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M. Leino a A.-P. Leppänen a,5 P. Maierbeck g D. A. Meyer d,6

B. Melon c P. Nieminen a,7 M. Nyman a R. D. Page b

J. Pakarinen a,b P. Petkov h P. Rahkila a B. Saha c

M. Sandzelius a,8 J. Sarén a C. Scholey a J. Uusitalo a

M. Bender i P.-H. Heenen j

aDepartment of Physics, University of Jyväskylä, P. O. Box 35, FI-40014
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Abstract

Lifetimes of prolate intruder states in 186Pb and 188Pb and oblate intruder states
in 194Po have been determined through recoil distance Doppler-shift lifetime mea-
surements. Deformation parameters of |β2| = 0.29(5) and |β2| = 0.17(3) have been
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extracted from experimental B(E2) values for the prolate and the oblate bands, re-
spectively. The present study addresses the phenomenon of shape coexistence typical
for the nuclei near Z = 82 and N = 104, providing information on configuration
mixing of intrinsic structures of the nuclei of interest. The results are compared with
the available lifetime data and theoretical results for neutron-deficient Po, Pb, Hg
and Pt nuclei. Furthermore, new self-consistent mean-field calculations have been
carried out for 194Po.

Key words: Nuclear reactions
106/108Pd(83Kr,3n)186/188Pb, E(83Kr) =

357/340 MeV, 114Cd(83Kr,3n)194Po, E(83Kr) = 375 MeV, extracted mean
lifetimes τ and B(E2) values, recoil distance Doppler-shift method, self-consistent
mean-field calculations
PACS: 21.10.Tg, 23.20.Lv, 27.70.+q, 27.80.+w

1 Introduction

The spectacular phenomenon of shape coexistence observed in nuclei close to
the proton drip line near the shell gap at Z = 82 and neutron mid-shell at
N = 104 [1] is an active field of experimental and theoretical studies in nu-
clear structure physics. The theoretical description of shape coexistence has
been driven largely by experimental results and consequently, several theoret-
ical approaches have recently been developed. Competing nuclear shapes are
closely associated with the nuclear collective motion and especially quadrupole
collectivity at low spin in neutron mid-shell Pb and Po nuclei. Collectivity can
be probed in lifetime measurements of nuclear excited states. Since the elec-
tromagnetic interaction is well understood, the knowledge of level lifetimes
gives direct information about the wave functions of the states of interest.

In even-mass Pb nuclei, deformed structures intrude down in energy close
to the spherical ground state when approaching the neutron mid-shell at
N = 104 [1,2]. In the mid-shell nucleus 186Pb the first two excited states
are assigned as deformed 0+ states. Together with the spherical 0+ ground
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state these levels establish a unique shape triplet for which π(2p − 2h) and
π(4p − 4h) configurations can be inferred by α-decay studies [3]. In the shell
model picture the excitation energies of these configurations are lowered by a
residual quadrupole-quadrupole interaction and are predicted to be close to
the π(0p − 0h) ground state near the neutron mid-shell [4]. The π(2p − 2h)
and π(4p − 4h) excitations can be associated with low-lying oblate and pro-
late minima, respectively, appearing next to the spherical ground state in the
total energy surface calculations based on a deformed mean-field [5,6]. A sim-
ilar picture is obtained in configuration mixing calculations based on angular
momentum projected Hartree-Fock-Bogoliubov (HFB) wave functions [7,8].

Collective yrast bands, similar to those observed in neutron deficient even
mass Hg and Pt isotopes [1,2], have also been observed in even mass 182−188Pb
isotopes [9–12]. All these yrast bands have been associated with the prolate
minimum. So far, candidates for collective non-yrast bands build on the co-
existing oblate structures have been observed only in 186Pb [13] and 188Pb
[14].

The extension of spectroscopic studies to Z = 84 has revealed intruder struc-
tures in neutron-deficient Po isotopes. A sudden drop in level energies is ob-
served in Po isotopes with N ≤ 114, which is similar to that for the intruding
0+2 states observed in α- and β-decay studies of these nuclei. These 0+2 states
have been associated with π(4p− 2h) configurations [15], and on the basis of
the Nilsson-Strutinsky calculations they are based on an oblate minimum [5].
Consequently, the observed yrast states in light even-mass Po isotopes down
to 192Po are presumed to form oblate bands [2,16]. Based on the observed
quadrupole vibrational features of 196,198Po [17], an alternative explanation
for the further suppression of level energies in 192,194Po is evolution towards
a more collective anharmonic vibrator [18]. In 190Po, a level sequence similar
to the prolate bands in 182−188Pb has been observed [19] to cross the oblate
ground state band at low spin. This is in accordance with the earlier Nilsson-
Strutinsky calculations [5], which predict the prolate minimum to reach the
ground state at 188Po [20,21].

