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Atomic nuclei serve as prime laboratories for investigations of complex quantum phenomena, where
minor nucleon rearrangements cause significant structural changes. '*°Pb is the heaviest known
neutron-deficient Pb isotope that can exhibit three distinct shapes: prolate, oblate, and spherical, with
nearly degenerate excitation energies. Here we report on the combined results from three state-of-the-
art measurements to directly observe these deformations in '®Pb. Contrary to earlier interpretations,
we associate the collective yrast band as predominantly oblate, while the non-yrast band with higher
collectivity follows characteristics of more deformed, predominantly prolate bands. Direct
measurement of the E0(0; — 07) transition and y-e~ coincidence relations allowed us to locate and
firmly assign the O state in the level scheme and to discover a spherical 2; state at 1281(1) keV with
B(E2;25 — 07) = 1.2(3) W.u. These assignments are based purely on observed transition
probabilities and monopole strength values, and do not rely on model calculations for their

interpretation.

Since Morinaga proposed more than six decades ago that the excited 05
state in the '°O nucleus was deformed’, a large body of experimental evi-
dence has been collected to demonstrate that atomic nuclei can possess
different shapes’. Apart from the lightest elements, shape coexistence has
been suggested to be present in all nuclei’ and the competition of different
configurations can result in several different shapes within the same
nucleus’. Nevertheless, coexistence of three or more total energy minima
near the ground state have been predicted to occur in only few regions in the

chart of nuclei’, but direct experimental proof remained to be obtained. A
notable example to date is the "**Pb,o, nucleus, where the three lowest-
energy states are 0" states, each assigned with a different shape - namely
spherical, prolate and oblate®”. The "**Pb nucleus lies at the heart of the
neutron-deficient Pb region, which has been a subject for numerous theo-
retical and experimental investigations**™"". Within the mean-field picture,
the total energy curve along the quadrupole deformation shows spherical,
prolate and oblate minima close in energy. These minima are related to the
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spherical Z = 82 shell gap, and prolate and oblate deformed gaps in the
proton and neutron Nilsson orbitals, respectively. From a shell model
perspective, the deformed minima (noted as 7(f; /) for prolate and n(hg /2)
for oblate in the present work) are expected to have a complex spherical
multiparticle-multihole configuration both for protons and neutrons'™".
Similar competition of different configurations is present in neighbouring
isotopes around the N =104 midshell”’. In '*Pb, in addition to low-lying
deformed bands associated with predominantly prolate and oblate
shapes'*"°, three isomeric states assigned with different shapes'”'* have been
proposed.

Intruding structures built on different configurations have also been
observed in nuclei in the region around '**Pb. In fact, the shape staggering of
Hg isotopes observed in an isotopic shift experiment was a groundbreaking
discovery in the 1970’s" that triggered multiple investigations into shape
coexistence. Laser spectroscopic measurements have examined the onset of
ground-state deformation also in the even-mass Po and Pt isotopes™?".
Since the neutron-deficient Pb isotopes are spherical in their ground
states” >, the onset of deformation in the Pb isotopes can be assessed by
investigating the 2 states. It is proposed that the heaviest Pb nucleus
exhibiting collectivity associated with deformation is **Pb”, whereas in
heavier Pb isotopes the underlying configurations of the lowest excited states
arise from single-nucleon excitations in the seniority scheme leading to a
spherical interpretation™. Despite the assignment of proposed oblate bands
in Pb nuclei relying on comparisons with neighbouring nuclei and theo-
retical predictions, direct experimental evidence—such as measured
quadrupole moments - has not yet been obtained. Similarly, the only direct
experimental evidence for a prolate structure in Pb nuclei is the strongly-
coupled band in '¥Pb”.

The discovery of the ’Pb nucleus was reported by Eskola™ in 1967, but
it took more than a decade until transitions between excited states were
identified by Roulet et al.”. Inspired by a paper by May etal.”’, they discussed
a transition from spherical to quadrupole deformed shape at low excitation
energy, but without robust evidence, claims for axial deformation in this
nucleus could not be made. The excited 0} state at 669(9) keV was observed
in an a-decay fine structure measurement of '*'Po and assigned as an
intruder proton-pair excitation across the Z = 82 closed shell and an oblate
shape™. This finding paved the way for another '**Po a-decay experiment,
where a more precise value of 658(4) keV for the 05 level energy and a limit
for its lifetime were determined through a direct measurement of conversion
electrons in coincidence with « particles”. The latter allowed extracting a
limit of p*>6x 107> for the monopole strength of the E0(03 — 07)
transition, consequently assessing mixing between the deformed intruder
05 state and the spherical 0] ground state. A more complete level scheme
was established in an in-beam spectroscopic study employing a germanium-
detector array and a fusion-evaporation reaction by Dracoulis et al.”. In
addition to three isomeric states, they found evidence for a prolate non-yrast
band and a sequence of negative parity odd-spin states bypassing the iso-
meric states. A similar reaction was later used in a Gammasphere experi-
ment by Wilson et al,, who discovered a superdeformed band above the
isomeric states™.

