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Competing configurations, assigned with three different shapes, are mixed at low angular momentum in
the neutron-deficient '¥Pb nucleus. Here, we present a simultaneous conversion electron and y-ray in-beam
spectroscopic precision measurement employing the SAGE spectrometer. The level energy of the first excited
state, O;, has been determined at 591(1) keV through direct measurement of conversion electrons. By using the
intensity of the observed 0;—>O;r transition to the ground state, the feeding of the 0; state has been determined
for the first time, which suggests the O;r state is the head of the predominantly prolate band. The compositions
of the 47 —4 and 2] -2 inter-band transitions have been determined, indicating configuration mixing between

1. Introduction

Shape coexistence and its role in the development of nuclear collec-
tivity in atomic nuclei has been an intriguing topic for both theoretical
and experimental studies for decades [1]. While nuclei at and near the
magic neutron or proton numbers are spherical in their ground state,
quadrupole deformed nuclei can be found all around the chart of nuclei
[2]. These structures, arising from the interplay between single-particle
motion, collectivity and pairing, can be assigned with different intrinsic
configurations [1]. The first experimental evidence for triple-shape co-
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existence was presented by Dracoulis et al. [3] when they associated
three isomeric states in !33Pb with different shapes. In the neutron-
deficient Pb nuclei, competing structures intrude down in energy close
to the ground states, best demonstrated in the unique case of the neutron
N = 104 midshell nucleus '30Pb, where each of the three lowest state
possesses a different shape, namely spherical, prolate and oblate [4,5].
Laser spectroscopy experiments have confirmed the sphericity and small
configuration mixing of the ground states of the even-mass 82~1°°Pb iso-
topes [6,7], whereas mixing of the excited low-spin states is predicted
[8-10]. It has been experimentally demonstrated that mixing of the 2%
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states is strongest in the '3Pb nucleus, which is also established as a
crossing point for different structures at low excitation energy [11-13].
Since the 0;’ state in !88Pb is the lowest excited state, the observed
EO(O;—»OT) intensity can be utilised as a tool to extract crucial infor-
mation about the E?2 transitions feeding the Og state and therefore to
probe the components of its wave function.

The discovery of intruder states in Pb nuclei was made by Van
Duppen et al. [14], who observed the low-lying excited 0" states in
even-mass '9>7198Pb isotopes populated in the f-decay of odd-odd Bi
nuclei. They associated these states with proton two-particle two-hole
excitations across the Z = 82 shell closure and oblate shape. Further
support for multiparticle-multihole configurations was gathered in a-
decay fine-structure measurements of Po nuclei [15-19]. In-beam y-ray
experiments have confirmed the existence of deformed minima in the
nuclear potential well by measuring rotational bands [20-22]. The first
observation of excited states in '8Pb and '83Pb employing in-beam
spectroscopy was made by Heese et al. [20]. They measured cascades
of y rays and based on similarities with yrast bands in !84!86Hg iso-
tones, associated them with a prolate-deformed rotational band. This
was followed by the discovery of non-yrast structures and isomeric states
associated with different macroscopic shapes in a comprehensive study
of 188pp by Dracoulis et al. [23,12]. The existence of a prolate mini-
mum was confirmed in the odd-mass '$°Pb nucleus by observation of a
low-lying strongly coupled band [24]. The configuration mixing of the
low-lying excited states in '8°Pb and !88Pb has been probed in recoil-
distance Doppler shift lifetime measurements [13,11], which concluded
that the 2;' state belongs to the yrast, predominantly prolate band. The
development of collectivity of the 2;’—»0;r transitions has also been in-
vestigated in Coulomb excitation experiments employing radioactive ion
beams [25,26].