The low spin states in the mid-shell Pb and Po isotopes are predicted to
strongly mix oblate and prolate mean-field configurations. Recently, lifetime
measurements of excited states [22] as well as spectroscopic studies [14] have
established a strong mixing of the 2+ states in 188Pb. In addition to the simple
mixing calculations based on the experimental data, theoretical studies also
support the picture of configuration mixing [7,8,23] which will be discussed
later in this paper.

Based on the α-decay studies [24,25], mixing of intruder components in 192Po
has been deduced. In Ref. [16], by using the observed level patterns in 192Po
and 194Po, simple mixing calculations have been carried out. In both of these
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nuclei, the ground state is predicted to be a strong admixture of intruder and
near spherical configurations while the 2+ yrast state is considered as a pure
oblate intruder state. For 192Po and 194Po, configuration mixing calculations
have been carried out using the energy level systematics [15]. All these studies
indicate an increasing contribution of the deformed structure in the ground
state when approaching 192Po, which is also supported by the results obtained
with several theoretical models [26].

The degree of deformation has in many cases been deduced experimentally
from the kinematic moment of inertia J (1). This quantity is typically larger
for prolate than for oblate bands. However, the deformation deduced from the
kinematic moment of inertia depends strongly on the nuclear model used. In
a hydrodynamical picture a strong dependence (J (1) ∝ β2

2) is expected, while
for a rigid rotor the dependence is weak (J (1) ∝ 1 + 0.3β2). Therefore, J (1)

cannot be used as a quantitative measure of deformation. However, electro-
magnetic transition probabilities extracted from measured lifetimes provide a
more direct measure of collectivity and allow questions about nuclear shape
and mixing to be addressed.

Nuclei in the vicinity of 186Pb can be produced using heavy-ion induced fusion-
evaporation reactions which, in turn, enables the use of the Recoil Distance
Doppler-Shift (RDDS) method in lifetime measurements. However, due to the
low production cross sections of these nuclei a high selectivity in in-beam
γ-ray detection is required. Such selectivity can be obtained by using the
Recoil-Decay Tagging (RDT) method [27]. In the present work, this method
has been employed for the first time in RDDS lifetime measurements of yrast
levels in 186Pb and 194Po. In addition, lifetime measurements of the yrast levels
in 188Pb up to the 8+ state were carried out using the recoil-gating method.
A summary of the present experimental results has already been published
as a Letter [28]. In this paper the experimental results are described in more
detail, and new theoretical calculations are presented for 194Po.

2 Experimental details

Excited states of 186,188Pb and 194Po were populated via fusion-evaporation re-
actions using an 83Kr beam delivered by the K130 cyclotron at the Accelerator
Laboratory of the University of Jyväskylä. Prompt γ rays were detected by
the JUROGAM Ge-detector array comprising 43 Ge detectors of EUROGAM
Phase I type [29]. The JUROGAM array had 15 detectors at angles suitable
for the final lifetime analysis, five at an angle of 158◦ and ten at an angle
of 134◦ with respect to the beam direction. The standard JUROGAM target
chamber was replaced by the Köln plunger device which was especially de-
signed for use with gas-filled recoil separators. The standard stopper foil of
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the plunger device was replaced by a degrader foil allowing fusion-evaporation
residues to recoil into the RITU gas-filled separator [30]. A 50 µg/cm2 thick
carbon window at the entrance of the target chamber was used to separate
the high vacuum of the beam line from 1 mbar He gas inside RITU. Beam
intensities between 1 and 3 pnA were used, being limited by the counting rate
of the JUROGAM Ge detectors.

The separated recoils were detected at the RITU focal plane in the GREAT
spectrometer [31]. The energy loss and timing signals generated by the recoils
in flight were recorded with the MultiWire Proportional Counter (MWPC)
at the entrance of GREAT. After passing through the MWPC the recoils
were implanted into a pair of adjacent Double-sided Silicon Strip Detectors
(DSSDs) of GREAT. They were used to provide the position and implanta-
tion time information of both the recoiling nuclei as well as their subsequent
decay properties. Signals from all the detectors were recorded by employing
the Total Data Readout (TDR) data acquisition system, comprising a trigger-
less system where all channels run independently [32]. In the TDR system, all
the signals are time stamped by a global 100 MHz clock. The collected data
were reconstructed and analysed off-line using the GRAIN software package
[33]. Identification of recoils was made using the energy loss and time-of-flight
information provided by the MWPC and DSSDs. Temporal and spatial cor-
relations of a recoil and its subsequent radioactive decay in the DSSDs were
performed and singles RDT (186Pb and 194Po) and recoil gated (188Pb) γ-ray
spectra were constructed.

The transmission efficiency of RITU for fusion-evaporation residues was re-
duced due to their small-angle scattering in the degrader foil used in the
plunger device. It was necessary to find a compromise between the transmis-
sion of RITU and the velocity difference ∆v/c introduced by the degrader foil.
In the first experiment (188Pb) a 2.5 mg/cm2 thick Au degrader foil reduced
the transmission of RITU by a factor of three. Such a heavy material was
chosen in order to minimise the number of nuclear reactions generating back-
ground events in the JUROGAM detectors. In the later experiments, with
low Z materials such as Mg and Al having higher dE/dx values than that of
Au, a similar ∆v/c was obtained with a degrader thickness of 1.0 mg/cm2.
These foils reduced the transmission of RITU only by a factor of two and, as
it turned out, did not generate more background radiation than the Au foil.