In the present work, we combine results from three independent
measurements on the ’Pb nucleus employing two recoil separators in
conjunction with state-of-the-art ancillary detector systems: 1) high-
statistics recoil-gated prompt y-y and y-electron coincidence spectroscopy;
2) recoil distance Doppler-shift lifetime measurements; and 3) delayed y-ray
spectroscopy following the de-excitation of isomeric states. These com-
plementary experiments allowed us to extract many key transition prop-
erties and, consequently, to assign structures with specific shapes and the
related configuration mixing with unprecedented precision. We report
further proof for a predominantly prolate non-yrast band, reassign the yrast
even-spin positive parity states to a predominantly oblate band and establish
a candidate spherical 2§ state. Our findings challenge the results of pre-
vailing nuclear models and provide the first determination of monopole
strengths of the inter-band transitions with non-zero angular momentum in
neutron-deficient Pb nuclei.

Results

Experiments were performed in the Accelerator Laboratory of the Uni-
versity of Jyviskyld, Finland, employing the K130 cyclotron. Two different
recoil separators were used to select fusion-evaporation residues (recoils in
this work), whereas prompt and delayed spectrometers allowed for mea-
suring transitions of interest at the target area and at the focal planes of the
separators, respectively (see Methods for more details).

Prompt and delayed spectroscopy

Prompt recoil-gated yp-ray and electron energy spectra obtained in the
present work contained ***'*’Pb and "****T1 nuclei, as presented in Fig. 1a, b,
respectively. Several new transitions were discovered, and their properties
investigated through high-statistics y-ray singles, electron singles, and y-y
and y-e  coincidence analyses. A comprehensive understanding of the
spectrometer properties’>* and measured y-ray transitions allowed us to
accurately predict the corresponding electron spectrum (see Fig. 1b).
Confronting the expected with the measured electron spectra identified
excess electron intensities which were assigned to EO components in '**'*’Pb
nuclei. Simultaneous observation of y rays and electrons also allowed us to
extract internal-conversion coefficients (ICC) for the most prominent
transitions. Additionally, directional correlations from oriented states ratios
(Rpco) for several y-ray transitions could be determined owing to the high
granularity of the germanium-detector array. Transition properties
obtained for "°Pb are listed in Table S1. By means of coincidence relations,
intensity balance arguments and extracted ICC and Rpco values, the partial
level scheme shown in Fig. 1c was constructed. The evidence for key dis-
coveries and shape assignments are discussed below. Unless otherwise
noted, all quoted uncertainties are 1o.

Evidence for a new 1281 keV transition is present in Fig. 1a. Its place-
ment in the level scheme is supported by Fig. 2a, which shows a recoil-gated y-
ray energy spectrum with a gate on 1281 keV y rays. The presence of a few
prominent peaks is apparent. The peak at 416 keV is identified as the 6 —
47 transition in '’Pb. If the 1281 keV transition was above the 67 state, the
most intense transitions below the 65 state should also appear in the spec-
trum. In contrast, other peaks are present, the most prominent one corre-
sponding to a transition energy of 240(1) keV. Together with the 1281 keV
transition, it forms a de-excitation path from the 1521 keV 47 state to the 0}
ground state. In Fig. 2b, a recoil-gated y-ray energy spectrum with a gate on
the K-electrons of the 662 keV 0 — 0} transition shows a peak which we
assign to the 619(2)keV transition originating from the new state at
1281(1) keV to the 05 state. To determine the spin of the 1281 keV state, we
can rule out ]/ = 3 as the measured lifetime would result in unrealistically fast
AJ = 3 transitions to the 0" states. Similarly, a J = 1 assignment is excluded as
the 240 keV transition from the 45 state would be weak and below the
observational limit. Consequently, we report on the discovery of the new 25
state at 1281(1) keV, fed by the 240keV 4 — 23 E2 transition and de-
excited via the 1281keV 25 — 07 and 619keV 2 — 0F E2 transitions.