None of the earlier experiments have been sensitive enough to mea-
sure transitions feeding the excited 0" band-head states in '38Pb. The
advent of the SAGE spectrometer [27] has allowed for the simultaneous
in-beam measurement of both y rays and conversion electrons with high
efficiency, providing unparalleled sensitivity to probe EO transitions in-
beam as demonstrated by Ojala et al. [4]. In this Letter, we report on the
first observation of a transition linking the intruder 0; band-head state
with the non-yrast band in '88Pb. The direct measurement of conver-
sion electrons provides the most precise level energy for the 0;' state to
date, consistent with results reported in Refs. [16,18,19,28]. It is note-
worthy, that our data do not provide evidence for the 0;’ state neither
at 725keV [28] nor 767 keV [17], which is in line with findings by Van
de Vel et al. [19].

2. Experimental details

The experiment was performed in the Accelerator Laboratory of the
University of Jyvéskyld, Finland, employing the K130 cyclotron. The
188ph nuclei were produced via the 160Dy(328,4n)188Pb reaction with a
beam energy of 165 MeV. Such an asymmetric reaction produces recoils
with lower velocity and results in a smaller 6-electron yield compared
to more symmetric reactions. These conditions are optimal for improv-
ing the performance of the prompt spectrometer. The '*Dy target was
a self-supporting metallic foil of thickness 500 pg/cm? giving rise to
a cross section of 1.6(2) mb for the production of '8Pb. Prompt y rays
and conversion electrons were detected at the target position of the RITU
gas-filled recoil separator [29,30] by the SAGE spectrometer [27]. For y-
ray detection, SAGE employs 24 EUROGAM II four-fold segmented Clover
[31] and 10 single-crystal (EUROGAM Phase I-type [32] and GASP-type
[33]) Compton-suppressed Ge detectors. Internal conversion electrons
were transported to a 90-fold annularly and radially segmented, 1-mm
thick, Si detector by the magnetic field generated by applying 800 A to
the solenoid coils of SAGE. The high rate of § electrons, produced in in-
teractions between the beam particles and atomic electrons in the target,
were suppressed using -35kV voltage on the SAGE high-voltage barrier.
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Open '3*Ba and ?*7Bi sources, and sealed !*3Ba and '3?Eu calibrated ra-
dioactive sources, were used for electron and y-ray energy and absolute
efficiency calibrations, respectively. Further information about the cal-
ibration process can be found in Ref. [27], where these are discussed in
detail.

Fusion-evaporation residues (recoils hereafter) were separated from
primary and scattered beam and other reaction products by RITU before
being implanted into the double-sided silicon strip detectors (DSSDs) of
the GREAT focal-plane spectrometer [34]. A transmission multiwire pro-
portional counter (MWPC) upstream of the DSSDs, was used to obtain
energy loss and timing information for the recoils. Any unwanted prod-
ucts which were not successfully suppressed by RITU were excluded from
the data analysis by applying conditions on the energy loss in the MWPC
and the time-of-flight between the MWPC and the DSSDs or through y-y
and y-e~ coincidence gating. The effective beam-on-target time was ap-
proximately 129 hours, while the average beam current was 13 pnA.

Data were recorded using the triggerless total data readout system
[35]. Spatial and temporal correlations of data were performed using
the GRAIN software package [36], which was also used for data analysis
together with the RADWARE software package [37].

3. Data analysis

Recoil-gated y-ray and electron energy spectra collected during the
experiment are shown in Fig. 1, where the most prominent peaks
have been identified. The neighbouring nuclei which are most strongly
present in the data are !8%190pp, 187.188.189] and 186Hg with the rel-
ative production ratios shown in Fig. 1. In particular, transitions at
340keV, 370keV and 724keV in the isobaric '38Tl, overlapping with
the yrast transitions in '®3Pb complicated the analysis of the data. In
the conversion-electron spectrum in Fig. 1 the K- and L-conversion elec-
trons associated with transitions in '83Pb are labeled according to their
corresponding transition energies.

A partial level scheme of 8 Pb including transitions relevant to the
present work is also shown in Fig. 1. Corresponding K- and L-conversion
electron energies for transitions with strong £0 components are marked
in super- and subscript, respectively, next to the transition energy. In-
formation extracted for relevant transitions from the present data are
combined in Table 1 and Fig. 2 and discussed in the text. Information
on other transitions observed in the present work are in agreement with
published work [12] and are not included in Table 1.