The intensities of the fully Doppler-shifted (Is) and degraded (Id) components
of the γ-ray transitions under investigation were determined by fitting the cor-
responding peak areas. The resulting decay curves (Id/(Is+Id)) were analysed
according to the principles of the Differential Decay Curve Method (DDCM)
[34]. Decay curves constructed from the spectra recorded with the JUROGAM
detectors at 158◦ and 134◦ were analysed separately. The resulting lifetime of
each level is an average of these values.
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2.1 Unobserved feeding

In an RDDS measurement based on the use of singles γ-ray spectra one has
to deal with unobserved feeding transitions to the level of interest. The time
behaviour of unobserved transitions to the level of interest has to be taken
into account in the DDCM lifetime analysis in order to extract a reliable
value for the lifetime of the level of interest. The intensity of unobserved
feeding can be extracted from the observed relative intensity ratio of feeding
and depopulating transitions, i.e. Jfeed/Jdepop [35].

In the present work, the time behaviour of the unobserved feeding is assumed
to be similar to that of the observed direct feeding. This assumption is justified
in cases where there is no dominant feeding from a state with a different nuclear
structure and the observed feeding times are not particularly long compared
to the de-excitation of the level of interest. Experimental tests to validate this
hypothesis have been carried out in several cases (e.g. in 120Xe [36] and 128Ba
[35,37]) where singles as well as coincidence RDDS measurements were carried
out.

With the exception of the 2+ state in 188Pb all the conditions are fulfilled
for the use of the aforementioned feeding time assumption. In addition, if the
feeding assumptions are correct, the lifetime values extracted separately in the
DDCM analysis for each distances should be similar [34]. In the present work,
this argument was used to justify the feeding assumption described above.

2.2 186Pb

The 106Pd(83Kr,3n)186Pb reaction with a beam energy of 357 MeV was used to
populate excited states in 186Pb. The lifetimes of the four lowest yrast states
in 186Pb have been determined by employing the RDDS method, which was
combined for the first time with the RDT technique. Prompt γ-ray spectra
tagged with the 186Pb α decay (t1/2 = 4.8 s, Eα = 6.38 MeV) were collected
at 11 different target-to-degrader distances ranging from 10 µm to 1600 µm.

A stretched, self-supporting 1.0 mg/cm2 106Pd foil was used as a target in
the plunger device. The reaction provided an initial recoil velocity of v/c =
3.8% which yielded the velocity of v/c = 2.8% with the degrader foils of
different materials (2.6 mg/cm2 Au, 1.0 mg/cm2 Al and 1.0 mg/cm2 Mg).
The best 186Pb α-particle yield at the RITU focal plane was obtained using
the 1.0 mg/cm2 Mg degrader foil. The estimated cross section for the present
reaction was σ ≈ 290 µb. Samples of singles RDT γ-ray spectra are shown
in Fig. 1 where, in spite of the low number of events, essentially nonexistent
background still enables the peaks of interest to be resolved. The lifetimes of
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Fig. 1. Singles RDT γ-ray spectra of 186Pb measured at three target-to-degrader
distances with five JUROGAM detectors at 158◦. Lines indicate the positions of the
fully Doppler-shifted and degraded components of the γ rays from the 2+, 4+, 6+

and 8+ yrast states. Relevant peak areas are shaded to guide the eye.

the yrast states in 186Pb were extracted from decay curves measured with the
JUROGAM detectors at 158◦ and 134◦. Sample decay curves are shown in
Fig. 2 and resulting mean lifetimes τ are summarised in Table 1.

2.3 188Pb

Due to the relatively long α-decay half-life and low α-decay branching ratio
of 188Pb, the RDT method could not be applied in this case. Instead, recoil
gated γ-ray spectra were collected at ten target-to-degrader distances rang-
ing from 5 µm to 1600 µm. Yrast states of 188Pb were populated using the
108Pd(83Kr,3n)188Pb reaction with a beam energy of 340 MeV. This reaction
had an estimated cross section of σ = 1.1 mb. With an initial recoil veloc-
ity of v/c = 3.8%, after a stretched 1.0 mg/cm2 108Pd target, the velocity of
v/c = 2.8% was obtained using the 2.5 mg/cm2 Au degrader foil.

The background in the recoil gated γ-ray spectra (see Fig. 3) was low enough
to enable the measurement of lifetimes of the four lowest yrast states in 188Pb.
The lifetimes were extracted from the decay curves measured with the JU-
ROGAM detectors at 158◦ (examples are shown in Fig. 4) and 134◦. The
similarity of the decay curves for the 2+ and 4+ states shows the relatively
slow feeding of the 2+ state. The resulting mean lifetimes τ extracted from
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recorded with ten JUROGAM detectors at 134◦. The smooth lines are drawn to
guide the eye.

the decay curves are given in Table 1.