The measured Rpco for the 25 — 27 and 4] — 47 inter-band
transitions are not conclusive on either a pure AJ =1 or AJ = 2 multipolarity
(Table S1). However, the Clebsch-Gordan coefficient associated with a M1
component vanishes for such transitions between bands with K= 0 band-
head states'”. The ICCs of A = 0 inter-band transitions from the 25 and 43
states were investigated using recoil-gated y-ray and electron energy spectra
with sum of gates on the y rays from the 2" — 0 and 6 — 45 transitions,
as shown in Fig. 3. The electron energy spectrum in panel b includes con-
version electrons from the 455 keV 4] — 2{ and 507 keV 6 — 4] yrast-
band transitions. It also presents other peaks corresponding to the energies
of the 389 keV 2 — 2} and 292 keV 4] — 4] inter-band transitions. The
ICC:s of these AJ = 0 inter-band transitions indicate the presence of strong
EO components.

Transitions below the isomeric 10{ and 11} states with lifetimes of
216 ns and 11 ps™, respectively, were studied at the Mara focal plane (recoil
flight-time through mMara was ~1.35us). The results are included in
Table S1, where intensities of transitions de-exciting the isomeric states have
been normalised relative to the 338keV 10 — 87 transition. Virtually
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Fig. 1 | Recoil-gated background-subtracted prompt y-ray and electron energy
spectra obtained and partial level scheme of '*’Pb. a y-ray energy spectrum in
which the most prominent y-ray peaks assigned with *’Pb have been labelled with
transition energies. Other peaks have been marked with different symbols and
colours, according to the nucleus of origin. b electron energy spectrum. Calculated
electron components are superimposed upon the measured spectrum. The black
solid line presents the sum of all calculated electron components, whereas calculated
components from different Pb and Tl nuclei are presented with blue and red colour,
respectively. Positions of the K-, L- and M-conversion components of the most
prominent E2 transitions in "’Pb and the electron peaks corresponding to EO
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with their predominant nucleon configuration. Vertical arrows represent transitions
between states assigned with the same predominant intrinsic configuration, whereas
diagonal arrows correspond to configuration-changing transitions. The widths of
the arrows are proportional to the total transition intensities. Intensities of transi-
tions from the 10 and 11} isomeric states have been balanced with intensities of de-
exciting transitions from the states they feed.
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Fig. 2 | Recoil-gated background-subtracted prompt y-ray energy spectra sup-
porting the discovery of the third low-lying 2" state. a y-ray energy spectrum gated
on 1281 keV y rays. The most prominent y-ray peaks associated with "*’Pb have been
labelled with transition energies. The partial level scheme is shown in the inset, with
the gating transitions marked in red and the transitions in coincidence to those in
blue. b y-ray energy spectrum gated on K-conversion electrons from the E0(03 —
07) transition. New p-ray peak is labelled with transition energy.

background-free y-y conditions, as demonstrated in the y-ray energy
spectrum in coincidence with the 1163 keV 25 — 07 y rays in Fig. 4, lead to
the discovery of new inter-band transitions. To allow for direct comparison
in the level scheme (see Fig. 1¢), intensities of transitions present in both
prompt and delayed spectroscopy were normalised to prompt intensities
using branching ratios. It is noteworthy, that transitions with intensities
lower than a 5 per mille of the y-ray intensity of the 2] — 07 transition
could be observed.

Lifetime measurements

The lifetimes for ten excited states (see Table 1) were determined using the
Bateman solutions of the radioactive decay equations’ and the differential
decay curve method (DDCM)*. The time evolution of y-ray peaks was
established by examining the intensity splitting at up to 12 plunger distances.
This analysis accounts for emission of y rays both before (I,,q) and after the
degrader (I,4). The decay curves were normalised with respect to the total y-
ray intensity using the quantity R = L,g/I;oc = Lia/(Ia + La)-