The internal conversion coefficients (ICC) for the yrast transitions
were extracted from the recoil-gated y-ray and electron spectra where
possible. Otherwise, ICCs were determined by gating on the 2;f—>0;r
transition and comparing the measured y rays and conversion electrons
after correcting for absolute detection efficiencies. The direct compari-
son of the efficiency-corrected measured y rays and internal conversion
electrons is possible when they are produced under the same experimen-
tal and gating conditions. This technique was used to obtain all relevant
results presented in this paper. In the case of the 251 keV 4;—»4;“ and
229keV 23 —27 inter-band transitions, ICCs were extracted by gating
on the 340keV 4;’—>2;r and 362keV 4;’—»2;’ intra-band transitions, re-
spectively. In Fig. 2, ICCs from the K (ag) and L (a; ) shells obtained
from the present data are compared with values calculated with Brlcc
[38], confirming the E2 multipole character of the yrast-band transi-
tions up to the 107 »8. Corresponding ICCs for M 1 transitions would
be two to five times larger.

For the inter-band 2} —2F and 4] —»4 transitions, the presence of a
strong E0 component becomes evident when comparing the measured
ICCs with those calculated for pure E2 transitions (see Table 1). M1
components could partially explain the large ICCs, but as discussed e.g.
in Ref. [12], M 1 transitions are not permitted since the Clebsch-Gordan
coefficient for an J—J M1 transition vanishes when both bands have
K = 0. The statistics obtained was not sufficient to validate the multipole
order of the interband transitions using angular correlations of y rays.
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Fig. 1. Recoil-gated background subtracted y-ray (a) and electron (b) energy spectra measured with the SAGE spectrometer. The origin of the most prominent peaks is
indicated in the spectra. The strongest transitions in '3¥Pb are labelled with the corresponding transition energy in the electron spectrum. The higher-energy electron
peaks are shown in the inset of panel (b), where the y-axis has been expanded by a factor of 20 to allow for better visualisation. The relative production of nuclei

composed in the experiment is shown in the inset of panel (a). In panel (c),

a partial level scheme of '8Pb with transitions relevant to the present work is shown.

The two deformed rotational bands are labelled according to their predominant shape [12]. The widths of the arrows are relative to the total transition intensities.
The corresponding K- and L-conversion electron energies for transitions with strong EO components are marked in blue super- and subscript, respectively, next to

the transition energy.

Table 1

Energies and intensities of y rays and K- and L-conversion electrons for the transitions of interest obtained in the present work. Intensities are relative to that
of the 724 keV 21+—>0;r y-ray transition. The ay and «; conversion coefficients are compared with values for pure E2 transitions calculated using Brlcc [38].
For some of the weaker transitions an upper limit was extracted for their intensity.

Transition

Transition

L E- L Ee L Lo K L Xk /L
I=J7 energy [keV] [keV] [keV] Meas Calc Meas Calc Meas Calc
10:’—»8;’ 499(1) 251(14) 411(1) 5.5(8) 484(1) 2.2(5) 0.022(3) 0.0209(3) 0.009(2) 0.00653(1) 2.5(7) 3.19(7)
867 434(1) 428(24)  346(1)  13.8(13) 419(1)  5.0(8) 0.032(2)  0.0281(4) 0.012(2)  0.01021(15)  2.8(5)  2.76(6)
6/ —47 370(1) 575(32)  282(1) 24.4(24) 355(1) 10.2(1.1)  0.042(3)  0.0401(6) 0.018(2)  0.01758(25)  2.4(3)  2.25(5)
4727 340(1) 697(39)  252(1)  32.4(27) 325(1)  18.5(16) 0.046(3)  0.0486(7) 0.027(2)  0.02397(4) 1.8(2) 2.05(4)
2 =05 133(1) <15 - - - - - - - - - -
27 =07 724(1) 1000 636(1)  10.4(11) 708(1)  2.1(3) 0.010(1)  0.00981(14)  0.002(1)  0.00227(4) 5(9) 4.32(9)
0;—»0;' 591(1) - 503(1) 10.3(10) 575(1) 1.8(2)* - - - - - -
6 —>6" 353(1) 4(1) - - - - - - - - - -
65 —47 472(1) 103(6) - - - - - - - - - -
65 =47 724(1) 36(4) - - - - - - - - - -
4;’—»4:’ 251(1) 12(1) 163(1) 14(3) 235(1) <3.5 1.2(2) 0.0989(14) <0.3 0.0759(11) >4 1.30(3)
428 362(1) 71(5) - - - - - - - - - -
45 -2F 592(1) 82(6) - - - - - - - - - -
27 -2 229(1) 11(1) 141(1)  16(4) 213(1) <4 1.5(3) 0.1228(18) <0.4 0.1101(16) >4 1.115(22)
2705 361(1) 3.4(12) - - - - - - - - - -
2707 953(1) 117(7) - - - - - - - - - -