2.4 194Po

The 194Po α decay with t1/2= 390 ms and Eα = 6.99 MeV was used to tag the
prompt γ rays of interest to obtain singles RDT γ-ray spectra for 13 target-
to-degrader distances, ranging from 5 µm to 3000 µm. The fusion-evaporation
reaction 114Cd(83Kr,3n)194Po with a beam energy of 375 MeV was used to
populate excited states in 194Po. The reaction cross section was approximately
120 µb, the lowest for an RDDS measurement. A stretched 1.0 mg/cm2 Ta
foil facing the beam was used to support a 1.0 mg/cm2 114Cd target. With an
initial recoil velocity of v/c = 3.6% a 1.0 mg/cm2 Mg degrader foil was used
to obtain the velocity of v/c = 2.8%. Despite the limited statistics, the low
background in the RDT γ- ray spectra still enabled the fully Doppler-shifted
and degraded components of γ-rays from the 2+ and 4+ yrast states in 194Po
to be resolved. Sample γ-ray spectra are shown in Fig. 5 and decay curves
extracted from the spectra are shown in Fig. 6. Experimental mean lifetimes
τ extracted from the decay curves are listed in Table 1.
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3 Results

Within the rotational model, quadrupole moments and deformation parame-
ters can be extracted from the measured B(E2) values. Assuming a rotating,
axially symmetric quadrupole deformed nucleus, the transition quadrupole
moment Qt can be extracted from the B(E2) values by using the formula

B(E2; I → I − 2) =
5

16π
Q2

t 〈I020|I − 20〉2 (1)

assumingK = 0. For a perfect rotorQt = Q0, the intrinsic quadrupole moment
of the rotating nucleus. With the assumption of uniform charge distribution,
the quadrupole deformation parameter β2 is, in turn, linked to Q0 by the
formula

Q0 =
3√
5π

ZeR2
0β2 (2)
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guide the eye.

where R0 = 1.2A1/3 fm. This relation provides a simple rescaling of the
quadrupole deformation and removes a trivial dependence on the number of
protons. In the present work a notation of β

(t)
2 for β2 has been used in order

to emphasise the fact that it is extracted from the experimental value of Qt.
Table 1 lists the results of the present work including B(E2) values, the ab-
solute values of transition quadrupole moments and deformation parameters
extracted for each of the measured E2 transition. In addition, the intensity
balance Jfeed/Jdepop describing the unobserved feeding is also given for each
level of interest.

Up to 80% of the population intensity of the 2+ yrast state in 188Pb occurs
via the 4+ yrast state which has a relatively long lifetime (see decay curves
in Fig. 4). This is due to the low transition energy of the 4+ → 2+ transition
and the difference in the underlying nuclear structure of the 2+ and 4+ states.
Therefore, the resulting value for the lifetime of the 2+ state varies between
5 ps and 12 ps corresponding to unobserved feeding lifetimes of 16 ps and
0.1 ps, respectively. In Ref. [22] a value of 13(7) ps for the lifetime of the 2+

state was obtained using coincidence measurements. This value would slightly
favour the upper limit obtained in the present work. In the same work [22] τ
= 16(8) ps for the 4+ state in 188Pb is obtained, which is in agreement with
τ = 15.9(10) ps measured in the present work for this level. For all the other
states measured in this work, the unobserved feeding assumption discussed in
Section 2.1 is valid.
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Table 1
Electromagnetic properties of low-lying yrast states in 186,188Pb and 194Po extracted
from the present lifetime measurements. In addition, the observed intensity balance
Jfeed/Jdepop is given. Transition energies Eγ are taken from Refs. [13,14,16].

Eγ [keV] Iπi τ [ps] B(E2) [W.u.] |Qt| [eb] |β(t)
2 | Jfeed/Jdepop

186Pb 662.2 2+ 18(5) 6(2) 1.3(2) 0.046(7) 0.95(9)

260.6 4+ 18(4) 510(120) 10.3(10) 0.35(4) 0.78(9)

337.1 6+ 6(2) 460(160) 10(2) 0.33(6) 0.80(10)

414.8 8+ 5(2) 200(140) 6(2) 0.21(7) 0.57(5)

188Pb 723.5 2+ 5 - 12 12 - 5 2.0 - 1.3 0.07 - 0.04 0.82(3)

340.2 4+ 15.9(10) 160(10) 6.0(2) 0.205(7) 0.94(3)

369.7 6+ 4.0(6) 440(70) 9.4(7) 0.32(3) 0.67(3)

433.8 8+ 2.4(4) 350(60) 8.2(7) 0.28(3) 0.53(3)

194Po 319.7 2+ 37(7) 90(20) 5.5(6) 0.18(2) 0.78(6)

366.5 4+ 14(4) 120(40) 5.4(8) 0.17(3) 0.60(6)