The DDCM analysis with y-y coincidences was performed for the three
lowest-lying yrast-band transitions. In the analysis, y-y matrices comparing
the whole array versus each ring were constructed. The values reported for
each ring are the average of the ones obtained using different gates. Thanks
to the precise prompt and delay spectroscopy measurements we performed,
the effect of unobserved feeding in the case of y-ray singles measurement
could be minimised in the DDCM analysis. While various hypotheses have
been explored to account for unobserved feeding, the prevailing consensus is
to assume the same average observed feeding time***. Due to insufficient
statistics for feeding-transitions, the DDCM analysis could not be per-
formed for the 8] — 67,8 — 67,105 — 83 and 65 — 45 transitions.
Thus, corresponding decay curves were fitted using the Bateman equations.
The adopted values represent the weighted averages based on the results
obtained for each ring.
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In the case of the 455keV 4] — 2 transition, discrepancies were
identified in the DDCM p-y analysis because of the contaminant transitions
in the gates, whereas the DDCM analysis obtained with y-ray singles data
was also challenging due to multiple feeding transitions. Consequently, the
adopted lifetime considers the spread of the results with both methods. It is
noteworthy that the result obtained is consistent with a lifetime value of 8(3)
ps obtained using the ”gating from below” technique*'. Examples of the line-
shape and DDCM analysis performed for the three 27 — 07 transitions
feeding the ground state are presented in Fig, 5. The case of the 774 keV 27
— 0 transition is shown for y-y analysis (ring 2) and in singles for the
1163keV 25 — 07 and 1281keV 27 — 07 transitions (ring 1).

Discussion

The transition properties extracted in the present work allowed for the firm
assignment of transition multipolarities and fixed spins and parities for the
states of interest. Together with measured lifetimes, reduced transition

Table 1| Mean lifetimes extracted for excited states in Pb

7[ps] 7 [ps] Tadopted
Ji E;[keV] Ring 1 Ring 2 [ps]
Spherical states
25 1281 3.8(11)* 2.2(7)° 2.7(6)
Oblate states
2 774 5.9(4)° 5.8(4)° 5.9(3)
47 1229 6.2(4)%, 9.5(6)° 6.5(4)%, 10.9(10)° 8.3(20)°
67 1736 3.9(6)° 2.1(4)P° 3.009)°
8t 2252 4.0(12)° 4.3(3)° 4.3(3)
8} 2276 2.4(3)° 2.31(20)¢ 2.3(3)
105 2826 2.0(7)° 2.2(6)° 2.1(5)
Prolate states
25 1163 6.9(5) 7147 7.003)
43 1521 10.1(5) 10.5(5)* 10.3(4)
65 1937 4.2(7)¢ 3.1(4)° 3.4(3)

Spin, parity and energy of initial state and measured lifetimes are listed.
“Obtained from y-ray singles data using DDCM.

°Obtained from y-y coincidence data using DDCM.

“The adopted value considers the spread between the rings.

“Obtained from y-ray singles data using the Bateman analysis.

probabilities (referred to as B(E2) values from now on) were determined. In
Table 2, these values are presented and grouped according to the pre-
dominant intrinsic configuration of the initial states. The B(E2) values
played a crucial role in assigning states with specific configurations and
deformations, as well as assessing configuration mixing. They have fur-
thermore been compared to available theoretical calculations obtained
within the interacting boson model (IBM) with configuration mixing®,
beyond-mean-field models using a Skyrme interaction” and a Gogny
interaction performed in the present work, see Supplementary Note 1 and
Figs. S1 and S2 for more details.

The B(E2) values obtained for the yrast and non-yrast band transitions
suggest they are both collective, rotational bands (i.e. deformed). In the
present work, the following equation has been employed to relate transition
quadrupole moments |Q,| and quadrupole deformation parameters |S3,|:

3

NG

By using the determined B(E2) values, an average transition quadrupole
moment |Q,| of 4.3(3) eb has been obtained for the intra-band transitions
with J7>2* built on the lower-lying yrast states (see Fig. 6). This corresponds
to a |B,| deformation of 0.147(10) and aligns with values determined for
oblate bands in neighbouring nuclei”. From the intensity balances and
lifetimes obtained for the 25 and 2 states, limits for the B(E2) values for
unobserved transitions from the deformed 2* states to the 05 state could be
determined. The B(E2;2} — 03)<290 W.u. value allows for a collective
intra-band transition, whereas B(E2;2F — 01)<1 W.u. suggests the
transition from the non-yrast band is hindered and not intra-band. Thus,
the excited 05 state is assigned as the head of the predominantly oblate
(ke /2) band, fitting perfectly to the parabolic behaviour of oblate 0" level
energy systematics’. This reassignment contrasts with the interpretation
proposed by Dracoulis et al, who tentatively assigned the yrast even-spin
states with a spherical shape™, but finds support from many theoretical
modelsl 1,30,42748’

The cascade of E2 transitions on top of the 1163keV 27 state was
discovered by Dracoulis et al.”’, who suggested an association with a prolate
shape. Indeed, several theoretical calculations predict the existence of a
prolate minimum in Pb""**®. In the present study, average
|Q/ =6.35(22) eb and |B,|=0.215(7) values were extracted for the two

