23.20.Lv ~ transitions and level energies — 23.20.Nx Internal conversion and extranuclear effects

—23.60.+e « decay — 27.70.4+q 150 < A <189

1 Introduction

Shape coexistence in the neutron-deficient polonium iso-
topes is a well-established phenomenon as discussed
in [1-7] and references therein. Extensive studies of the
level structure and the a-decay properties of the long chain
of even-mass Po isotopes show that the nuclei down to
198Pg can be considered as near spherical anharmonic vi-
brators [4,7,8]. With decreasing neutron number an oblate
deformed configuration intrudes into the low-energy part
of the excitation spectrum. For example, based on in-beam
and a-decay data the oblate structure is found to comprise
~ 70% and 40% of the ground-state configuration in *2Po
and °*Po, respectively [4,7]. A recent in-beam study of
190Pg provided evidence that the prolate deformed config-
uration becomes yrast above spin 4 £ [9].

A similar picture of shape coexistence is observed in
the odd-mass Po isotopes. Down to '7Po the lowest states
can be interpreted as arising from the weak coupling of an
odd neutron to the nearly spherical core of the neighbour-
ing even-mass isotope. A gradual transition to a strongly
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coupled band structure in °1:193:195Pg hints at the onset
of oblate deformation for the 13/2% isomer of P1Po [4,
10]. The experimental observations are in agreement with
Potential Energy Surface (PES) calculations as illustrated
in [3,10,11]. One of the important conclusions of these cal-
culations is that the prolate configuration becomes lowest
in energy in the mid-shell nuclei *¥Po [11] and in 18Po.
Unfortunately, due to low-production cross-sections (at
most a few tens of nanobarns) in-beam studies of 188:189P¢
are currently not possible. However, as shown in our ex-
tensive studies, a-decay is a powerful tool to investigate
shape coexistence in the lead region, quite often provid-
ing unique information on the excitation energy of the
coexisting configurations in the daughter nucleus and on
the structure of both the parent and daughter nuclei [6].
For example, in our recent work evidence for the onset of
prolate deformation in '®¥Po was discussed based on the
fine structure observed in the a-decay pattern [11]. In this
work we discuss the fine structure observed in the a-decay
of 189Po.

The isotope '89Po was identified by Andreyev et
al. [12], who observed three a-decay transitions with
energies and corresponding intensities of 7540(20) keV
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(11(5)%), 7264(15) keV (76(5)%) and 7316(15) keV
(13(5)%). These decays were assigned to one isomer of
189Po with a half-life of 5(1) ms. Neither spin and par-
ity nor configuration assignments could be made to the
a-decaying state in '®°Po and to the excited states in the
daughter '®5Pb mainly due to the poor knowledge of the
decay scheme of ®5Pb. Recently in a laser spectroscopy
experiment spins and parities of 13/2% and 3/2~ were as-
signed to two a-decaying states of '®5Pb and their decay
properties were studied in detail [13].

The structure of the present paper is as follows: af-
ter a brief discussion of the experimental set-up (sect. 2),
we present the improved experimental data (statistics in-
creased by a factor of 3 compared with the data discussed
n [12]) together with the main ideas applied in the data
analysis of ®9Po (sect. 3). The main emphasis is put on
the results of the potential energy surface calculations and
particle-rotor calculations, discussed in details in sect. 4,
which together with the improved experimental data al-
lowed us to shed more light on the shape coexistence in
both ¥9Po and '85Pb.