4 Discussion

4.1 Prolate yrast bands in 186Pb and 188Pb

The large absolute E2 transition probabilities of the 8+ → 6+ and 6+ → 4+

transitions in 186Pb and 188Pb reveal high collectivity of the yrast 4+, 6+ and 8+

states in these nuclei and are in agreement with the hypothesis of prolate yrast
states. A similar high E2 transition probability is observed for the 4+ → 2+

transition in 186Pb indicating that the 2+ state in 186Pb is also a rather pure
member of the prolate band. However, in 188Pb the 4+ → 2+ transition rate
is significantly lower than that in 186Pb suggesting a strong admixture of
other structures in the first excited 2+ state of 188Pb. The present results
indicate that the ground states of even-mass Pb isotopes near the N = 104
mid shell have a structure significantly different from the low lying yrast states.
The wave functions should be dominated by the spherical component, with
small admixtures of deformed configurations. This is in agreement with recent
isotope shift measurements providing mean square charge radii for neutron-
deficient Pb isotopes [38].

If the intrinsic structure within the rotational band does not change and the
system receives collectivity via pure rotation, the quadrupole moment within
the band should be constant. The |Qt| values of Table 1 are plotted in Fig. 7
together with the kinematic moments of inertia J (1) deduced from the mea-

12



sured level energies [13,14,16]. The strongly mixed character of the 2+ state in
188Pb is reflected as a |Qt| value for the 4+ state significantly lower than that
for the higher spin states. The same effect can also be seen in the kinematic
moment of inertia J (1) deduced from the energy of the 4+ → 2+ transition in
188Pb. The maximum |Qt| value is reached already for the 4+ → 2+ transition
in 186Pb whereas in 188Pb only at the 6+ → 4+ transition. In 186Pb the |Qt|
value for the 8+ state seems to be significantly lower that that for the 6+ state
suggesting a possible drop of collectivity. However, one should note that within
the error bars, the |Qt| values for the 4+, 6+ and 8+ states are all consistent
with the constant |Qt| value within the rotational band. In particular, there
is no anomaly in the kinematic moments of inertia, which would accompany
a change of collectivity for the 8+ state. Based on these observations the de-
formation for the prolate structure in light Pb isotopes can be deduced as an
average of the |β2| values of the prolate 4+, 6+ and 8+ states in 186Pb and 6+

and 8+ states in 188Pb, being |β2| = 0.29(5). This value is in agreement with
the theoretical values obtained using different approaches [6,7,39,40].

The excitation spectra and transition probabilities of even-mass neutron-deficient
Pb isotopes have been calculated in Refs. [7,8] by mixing angular-momentum
projected mean-field states corresponding to different intrinsic axial quadrupole
deformations. More explanations on the general ideas of the model can be
found in [41,42]. In those calculations, the same effective interaction deter-
mines the self-consistent mean-field states and the subsequent configuration
mixing. In Ref. [7], the local Skyrme interaction SLy6 was used, while the
authors of Ref. [8] employed the finite-range Gogny force D1S. In this mass
region, a typical calculation mixes a set of projected states obtained from
about 25 different intrinsic deformations, ranging from oblate to prolate de-
formation, covering several coexisting minima and the regions in between and
around.

The method allows the fluctuations of the collective states around the various
minima and their mixing to be deduced, which both calculations predict to
be quite substantial for low-spin states in this mass region. The framework
allows the B(E2) values between the mixed states to be calculated directly,
which can in most cases be easily grouped into rotational bands (or vibrational
structures) according to their B(E2) values and the strongest constituent of
intrinsic states. In particular, the calculated in-band B(E2) values do not
rely on the assumptions of the collective model. As the calculations use the
full model space of occupied single-particle levels and the method does not
contain a summation over unoccupied states, the bare charges are employed
to calculate the B(E2) values. The corresponding more intuitive dimensionless

transitional deformation parameters β
(t)
2 can be deduced from the calculated

B(E2) values in the same manner as the experimental ones through Eqs. 1
and 2.
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Fig. 7. Measured |Qt| values (upper panel) and the kinematic moments of iner-
tia (lower panel) for 186Pb, 188Pb and 194Po. Some of the |Qt| values are slightly
displaced from their actual Ii value to maintain the clarity of presentation.

The calculations of Refs. [7,8] agree in their predictions for the overall features
of 186Pb and 188Pb: the 0+ ground state is predominantly spherical, with the
tail of the wave function spreading to prolate and oblate shapes, while there
are two coexisting low-lying rotational bands. For spins above 4+ the states in
these bands correspond to rather pure prolate or oblate configurations (mean-
ing that the collective wave functions correspond to a wave packet localised in
the respective potential well), with the prolate ones being yrast. In 186Pb, both
low-lying 2+ states are predicted to be nearly pure prolate or oblate states as
well, while in 188Pb they are substantially mixed. The lowest 2+ state remains
predominantly prolate using the Gogny force D1S, while it is even pushed over
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to the oblate side using the Skyrme interaction SLy6.