* 1, extracted using the ay,;  ratio of 5.79(5) for a pure EQ transition [38].

3.1. De-convolution of the high-energy recoil-gated electron energy
spectrum

The high number of observed transitions in the recoil-gated spec-
tra combined with the nature of internal conversion, where an electron
from different atomic shells can be emitted in a transition, result in
highly convoluted electron spectra with several overlapping peaks as
presented in Fig. 3. In order to extract the 0?’—>0; transition prop-

erties, it was necessary to de-convolute the spectrum obtained. This
was performed by identifying all transitions contributing to each in-
dividual peak based on the observed y-ray energy spectra and ICCs
from literature. The de-convolution process in the energy range be-
tween 460 and 840keV, presented in Fig. 3 included more than 200
individual components. De-convolution was possible because of the si-
multaneous detection of y-rays and conversion electrons, allowed by
SAGE.
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Fig. 3. De-convolution of the electron peaks in the region of 460-840keV. The
most prominent peaks have been marked and labelled with the transition energy
and nucleus of origin. Transitions in 83Pb are shown with the thick blue line. For
clarity, only the transitions contributing 10% or more in each peak are plotted
individually and the sum of all other transitions is plotted with a dashed maroon
line. Transitions associated with 3718818971 are plotted with a dashed red line
and with a dashed blue line those associated with 81°Pb, The thick maroon
line is the sum of all components, including the ones not plotted here, while
the brown band denotes errors of the total. The fitted peaks have been grouped
according to the nucleus they belong to.

Using this de-convolution technique, the intensity of the 503 keV
electrons, stemming from the K component of the 591 keV 0;’—>O;r tran-
sition [28], is identified as 10.3(10). After de-convoluting the peak at
575keV, excess intensity of 4.9(9) could not be assigned to any transi-
tions observed in the y-ray energy spectra. This intensity can be assigned
to the 591-L and 658-K electrons from the 07 —07 transitions in *¥Pb
and '%Pb, respectively. Employing the ay, L, 1atio of 5.79(5) for a
pure EO transition at 591 keV in Pb [38], we obtain an intensity of 1.8(2)

Physics Letters B 858 (2024) 139048
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Fig. 4. Recoil-gated y-ray energy spectrum gated on 953keV y rays (top) and

503 keV electrons (bottom). Dotted lines are marking expected peaks. Simulated

spectra are filled in orange for comparison. The y rays in coincidence with the
503 keV electrons place the 591 keV transition between the O;' and OT states.

for the 575keV (591-L) electrons. Therefore, the excess intensity of 3(1)
units in the region of 575 keV is associated with the K component of the
658 keV O;’—>O;r transition in !°OPb. This corresponds to a 1.4(4)% feed-
ing of the 0; state in °Pb with respect to the ground state, which is
well in line with the corresponding value of 1.1(1)% extracted for '83Pb.

The present data do not show evidence for the 0; state at 725keV
proposed by Le Coz et al. [28]. Through accurate de-convolution of the
spectrum, all the observed electron intensity at 636 keV could be associ-
ated with known transitions, in particular the majority with the 2T —>0;r
724keV transition in '38Pb.