2 Experimental set-up

The experiment was performed at the velocity filter SHIP
at GSI, Darmstadt, using the same detection set-up as in
the earlier study [12] in which the complete-fusion reac-
tion °2Cr + 2Nd — 94Po* was employed. We therefore
only summarize the experimental details and refer to [12]
for a complete overview of the experimental procedure.
The nuclei were produced in the 42Nd (2Cr, 5n)*Po
and 2Nd (°°Cr, 3n)'®9Po reactions with cross-sections of
20 nb and 30 nb, respectively. The '42Nd targets (isotopic
enrichment of 99.8%) with a thickness of 290 ug/cm? were
evaporated as '42NdyF3 material onto carbon layers of
50 pg/cm? thickness and covered with a 10 pg/cm? layer
of carbon. The Cr beams were provided by the heavy-ion
accelerator UNILAC with a beam energy of 5.27 AMeV (in
front of the target) for >?Cr optimized for the 5n evapora-
tion channel, the majority of the data obtained for '*°Po
come from this reaction. In the *°Cr + 42Nd reaction the
beam energy of 5.04 AMeV was optimized for the produc-
tion of 88Po and it adds only about 15% to the statistics
for 19Po. The Cr beams had a pulsed structure with 5 ms
on/15 ms off and a typical intensity of 200 pnA. The re-
coiling nuclei were separated from the beam particles by
the velocity filter SHIP [14,15] and were implanted into
a (80 x 35) mm? 300 um thick Position-Sensitive Silicon
strip Detector (PSSD) at the focal plane of SHIP. In front
of the PSSD six silicon detectors of the same shape were
arranged in an open-box geometry. These were used to
detect conversion electrons within 5 us from the detection
of an a-particle. We note that a-particles escaping from
the PSSD can also give a signal in these detectors. Co-
incidences between a-particles and y-rays were measured
(within a time interval of 5 us) with a fourfold segmented
Clover germanium detector mounted directly behind the
PSSD.
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Fig. 1. Energy spectrum of a-particles following the implan-
tation of a recoil in the PSSD within a time interval of 15 ms
for the °9°2Cr + *2Nd reactions.
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Fig. 2. Decay chain of ¥9Po-18°Ph-81Hg. The data for the
decay of '8°Pb are taken from [13].

3 Experimental results

The data analysis of the present experiment is similar to
the one described in [12] and therefore only some represen-
tative features and spectra are mentioned here. From the
present experiment with the 52Cr beam the energy spec-
trum of a-particles following the implantation of a recoil in
the PSSD within a time interval of 15 ms is shown in fig. 1.
As the beam energy is the same as used in our first exper-
iment, this spectrum is very similar to fig. 1a of [12]. Also
a-v and a-e~ coincidence spectra were obtained, which are
very similar to those of fig. 1b, ¢ of [12], respectively, and
therefore we do not show them here. In all these spectra
we obtained an increase in statistics by a factor of three
compared with the data discussed in [12]. Based on the
combined statistics from the two experiments, improved
values for the half-life, energies and intensities of the fine
structure « lines of 89Po and for the conversion coeffi-
cients of the transitions in the daughter '®°Pb were ob-
tained. The resulting decay scheme is shown in fig. 2 and
will be discussed in detail below.
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We confirmed the observation of the a(7259(15) keV)-
~v(278(2) keV) and «(7309(20) keV)-v(224(2) keV) decays
of 189Po from ref. [12]. Based on the sum Qu sum = Qu +
E,, value for these decays a direct crossover transition of
7532 keV could be expected and fig. 1 indeed shows a peak
at 7532(20) keV. However, to determine the intensity of
this transition one needs to correct for the contribution
of °Po having an a-decay energy of 7533 keV and a
half-life of 2.45(5) ms [5]. 19°Po is produced in the same
reaction in the 4n channel. The separation of 18%190Pg
was performed using recoil-a-a correlations as discussed
below. Since the 7259 keV-278 keV and 7309 keV-224 keV
coincident pairs have the same QQq sum value and since
they show a similar decay time, they were attributed to
the decay of the same isomer in '¥°Po with a half-life of
3.5(5) ms, in agreement with the previously reported value
of 5(1) ms [12].

The excited states at 278 keV and 224 keV in '¥Pb
also decay via conversion electron emission, the peak at
7450(15) keV in fig. 1 corresponds to events for which the
total electron energy (E,- = E,—BE where BE = 88 keV
is the binding energy of a K-shell conversion electron in
Pb) is summed up in the PSSD with the fine-structure
a-particle energy.

By using the method from [12] and by comparing the
a-electron and a-v spectra (see fig. 1 of [12]) we deduced
a value of ayor = 0.4(1) for the total conversion coeffi-
cient of the 278 keV transition. This value is in agree-
ment with azot = 0.61(15) deduced in [12]. The quoted
error of the conversion coefficient takes into account both
the statistical and the systematic uncertainties. The latter
uncertainty is determined by the uncertainties in the con-
version electron efficiency determination of the backward
detectors used for conversion electron measurements, by
a-electron energy summing in the PSSD and by the un-
certainty for the efficiency measurements for the +- and
X-rays in the Clover Ge detector (discussed extensively in
refs. [5,12]).