The |β(t)
2 | values for the yrast states taken from Ref. [7], together with the

present experimental |β(t)
2 | values for the yrast band are plotted in Fig. 8 for

186Pb and 188Pb. For 188Pb, the additional |β(t)
2 | values for the transitions to

and from the predominantly oblate 2+ state are shown. The calculated values
reflect the features of the bands outlined above.

In 186Pb, the prolate band does not mix substantially with other bands and
the |β(t)

2 | values are consistent with a constant value down to that for the
transition from the 4+ state to the 2+ state. The drop for the 2+ to ground
state transition is then caused by the change to the predominantly spherical
0+ ground state that only has a small contribution from prolate states. The
calculation reproduces the data very well, noting that within error bars the
experimental |β(t)

2 | values are compatible with a constant value. The slight

enhancement of the experimental |β(t)
2 | for the 2+ state decay suggests that

either the 2+ state should be more mixed with other structures, or, more
probably, the 0+ ground state should be spread more to prolate states.

In 188Pb, the experimental |β(t)
2 | value drops already for the transition from

the 4+ state to the 2+ state . Two calculated |β(t)
2 | values for this transition are

given: that for the in-band transition to the predominantly prolate 2+ state
(open squares in Fig. 8), which is of about the same size than those for in-

band transitions at higher spin; and the |β(t)
2 | for the transition to the yrast 2+

state, that has a strong oblate component (open diamonds in Fig. 8). The |β(t)
2 |

value for the former transition is significantly larger than the experimental
one, while that for the latter transition much smaller. This suggests that the
structure of the yrast 2+ state should be in between those of the two calculated
states. A very small relative shift in energy of a few hundred keV between
the prolate and oblate minima could bring this modification. The precision
of the method used in Refs. [7,8], that has no free parameters adjustable to
the calculated nuclei, is not sufficient to account for such very fine details.
Adding additional degrees of freedom to the method, in particular the explicit
treatment of triaxiality, could also modify the wave function of strongly mixed
states.

A very different approach to the mean-field calculations, the Interacting Boson
Model (IBM), has also been used to describe the transition probabilities in
188Pb [23]. These calculations reproduce the experimental B(E2) values for
the 2+ → 0+ and 4+ → 2+ transitions relatively well, being 3 W.u. and 152
W.u. respectively (c.f. 5 - 12 W.u. and 160(10) W.u. measured in this work).
However, the collectivity of the assumed pure 6+ and 8+ prolate states is
underestimated (B(E2; 6+ → 4+) = 197 W.u. and B(E2; 8+ → 6+) = 215
W.u.) in comparison to the experimental ones (B(E2; 6+ → 4+) = 440(70)
W.u. and B(E2; 8+ → 6+) = 360(60) W.u.).
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In Ref. [43] two different theoretical approaches have been used to describe
the transition probabilities and level energies in 186Pb. In addition to the
aforementioned mean-field method, a different truncated shell-model approach
has been taken, where multi-quasiparticle excitations across the Z = 82 shell
gap give rise to configuration-mixed IBM states. The B(E2) values obtained
with both of these approaches have been tabulated in Table 2. Theoretical
values, resulting from both mean-field and shell-model calculations, reproduce
the experimental values rather well, reaching the high level of collectivity
already at the 2+ yrast state.

4.2 Oblate yrast band in 194Po

The present results reveal that the collectivity of the 2+ → 0+ and 4+ → 2+

transitions in 194Po is much lower than that for the transitions between the
prolate states in 186Pb and 188Pb. For the oblate structure the transition
quadrupole moments are generally expected to be lower than those for the pro-
late structure. This weaker collectivity is also reflected in the smaller values of
the kinematic moments of inertia for oblate states (see Fig. 7). The similar |Qt|
values extracted from the 2+ → 0+ and 4+ → 2+ transitions in 194Po (see Fig.

Table 2
The B(E2) values in 186Pb obtained in this work and with two theoretical ap-
proaches in Ref. [43]. The values are given in W.u.

Iπi this work Mean-field IBM

2+ 6(2) 1.6 8

4+ 510(120) 398 294

6+ 460(160) 480 403

8+ 200(140) 542 433
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7) indicate a similar intrinsic structure of these lowest states. Consequently,
also the ground state resembles predominantly the oblate shape. This is in
contrast to the earlier conclusion in Ref. [16], where the ground state of 194Po
was deduced to be ∼ 50% of oblate character. The theoretical predictions of
Ref. [5,44] indicate that the spherical configuration does not correspond to an
energy minimum in even-mass Po isotopes and will not play the same role as
in the Pb isotopes. Therefore, the effect of weak mixing of oblate and near
spherical structures may well fit within the error bars of the measured transi-
tion probabilities. The dominance of oblate deformation in the ground state of
194Po was predicted in Ref. [44], where a configuration mixing method similar
to that of Ref. [7], but without projection on angular momentum was applied
for neutron-deficient Po nuclei.