3.2. Associating the 591 keV transition with the O; state

In Fig. 4, y-ray energy spectra gated on 953 keV y rays (top) stem-
ming from the E2(2;r —>0T) transition and 503 keV electrons (bottom)
from the K-conversion electron line of the 591 keV EO(O;—»OT) transi-
tion, are shown. The former reveals prominent peaks from transitions
on top of the 2; state. From those the 362 and 472 keV peaks appear in
the latter spectrum, while no yrast-band transitions are present, suggest-
ing the feeding of the O;r state comes mainly from the non-yrast band
on top of the 27 state.

It is also noteworthy that the 207 transition at 724 keV is not
present in the 503 keV electron gate, ruling out the argument that the
503 keV electron peak originates from the 4;-»2? transition (see Fig. 1).
Therefore, the majority of the detected electrons at 503 keV can be as-
sociated with the 591 keV transition to the ground state with a total
intensity of 10.3(10). This observation confirms the direct observation
of the 0; —>0?r EOQ transition by Le Coz et al. (591(2) keV) and is in agree-
ment with the energies of 571(31) [16], 591(10) [18] and 588(4) keV
[19] for the Og state determined in a-decay fine-structure measure-
ments. Experimental results have been verified with simulations. These
simulations include a detailed representation of the SAGE spectrome-
ter, and corrections on the energy of emitted electrons and y rays based
on reaction kinematics. Transitions in '38Pb and other nuclei produced
in the present work have been included in the simulation. A thorough
description of these simulations will be presented in Ref. [39].

3.3. De-excitation paths from the 2; state
Recoil-gated y-ray and electron energy spectra with a gate on

362keV y rays are shown in Fig. 5. Transitions associated with '38Pb
are labeled, while the 361 keV transition at the observational limit is



P. Papadakis, J. Pakarinen, A.D. Briscoe et al.

o L s
AL

— measured H

simulated

v 187T1

600 Yrays with gate on 362keV yrays

o
e 4 o
+ @

Q0

Counts / keV
B
f=
(=]

LU L B

z
o]
LE)

Ll b by

e b b b e M e P e b by
0 100 200 300 400 500 600 700 800 900 1000
Energy [keV]

200 L O s s B sy S S B B B B

Electrons with gate on 362keV yrays

o
A i
150 ° — measured

simulated
100

50

Counts / 2keV

L L L L
0 100 200 300 400 500 600
Energy [keV]
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tron lines associated with '%3Pb have been labeled according to their transition
energy. The y rays associated with 87Tl and '8¢Hg contaminants are marked
with red triangles. The 361 keV transition, which is at the observational limit
has been marked with a dashed line. Simulated spectra are filled in orange for
comparison.

marked with a dashed line. The much higher intensity of the 229 keV K-
electron peak in the bottom spectrum is a clear indication of the highly
converted nature of this transition. This gate was used for the calcu-
lation of ICCs for the 2 -2 transition. Simulated spectra are shown
in orange. Apart from the low-energy 6-electron background, which is
challenging to simulate, and contaminant transitions in the y-ray en-
ergy spectrum due to the ideal simulation conditions, the simulated
spectra strongly support our findings. Due to insufficient statistics for

the 229keV y rays after the gate, the y-ray intensity was extracted em-

293 branching ratio [12] and y rays measured for
229

ploying the known ;

the 953keV 27 07 transition.

It is noteworthy that no corresponding y-ray transition at 591 keV
has been observed in the 362keV-gated y-ray spectrum. In particu-
lar, if the electrons at 503keV belonged to a 591keV transition of
M1 or E2 character then in the 362keV-gated spectra we should ob-
serve 2500(500) or 10000(2000) y rays, respectively, which is not the
case.