Q| = Ze(1.2A1/3>2|/32| . 1)
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Fig. 5| Sample plots illustrating the determination
of lifetimes for the three 2" states using the dif-
ferential decay curve method. For each transition,
Doppler-corrected y-ray energy spectra obtained for
three different target-to-degrader distances are
shown on the left, whereas the corresponding deri-
vative and decay curve fits” are presented on the
right. Data points shown in the right-hand panels
are obtained from the measured components before
and after the degrader, and are plotted in the same
colour as displayed in the left panels. The error bars
are dominated by statistical uncertainties. a results
for the 774 keV 2{ — 0f transition obtained from
y-y coincidence data for ring 2. b results for the
1163 keV 2 — 07 transition obtained from y-ray
singles data for ring 1. ¢ results for the 1281 keV 25
— 07 transition obtained from y-ray singles data for
ring 1. Target-to-degrader distances (d), intensity
ratios (R) and average lifetimes (1) obtained for each
case are given.
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non-yrast intra-band transitions with J7>2%. The results indicate that
the non-yrast band exhibits greater collectivity and deformation compared
to the yrast band, offering additional evidence in support of the prolate
assignment. It is noteworthy that the level energy spacing between
prolate states in the Pb isotopes increases when moving towards heavier
isotopes from the N = 104 midshell, (see e.g., Fig. 6 in Julin et al."). This is a
sign of reduced collectivity and is also reflected in smaller deformation,

explaining slightly smaller |Q,| and |B,| values in ’Pb nucleus than those
obtained for prolate bands in *****Pb nuclei. Increased deformation
observed at the N=104 midshell can be attributed to the multishell
concept’, which, when adjusted for the proton number Z, also explains the
greater prolate deformation in '*Pb compared to its lighter N=104
isotones®. Based on the higher spin members of the prolate band, the level
energy of the band-head 07 state is expected at around 1 MeV.
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Table 2 | Comparison of the experimental B(E2) values to
theoretical predictions in Weisskopf units

E, B(E?2) values [W.u.]

J7r Ji [keV] This work  IBM BMFsiyrme BMFgogny

Spherical 1({43,) initial state

25 05 619 3.9(16) - 6 4
o7 1281 1.2(3) 16 5] 23

Oblate n(h3 5/2) initial state

107 85 550 68(17) 215 - -
87 574 39(10) - - -

85 65 339 90(40) - - <0.1
Gf 540 107(15) 211 191 193

67 43 215 50(30) - <0.1 <0.1
47 507 120(40) 176 187 174

47 27 455 75(18) 76 149 150

2 05 112 <290 51 52 100
oF 774 7.5(4) 3 10 3

Prolate n(h /2) initial state

65 67 201 370(190) 107 5 <0.1
45 416 230(30) 223 393 408
47 708 2.709) <1 0.5 <041

ting 47 292 68(8) 99 0.9 <0.1
2% 240 60(30) 73 20 5
25 358 142(9) 152 273 355
27 748 0.12(9) 39 0.2 <0.1

25 2 389 36(4) 85 5 <0.1
05 501 <1 <1 1.3 0.1
oF 1163 0.65(4) <1 1.3 0.1

Oblate 71(f7,0hg,) initial state

87 65 315 25(8) - 7 <0.1
67 516 76(5) - - <0.1

Interacting boson model (IBM)* and beyond-mean-field calculations (BMF) using a Skyrme
interaction* are from literature, while beyond-mean-field calculations using a Gogny interaction
were performed for the present work. Transitions have been organised in four groups that share the
same predominant configurations in their initial states. Intra-band transitions are shown in italics.

The similarity of wavefunctions for states within a rotational band can
be assessed by comparing the |Q,* values of the sequential intra-band
transitions. The |Q,| value for both bands in "*’Pb increases when going from
the 4" to 6" state (Fig. 6). Consequently, it is found that the predominantly
prolate 27 state is 68(10)% composed of the configuration of the 45 state.
Accordingly, the predominantly oblate 21 state has a 70(30)% component
of the 4] state. Above the 67 state, the |Q,| values for the oblate band
decrease. This is a sign of increased admixture of different configurations,
which is also reflected in relatively high B(E2) values for the inter-band
transitions. In contrast to lighter Pb isotopes, transitions from the yrast to
non-yrast band have also been observed. This demonstrates that the mixing
of the two deformed bands extends at least up to J"=8*.