Calculations in the frameworks of the Particle Core Model and the Quasiparti-
cle Random Phase Approximation based on the multiphonon excitations have
been carried out for 194Po in Refs. [51,45]. However, these calculations fail to
reproduce the experimental B(E2) values, being approximately an order of
magnitude too small. In these calculations the effect of particle-hole intruder
structures is not taken into account. The failure to reproduce the measured
B(E2) values indicates the important role of intruder structures in enhancing
the quadrupole collectivity in 194Po. Recently, a study of α decays to the coex-
isting 0+ states in neutron deficient Po and Pb isotopes has been carried out
within the framework of density dependent cluster model [46]. The magnitude
of the nuclear deformation has been extracted from the experimental α decay
energies and half-lives. The ground state of 194Po was found to have deformed
character, which agrees well with the dominating intruder component of the
ground state deduced from the measured lifetimes.

In the present work, the excitation spectra and transition moments of low-
lying collective states in 194Po have been calculated using the same angular-
momentum projected configuration-mixing method as in Ref. [7], employing
the Skyrme interaction SLy6 in connection with a density dependent pairing
interaction. Results relevant for the present discussion are shown in Fig. 9
in the same manner as in Ref. [7] . The calculated deformation energy curve
of 194Po shows an even richer topography than those of neutron-deficient Pb
isotopes, with several competing minima or shoulders at small prolate and
oblate deformations. An oblate minimum at β2 = −0.19 provides the mean-
field ground state. After projection on J = 0, the same minimum gives also
the projected ground state, shifted to slightly larger oblate deformation. At
small deformation, |β2| < 0.2, the topography of the projected deformation
energy curves changes rapidly with spin up to J = 6.

After configuration mixing, there are three coexisting low-lying collective struc-
tures at small deformation. The calculated ground-state wave function is
nearly equally distributed around the spherical point at small prolate and
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Fig. 9. Left panel: mean-field and angular-momentum projected deformation energy
curves for J = 0− 8 as a function of the intrinsic deformation β2 of the mean-field
states, together with selected collective states (see text) plotted at the average
intrinsic deformation of the states they are constructed from. The energy scale is
normalised to the 0+ ground state obtained after configuration mixing. The upper
scale shows the mass quadrupole moment of the intrinsic states. Lower right panel:
collective wave functions gk of the two lowest 0+ states. Upper right panel: collective
wave functions gk of the 2+ − 8+ states in the oblate band. The same method and
interaction as in Ref. [7] is used for the calculation.

oblate deformation, with a slight enhancement on the oblate side. An excited
2+ state at about 1.6 MeV and a triplet of near-degenerate 0+, 2+ and 4+

states at about 3.2 MeV, all with small average deformation, suggest a vi-
brational structure built on the ground state. There is also a low-lying oblate
band, which is yrast at low spins. Its 0+ band head and the ground state are
strongly mixed, such that the 0+2 level is pushed above the 2+ level in the
oblate band. With increasing spin, the mixing of the states in this band with
those in the other collective structures becomes rapidly suppressed, while their
intrinsic deformation slowly moves towards larger deformation, which can be
inferred from both the collective wave functions gk and the average intrinsic
deformation of these states. Both findings are similar to what has been found
in similar calculations for Pb isotopes [7]. One should note, however, that the
square of gk(β2) does not give the probability of finding a projected mean-
field state of intrinsic deformation β2 in the mixed wave function, as projected
mean-field states (of same spin) do not form an orthogonal basis. At higher ex-
citation energy, the present calculation also gives a prolate band which never
becomes yrast, as at even larger prolate deformations beyond those shown
in Fig. 9 the calculation additionally predicts two low-lying superdeformed
structures. One of the corresponding bands becomes yrast at spin 6+, which is
expected to be much too low as the excitation energies of the band heads of the
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known superdeformed bands in the adjacent Pb isotopes are underestimated
by 1 MeV by the same effective interaction [7].

The calculated density of excited levels, both vibrational and rotational, is
expected to be too dilute as in all earlier calculations using similar methods
[7,8]. This is a well-known deficiency of the so-called ”Peierls-Yoccoz” moments
of inertia that correspond to this method, which is in turn related to the
symmetries imposed on the mean-field states in the present calculation. These
exclude certain time-reversal breaking mean fields that after projection will
lower the excitation energies, but usually leave the deformation of the bands
nearly untouched.

The 4+ and 2+ levels corresponding to the two observed γ transitions are
predicted to be oblate, as one can see in Fig. 9. The Qt values that are obtained
for the transitions between the yrast states are Qt(4

+
obl

→ Qt(2
+
obl
) = 6.4 eb and

Qt(2
+
obl

→ 0+
gs
) = 3.7 eb, and correspond to β

(t)
2 (4+) = 0.21 and β

(t)
2 (2+) = 0.12.