Consequently, a weak cascade doublet, comprising the 4;r—>2;r and
2§—>0; transitions at 362 keV and 361 keV, respectively, is expected. Re-
gardless of extensive efforts, the 2;—»0; transition has gone unobserved
in an earlier experiment by Dracoulis et al. [12]. However, an upper
limit of IY<6, in the units of Table 1, was extracted from their data
[23]. The recoil-gated electron energy spectrum with a gate on 362 keV
y rays shown in the bottom of Fig. 5 allows for extracting the intensity of
I, =3.4(12) for the 361keV 2;—»0; transition, which agrees with Dra-
coulis’ observation. This was possible, since the intensity of the 503 keV
electrons in the spectrum can be directly associated to the intensity of
the 361 keV gating transition. It is important to note, that this intensity is
about twice that of the 591 keV 0;’—»0;’ transition observed in the same
gate. Further evidence for the existence of the 361 keV 2;—»0; transition
can be obtained from Fig. 4. The intensity ratio for the 362keV/472keV
peaks when gating on the 27 07 transition (top) is 1.3(1), whereas gat-
ing on the Ozf—>0;r transition (bottom) returns a value of 2.8(12). As
discussed above, this indicates that the peak at 362keV is about twice
as intense as the peak at 472 keV, which is well in line with our inter-
pretation that the 362 keV peak is a doublet.
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Table 2

Relative B(E2) values extracted in the present work and absolute values ob-
tained in the IBM calculations in Weisskopf units. The experimental values
for transitions from the non-yrast band have been normalised to the one with
the highest transition strength.

Jr g E, [keV] B(E2) gy B(E2), 5
6 6 353(1) 17(5) 75
43 472(1) 100(13) 187
4 724(1) 4.1(6) 1
47 4 251(1) 100(12) 109
2 362(1) 95(10) 113
2 592(1) 9.5(1.1) 4
2} 2t 229(1) 100(11) 98
or - - 114
o} 361(1) 3.1(12) 33
o 953(1) 0.8(1) 5
2f o} 133(1) <90 95
oF 724(1) 7.5(30)° 13

2 Absolute value extracted from lifetime measurements [42].
4. Discussion
4.1. Shape assignment of the 0; state

The 07 state at 591 keV is the first excited state in the '*8Pb nucleus
and coexists with the spherical OI’ ground state. The de-excitation paths,
in particular the relative reduced transition probabilities (B(E2) values
from now on), from the predominantly prolate and oblate states provide
invaluable information for the shape assignment of the excited 07 state.
In Table 2, the relative B(E2) values have been extracted from inten-
sity balances and compared to those obtained using interacting boson
model calculations (IBM) with configuration mixing [8]. In the neutron-
deficient Pb region, the prolate intra-band B(E2;J—J — 2) values are
typically higher than those of the oblate band [8,10,13,40], whereas the
inter-band B(E2;J—J) and B(E2;J—J —2) values depend strongly on
the amount of configuration mixing.

If the O;' state was the head of the oblate band, the intra-band
B(E2;2;—>0;) value should be at least that of the inter-band 2 =2+
transition, for example IBM calculations predict B(E2; 2;' —>O;') /B(E2;
25 —-27) = 1.2 (it is noteworthy, that in IBM the 0 state is assigned as
oblate). For the B(E2;2;r —>O;) / B(E2;2;—>2I') ratio, IBM calculations
give a value of 0.34, while in the present work we have obtained a value
of 0.031(15). The closest comparison of the measured B(E?2) ratios in-
volving inter-band transitions between the deformed 2% and 0% states
can be made with '8 Hg, where the B(E2;2;-»OT)/B(E2;2;—>2T) ra-
tio is 0.044(14) [41]. It shows that the transition from the non-yrast 2+
state to the yrast 27 state is similarly favoured over the transition to the
yrast band-head 0% state (also noteworthy, that the spherical minimum
is missing and the prolate-oblate potential energy minima are in dif-
ferent order in '3*Hg compared to those in !38Pb). Consequently, since
the 2;r—>0+ transition can only be assigned as an inter-band transition,

2

our results suggest that the O; state at 591 keV is the head of the pre-

dominantly prolate band. The earlier assignment of the 0; state with
predominantly oblate shape was based on the reduced *2Po a-decay
widths [17,19]. Since the ground state of 192pg js a mixture of different
shape-driving configurations, reduced '°>Po a-decay widths are not con-
clusive probes for configuration assignment. It is also noteworthy, that
the reduced a-decay width of 102(22) keV for the recently reassigned
prolate 0} state in '8°Pb is very similar to the corresponding value of
90(18) keV extracted for the 192Po a-decay to the O;r state in 183Pb [19].