For the first time an upper limit of a0t = 0.13(8) was
deduced for the total conversion coefficient of the 224 keV
decay. The comparison of the conversion coefficient for the
278 keV transition with theoretical values of 0.035 (E'1),
0.147 (E2), 0.85 (E3) and 0.547 (M1) points to a pure
M1, or mixed F0-M1-E2 or mixed F'1-E3 character. The
latter is excluded by the short half-life of the transition.

A half-life for the 278 keV level in '®5Pb was obtained
on the basis of the distribution of the time difference be-
tween the a-particle and the subsequent -ray or conver-
sion electron. Figure 3 compares the a-v time differences
for a) the 7259 keV-278 keV decays of 8°Po and b) for
the known 34(4) ns 184 keV isomer in ®¥Tl populated
in the a-decay of 19?Bi [16]. The '92Bi nuclei were pro-
duced in the °2Cr+ '42Nd reaction at a beam energy of
4.33 AMeV in front of the target. Note that spectrum 3b)
practically does not have any random background above
channel 3400. The comparison of the two spectra clearly
shows that the 278 keV transition has a longer half-life
than the 184 keV decay in 36Tl a half-life of 200fé80 ns
was deduced. The upper limit of ayoy = 0.13(8) for the
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Fig. 3. Time difference between an a-particle and a ~-ray for
a) the 7259-278 keV fine-structure a-decay of '*°Po and b) the
34(4) ns 184 keV transition in '*5T1.

conversion coeflicient of the 224 keV transition points at
a AL < 2 transition. Due to low statistics the timing anal-
ysis could not be done for the 224 keV state.

In order to determine which isomer (13/2% or 3/27)
of 18°Pb is populated in the a-decay, recoil-ay(*¥9Po)-
a3 (18°Pb) correlations were carried out. The decay scheme
of 18°Pb is shown in the bottom part of fig. 2. The recoil-
a1 and aq-ao correlation times were set to 15 ms and
12 s, respectively. We note that the relative positions of
the isomers in ®Pb and '8'Hg are unknown. Correlations
were found for the « (7259 keV)-v(278 keV), a(7309 keV)-
7(224 keV) and a(7259 keV)-electron decays of ¥9Po with
the alpha decay of the 3/2~ isomer of ®°Pb, including
one correlation chain of the type recoil-[a1 (7249 keV)-
v(278 keV)]-[a2(6269 keV)-v(269 keV)] with AT (recoil-
1) = 2.28 ms and AT (a1-az) = 8.5 s. A branching ratio
of 34(25)% was deduced for the a-decay of the 3/2 state
of 8%Ph. No correlations were found with the a-decay of
the 13/2% isomer of 18°Pb.

The contribution of 18%%0Po to the 7532 keV peak
in fig. 1 was estimated from the recoil-ay (18%190Po)-
a(185:186pPh) correlation analysis (see details in ref. [17]).
The ¥9Po contribution was found to be 27(20)% using the
a-decay branching ratio of 38(9)% for ¥6Pb [17]. This re-
sults in a branching ratio for the 3/2~ decay of 3°Pb that
is in agreement within the error with the aforementioned
34(25)%. The intensities and reduced a-decay widths (62)
of the fine-structure « lines and the crossover 7532 keV
decay of '®Po are indicated in fig. 2. The reduced a-
decay width measures the a-decay transition probability
after the energy dependence of the tunnelling through the
Coulomb barrier is taken away. The 62 values were calcu-
lated using the formalism of Rasmussen [18] for AL = 0
transitions.

4 Discussion

In order to interpret the decay scheme of '3°Po we combine
various experimental and theoretical results. We first sum-
marize the main characteristics of the a-decay of '%9Po
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Fig. 4. Low-energy level systematics for selected configura-
tions in the light lead isotopes. The yrast 0*—6" states in the
even-even nuclei are shown with empty circles, the 01 states
by crosses. For the odd-mass nuclei the positive-parity states
are indicated with filled and crossed circles, in 8"Pb positive-
parity states are indicated with horizontal bars. The negative-
parity states are shown with filled squares (3/27 states), plus
signs (5/27 states) and crosses (in '®°Pb). In the odd-mass
nuclei for A < 199 they are shown relative to the lowest 3/27,
13/ 2% states for the negative-, positive-parity states, respec-
tively. The 5/27 configuration is the lowest for A > 199.
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studied in the present study. We then combine these find-
ings with the results of a laser spectroscopy and a-decay
study of ®5Pb (discussed in [13]) . The final assignments
to the states in 189Po and ®Pb can be made with the
help of Potential Energy Surface (PES) and Particle-Plus-
Rotor (PPR) calculations.