In the calculation, the lower value of β
(t)
2 obtained for the 2+ state is due to

a combination of two factors: the decrease of the intrinsic deformation when
going down in the band, and the structure of the 0+ ground state wave function
which has nearly equal oblate and prolate components. This decrease does not
agree with the experimental results, the two observed Qt values being equal.
Since the calculated Qt(4

+) is close to the observed one, the too small value
obtained for theQt(2

+) value can probably be traced back to a deficiency in the
description of the 0+ ground state. Indeed, the transition quadrupole moment
for the (energetically forbidden) transition from the oblate 2+ state to the

second 0+ is Qt(2
+) = 5.2 eb which corresponds to β

(t)
2 = 0.169, much closer

to the experimental value. One can infer from this result that the mean-field
oblate minimum should be slightly lower in energy, in such way that the oblate
component of the ground state wave function will be larger. This hypothesis is
consistent with the findings of Ref. [7] on the adjacent Pb isotopes, where the
oblate band heads are always slightly too high in excitation energy. Still, the
calculation correctly predicts that the oblate states are lowered when going
from the Pb to the Po isotone.

4.3 Collectivity in neutron mid-shell nuclei near Z = 82

Prolate yrast bands with kinematic moments of inertia very similar to the
prolate bands of 186Pb and 188Pb have been observed in even-mass Hg and
Pt nuclei near the N = 104 mid-shell (Fig. 10b). Lifetime measurements of
yrast levels have been carried out for 184Hg [47], 186Hg [48], and 184Pt [49].
Since the quadrupole moment is charge dependent, a parameter |QtZ

−1| is
chosen to compare experimental quadrupole moments of nuclei with different
Z. In Fig. 10a, a selection of |QtZ

−1| values extracted from the aforementioned
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measurements are shown together with the present results for 186,188Pb and
194Po.

The ground state and the lowest 2+ state in 184Hg and in 186Hg are assumed to
represent a weakly deformed oblate shape [47] with a π(0p−2h) configuration
[50]. The extracted |QtZ

−1| ≈ 0.05 eb for those states indicates that collec-
tivity of the π(0p − 2h) configuration is lower than that for the π(4p − 2h)
configuration in 194Po (|QtZ

−1| ≈ 0.065). At higher spin the yrast line in
184Hg and in 186Hg is formed by the more deformed prolate (|QtZ

−1| ≈ 0.10
eb) structure similar to that in the Pb isotones.

In 184Pt the ground-state band has been assigned as a prolate deformed in-
truder band with a π(6p − 2h) configuration. This structure belongs to the
same intruder spin multiplet as the prolate π(4p − 4h) states in 188Pb [50]
and therefore, should generate similar band structures. In Ref. [49], the devia-
tion of the measured B(E2) values for the low-spin yrast states in 184Pt from
those for an ideal rotor, is deduced to be due to a mixture of weakly deformed
structures.

As seen in Fig. 10b the kinematic moments of inertia for the 8+ → 6+ and
6+ → 4+ transitions are very similar for 184Hg, 184Pt and 186,188Pb. The corre-
sponding |QtZ

−1| values extracted from the measured lifetimes may indicate
slightly decreasing collectivity with decreasing proton number. However, more
precise measurements are needed to confirm this conclusion.

5 Summary

RDDS lifetime measurements of yrast states in 186,188Pb and 194Po have been
carried out. The Köln plunger device was installed at the JUROGAM target
position and coupled to the RITU gas-filled separator. Evaporation residues
were separated from scattered beam and fission products and identified by
the GREAT spectrometer at the focal plane of RITU. As these pioneering ex-
periments demonstrate, the RDT technique provides essentially background
free γ-ray spectra for lifetime measurements and enables the extension of the
RDDS studies to exotic nuclei near the proton drip line produced with rela-
tively low cross sections.

Reduced transition probabilities B(E2), derived from the measured lifetimes
confirm the high collectivity of the intruder states in this region. Values for
the quadrupole deformation parameter |β2| = 0.29(5) (186,188Pb) and |β2| =
0.17(3) (194Po) were extracted for the prolate and oblate bands, respectively.

The observed relatively low collectivity for the 4+ → 2+ transition in 188Pb
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displaced from their actual Ii value to maintain the clarity of presentation.

indicates that the mixing of the oblate and prolate shapes still plays a crucial
role in the lowest energy 2+ state of this Pb isotope. In contrast, the high
collectivity of the corresponding transition in 186Pb reveals that this yrast 2+

state in 186Pb is already a pure member of the prolate band.

A comparison of the present results for 186,188Pb with the earlier lifetime mea-
surements of prolate states in 184,186Hg and 184Pt indicates similarities between
the corresponding bands, as would be expected on the basis of similar kine-
matic moments of inertia.
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In 194Po, on the basis of observed and calculated quadrupole moments, the
oblate component could dominate the ground state. This is also suggested by
the results of self-consistent mean-field calculations carried out in the present
work, which provide theoretical Qt values for the transitions under investiga-
tion. To study the collectivity in neutron-deficient Po nuclei further, lifetime
measurements of the heavier Po isotopes, where the intruder structures lie
higher in energy, are required.
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