Since the feeding of the 0; state is mainly from the non-yrast band
assigned with predominantly oblate shape, it is interesting to assess
why the prolate intra-band 21 —07 transition remained unobserved. The
non-observation of the yrast-band transitions at 340 keV and 370 keV in

Fig. 4 (bottom) renders a strict intensity limit of I,,,(E2;2] »03) <4.5
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Fig. 6. Kinematic moment of inertia J") as a function of y-ray energy for the
prolate bands in the neutron-deficient Pb nuclei [4,12,45-47]. A curve for the
yrast band in '32Pt is shown as a reference for an unperturbed prolate band
in the region [48]. Dashed extensions to the '30Pb and '$¥Pb curves present
cases where +10keV and +50keV have been added to the 21+ level energies,
respectively.

and further Iy(E2;21+—>O;) < 1.5. Together with the adopted lifetime
of 8.5(35) ps for the 2;' state [42], an upper limit of B(E2;2T—>0§“) <
90 W.u. can be deduced. This shows that the 2} —0J transition can still
be a collective intra-band transition from a mixed 21+ state.

The level energy systematics and lifetime measurements reveal that
the mixing between the 2+ states is strong especially in '88Pb [8,11,
13,43]. This mixing can result in E2 transition strengths between the
low-spin states that are much smaller than those for intra-band tran-
sitions at high spin. However, the difference between the measured
B(EZ;Z;—>OT)/B(E2;2;—»21+) and B(E2;22+—>O;)/B(E2;2;—>2T) ra-
tios to those obtained with IBM suggests that the mixing of the 0" states
appears too strong in the IBM calculations. In the IBM calculations, the
21+ [2;] state is a mixture of configurations assigned with spherical, pro-
late and oblate shapes with admixtures of 26% [20%], 61% [30%] and
13% [50%] weights in their wave functions, respectively [8], whereas
approximately 50% prolate admixture in the ZT state has been extracted
from the B(E?2) values obtained in lifetime experiments [11,13]. The
earlier IBM calculation with less experimental data employed in the nor-
malisation showed very similar configuration mixing as stated above.

The assignment of the 0;’ state with predominantly prolate shape al-
lows for extending the kinematic moment of inertia plot as presented
in Fig. 6. Together with the recent assignment of the corresponding
state in the '86Pb nucleus [4], they are the only Pb isotopes where the
level energy of the prolate band-head is determined employing in-beam
spectroscopy. Deviation of the points related to the 47 -2} and 27 —07
transitions in !36Pb and '83Pb from the smooth curve can be explained
by mixing of the 2% states. The level energies of the excited 0" states
are affected only little by weak mixing with the spherical OT ground
state [8]. Therefore, in Fig. 6 the ZIr—>01+ transition energies in '86Pb
and '88Pb appear lower and JV values higher than those for an un-
perturbed rotational band, like the yrast band in !32Pt. Indeed, this is
also evident in Fig. 6. The level energies of the unperturbed 2;' states in
186Pb and '®¥Pb can be estimated by correcting the 2} level energies to
match with the smooth behaviour of the yrast band in !32Pt. In Fig. 6,
dashed extensions to the '3Pb and !38Pb curves correspond to +10 keV
and +50keV corrections, respectively. Using equations derived within
the two-state mixing model (see e.g. Ref. [44]), values for mixing matrix
element V, of 95keV and mixing amplitude a*> of 0.8 (80/20 mixing)
can be obtained for the 2;’ state in '88Pb,
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Finally, the assignment of the 0;’ state with predominantly pro-
late shape is supported by theoretical calculations reported in Refs.
[8,9,40,49], but it also challenges predictions claiming that the low-
est deformed potential energy minimum in '8 Pb is oblate [10,50-52].
It should be noted, that competition between prolate and oblate min-
ima is present in all of these calculations and for example the very early
work by May et al. did not clearly assign which one is lower in energy
[53]. Moreover, Refs. [10,51] do not reproduce the experimentally de-
termined ordering of the prolate and oblate rotational bands in '8 Pb.
When placing the predominantly prolate 0; state in !88Pb in the level
energy systematics plot of Ref. [4], the parabolic behaviour of the 0;
level energies in '84186.188p, i evident and it follows the similar trend
established in Hg isotopes and for the higher spin prolate intruder states
in the Pb isotopes [21].