Firstly the excited states identified in '8°Pb are in-
cluded in the energy systematics of the excited states in
the odd-mass Pb isotopes. Figure 4 shows the excited
states above the 13/27 and 3/27 states in 1857293Pb, they
have been identified in in-beam studies and in * /EC- and
a-decay studies. In the odd-mass nuclei for A < 199 the
excited negative- and positive-parity states are shown rela-
tive to the lowest 3/2~ and 13/27 states, respectively. The
5/2~ configuration is the lowest for A > 199. The lowest
positive-parity excited states in 87 '3Pb and the lowest
negative-parity excited states in 397191Pb have been as-

sociated to the oblate configuration due to the coupling
of the i13/2 and p3/, valence neutrons, respectively, to the
oblate even-even lead core [10,11]. Figure 4 shows that
the excited states above the 3/27 isomer in ¥5Pb lie at
a very low excitation energy compared to the first-excited
state identified in the heavier odd-mass Pb isotopes and to
the 27 states in the even-mass Pb isotopes. Based on the
3/2~ assignment to the lowest state of the low-spin iso-
mer of ¥5Pb and the measured conversion coefficient of
the 278 keV transition, the pure M1 or mixed E0-M1-E2
character of the 278 keV transition in ¥3Pb gives a possi-
ble spin/parity assignment of 1/27-5/27 or 3/27, respec-
tively, for the state at 278 keV. The 2007 :0° ns half-life of
the 278 keV state in '®°Pb yields a decay strength of 1072
W.u. or 2 x 107 W.u. by assuming an E2 or M1 tran-
sition, respectively. For the 224 keV state in '®Pb, the
upper limit on the conversion coefficient of the 224 keV
transition restricts the spin of the 224 keV state to the
1/2-7/2 range.

The reduced a-decay width for the 7532 keV decay
to the 3/2~ isomer in 8°Pb is very small (3(2) keV,
see fig. 2). On the other hand, the 7259 keV decay of
189Pg to the 278 keV state in '®°Pb has a rather large
reduced width, being only slightly lower than the mean
value of the neighbouring even-even #%:19°Po nuclei [11].
The latter fact is most probably explained by the odd-
particle blocking in an odd-A nucleus which gives a re-
duction in the a-particle formation probability. The ra-
tio 0%(7259 keV)/§2(7532 keV) = 77. These experimental
observations are very important as they indicate a differ-
ent structure for the 278 keV state and the 3/27 state in
185Ph, on the one hand, and a very similar structure for
the a-decaying isomer of Po and for the 278 keV state
in the daughter '®5Pb, on the other. The present data do
not allow to assign unambiguously a configuration to the
224 keV state due to the large error on the reduced width
of the feeding a-decay.

The character of the 3/27 isomer in ®Pb was inves-
tigated in a laser spectroscopy measurement [13] which
showed that there is no major change in the 3/2~ config-
uration for '¥°Pb compared with the heavier Pb isotopes.
The 3/2 isomer in ¥Pb is of pure single-particle char-
acter, the spherical configuration remains lowest in energy
owing to the spherical Z = 82 shell gap. The evaluation
of the decay properties of the 3/27 state also confirms its
single-particle character, originating from the weak cou-
pling of the odd 3p3/» neutron to the even-even spherical
core [13].

The large difference in the a-decay reduced width and
the retarded decay of the 278 keV state to the 3/27 state
in ¥Pb suggest a different character for both states, in-
dicating a deformed configuration for the excited state
as found in the heavier odd- and even-mass Pb nuclei.
However, fig. 4 suggested a different configuration for the
very low-energy excited states in '®°Pb compared to in
the heavier odd-mass Pb nuclei.

Potential Energy Surface (PES) and Particle-Plus-
Rotor (PPR) calculations were performed in order to shed
further light on the configuration of the states observed.
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Fig. 5. Potential energy surfaces for (a) '**Po and (b) '®5Pb.
Spherical, oblate and prolate minima are indicated with cir-
cles, squares and triangles, respectively. The energy separation
between the contour lines is 50 keV.

The PES calculations performed are identical to the ones
described in refs. [3,10,19], ref. [10] is dedicated to a
similar decay study for *'Po to ®7Pb and also gives a
detailed description of the PPR calculations performed
in this work. The potential energy surfaces for negative-
parity states in '%9Po and in '3°Pb are shown in fig. 5. In
189Po a prolate deformed minimum at |32| = 0.27 (shown
by triangle) is predicted to be lowest in energy, which is a
new feature compared with the heavier odd-mass Po iso-
topes [6,10]. In the daughter ®5Pb a spherical minimum
coexists with a low-lying prolate minimum at |82| = 0.27
at an excitation energy of only 140 keV. The oblate min-
imum lies 742 keV above the spherical one. We note that
similar minima are predicted for the positive-parity states
in 189Po and 18°Pb.

Based on the PES calculations and the energy level
systematics of the lead isotopes we exclude the oblate con-
figuration assignment to the 224 keV and 278 keV states
in '3°PDb as they lie lower in energy than expected from an

extrapolation of the oblate 3/2~ and 13/2" states (from
the coupling of the p3/, and i3/, valence neutrons, respec-
tively, to the oblate even-even lead core) observed in the
heavier Pb nuclei [10,11]. Also the PES calculations pre-
dict that the oblate configuration goes up in energy when
moving to more neutron-deficient nuclei and that it has a
rather high excitation energy in '8°Pb as mentioned above.
On the other hand, the prolate configuration comes very
low in energy in '®Pb and we therefore propose a prolate
configuration for the 278 keV state in '®°Pb. Particle Plus
Rotor (PPR) calculations carried out in the prolate min-
imum of the PES of ®5Pb give a 5/27[512] Nilsson state
lowest in energy. This spin assignment is in agreement
with the M1 multipolarity of the 278 keV transition.

As mentioned above the fast decay between the «-
decaying state in '®9Po and the 278 keV state in '®°Pb
suggests a similar configuration for both states. A nega-
tive parity is adopted for ¥Po as a parity change would
give rise to a retardation of the 7259 keV a-decay. The
PPR calculations give a 7/27[514] configuration for the
negative-parity prolate minimum in '#°Po. The main con-
tribution to the prolate 7/27[514] (a-decaying isomer in
189Po) and prolate 5/27[512] (excited state at 278 keV
in 18°Pb) Nilsson states at large prolate configuration
B2 ~ 0.3 stems from the f7,5 and hg/» neutron orbitals.

Finally we would like to comment on two peculiarities
observed in the alpha decay of '®9Po which can be rec-
onciled with the interpretation given above to the states
in 89P0 and '85Pb connected by the alpha decay. Firstly
only one a-decaying isomer has been observed for #9Po
in contrast to the heavier odd-mass isotopes 1 201Pg
which have two a-decaying states, see [6,10] and refer-
ences therein. This observation can be explained by the
configuration assignment to '®°Po proposed above. The
PPR calculations for the positive-parity prolate minimum
in 189Po associate it with a prolate deformed 9/2%[624]
configuration and give an excitation energy of ~ 100 keV
above the prolate 7/27[514] state. Prompt E'1 decay from
the 9/2F state to the 7/2~ state can readily explain the
presence of only one a-decaying state. Secondly the decay
of a strongly deformed prolate state in '3Po to the spher-
ical 3/27 state in ®5Pb can also explain the deviation in
the alpha-decay energy of 3°Po from the @, systematics
of the heavier nuclei. The @, value of the a-decay of '*9Po
is about 200 keV lower than the value expected from an
extrapolation from the heavier masses as commented on
in ref. [6]. As the 3/2~ configuration in '8°Pb is similar to
that of the heavier isotopes, the deviation may arise from
the change in the nature of the a-decaying state in %9Po
to a strongly deformed prolate state.

5 Conclusions

The fine structure in the a-decay of '®9Po has been
studied in detail and the states populated in 3°Pb
have been further characterized. While the 3/2~ isomer
of 18°Pb is of a spherical single-particle configuration,
the low-lying 278 keV state above the 3/27 isomer
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was associated with a prolate structure on the basis of
the a-decay characteristics, the decay properties and
PES + PPR calculations. The disappearance of isomerism
in ¥9Po and the deviation from the Q. systematics
are explained by the intruding prolate configuration to
become the ground state in %9Po.
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