4.2. Assessing the monopole strength of the inter-band transitions

As demonstrated in Fig. 2, the ICC values obtained for the 2} -2
and 4; —>4;r transitions can only be explained by the presence of strong
EO0 components, which in turn can arise from shape mixing. For a pro-
late (oblate) band, the quadrupole deformation value of |f,| = 0.29(5)
(|f,] = 0.17(3)) has been extracted from lifetime measurements per-
formed in this region [13]. Adopting these values and 80/20 mixing,
p? =190x 1073 can be obtained for an oblate-prolate EO transition in Pb
nuclei [54]. Using this value for the E0-component and pure E2 char-
acter for the y-ray emission component of the 2;—»2;’ transition, the
present branching ratio of Table 1 results in a B(E2) value of 5.3 W.u.
for the 2;—»01+ transition. This is close to the configuration-changing
2* 07 transitions in Pb and Hg nuclei in this region [13,41,55]. How-
ever, that would mean a non-physically large B(E2;2;r —>2T) value of
~ 630 W.u., suggesting the mixing of the two shapes is overestimated,
or a presence of multipole mixing 6(E2/M 1) in this transition. A rel-
atively small M1 component would strongly reduce the B(E2) value
without much reduction in the EO component. Such an M 1 component
has been proposed to be a result from a mixture between the oblate
and y band [12]. Three-level mixing calculations reveal that a spherical
component is present in the lowest 2" states of 188pp [8,11,12]. Such a
third component could lead to a drastic reduction of the p? value due
to destructive interference in the mixing of shape-coexisting structures
[56].

The monopole strength of the 47 -4 transition can be assessed sim-
ilarly. Since the relative B(E?2) values from the 4;’ state are fairly close
to those obtained in the IBM calculations, using the B(E2; 42+—>2;r) value
of 113 W.u. is justified. The p? = 50 x 103 value obtained corresponds
to 5/95 prolate-oblate mixing. The small deviation of the point corre-
sponding to the 6;' —>4;r transition in Fig. 6 from the smooth curve also
supports the argument that the mixing of the 4% states is smaller than
that of the 2% states.

5. Conclusions

EO transitions in the neutron-deficient '3 Pb nucleus have been mea-
sured in a y-ray-conversion electron cross-coincidence experiment. The
level energy of the first excited 0% state has been confirmed and mea-
sured with high accuracy. Moreover, the conversion electron compo-
nents of the J*—J7 interband transitions have been determined in a
direct measurement. These findings have been validated via extensive
Geant4 simulations that include level schemes of twelve other nuclei
produced in the same reaction.

The present work clarifies the low-spin level structure of '33Pb re-
ported in literature and assigns the first excited 0" state with predomi-
nantly prolate shape. In particular, our data provide no evidence for the
second excited 0" state at 725 keV or 767 keV that have been reported in
in-beam electron spectroscopy and a-decay fine structure experiments,
respectively.
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The results obtained provide valuable information for the analysis of
complementary data, such as Coulomb excitation studies employing ra-
dioactive ion beams. The recently developed SPEDE spectrometer [57]
will allow for extraction of matrix elements along the deformed bands
in Coulomb excitation measurements at HIE-ISOLDE. Complementarily,
the lifetimes of the excited 07 states, although very challenging, could be
probed employing the recoil-shadow electron spectroscopy technique.
The 0F state with predominantly oblate shape and the predominantly
spherical 2% state remain to be discovered. The potential of transfer
reaction measurements, which could also shed light on the intrinsic
structure of the intruder states in this region, is noted.
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