The relatively strong feeding from the oblate 10 state to the 8} state
suggests an overlap of initial and final state wavefunctions. This scenario was
discussed by Dracoulis et al. who measured the E3 transition probabilities
from the isomeric 117 state, assigned with a 71(i3/2h9,,) configuration and
oblate shape, to different 8" states”. They concluded that the intrinsic
configuration of the 8} state is a mixture of the 7/27[503] orbital originating
from the f;, configuration and the 7/27[514] deformation driving orbital

from the ho;, configuration. The B(E2;8 — 6]) = 76(5) W.u. and
B(E2; 81 — 67) = 25(8) W.u. values extracted in the present work sup-
port this interpretation.

The discovery of the 2§ state at 1281 keV marks the first observation
of the third excited 2" state in a Pb nucleus near the N = 104 midshell. The
obtained B(E2;2§ — 07) value of 1.2(3) W.u. is close to the single-
particle estimate, supporting the assignment with near-spherical shape.
Calculations conducted using the quasiparticle random-phase approx-
imation by Carlsson et al. predict the dominant neutron orbital com-
ponent being 1/(113 ,)"". While the B(E2; 2 — O+) = 3.9(16) W.u. value
indicates little mixing with the oblate n(hg /2) conﬁguratlon, the
B(E2;4f — 27) = 60(30) W.u. value suggests the 27 state has some
prolate 71(h9 ,) admixture.

Results from theoretical models presented in Table 2 and Fig. 6 are
further considered in Fig. S2. They all predict three distinct total energy
minima associated with (predominantly) spherical, oblate, and prolate
shapes, in the same energy order. They also reproduce the increasing trend
of B(E2) and |Q,| values along the deformed bands up to J"=6". The IBM
calculations, which had their mixing parameters refined to describe the
measured B(E2) values in "**Pb and "®Pb nuclei, exhibit the closest agree-
ment with the experimental data regarding B(E2) values and energy levels,
albeit they overestimate the B(E2) and |Q,| values for the oblate states above
the 47 state. However, while the beyond-mean-field calculations predict too
high level energies, particularly for spherical and prolate configurations, the
B(E2) and |Q,| values suggest they underestimate the amount of config-
uration mixing.

For the first time, the monopole strength (p?) for transitions from states
with non-zero angular momentum in the Pb isotopes were extracted in the
present work. Consequently, very limited data exist for comparison.
Monopole transition strengths have been determined via the relation:
p* = bro/ (T Qpo), where by is the ratio between the E0 intensity and the total
intensity de-exciting the state, 7 is the lifetime of the state and Qg is the
electronic factor for the EO transition™. The p*(2§ — 2§) = 17(7)x 1073
is close to those obtained within beyond-mean-field models using a Skyrme
(42x 107%) and a Gogny (24 x 107°) interaction. Regarding the measured
p*(4f — 47) =19(6) x 1073, similar to the measured p?(25 — 27)
value, it is not reproduced by the beyond-mean-field models for which both
provide much smaller values (Skyrme 1x 107°, Gogny <1 x 107°). It is
interesting to note that while the two-state mixing model’>>* may be over-
simplified for the current case, it provides a very similar estimate for mixing
as inferred from the B(E2) values. Taking the given |B,| deformations
determined for oblate and prolate bands, the model predicts ~10% mixing
between the oblate and prolate 2 and 4" states.

Conclusions

We have conducted direct measurements of three different deformations
near the ground state in an atomic nucleus. These experiments took place at
the Accelerator Laboratory of the University of Jyvaskyld, Finland, during
two separate beamtimes. The first experiment utilised the saGe
spectrometer™* at the MarRA vacuum-mode separator’>*, while the second
experiment used the JurRoGaM 3 germanium-detector array”’ and a plunger
device in conjunction with the ritu gas-filled separator’®”’. Complementary
delayed spectroscopy was performed during the first experiment. This
approach serves as a textbook example of how a combination of different
experimental techniques can give far-reaching insight into an exotic
nucleus, such as *’Pb. Drawing furthermore on the full body of experi-
mental and theoretical data collected in this region, the different deforma-
tions can be associated with spherical, oblate, and prolate shapes.
Confirmation of these shapes calls for a Coulomb excitation experiment
employing radioactive ion beams that is sensitive to probe the signs of the
quadrupole moments. Additionally, the 0" band-head state of the pre-
dominantly prolate band awaits discovery. To explore the intrinsic config-
urations of excited states using transfer reactions, advances in radioactive
beam experiments are required. Finally, a comparison of results to theore-
tical models shows that while some measured features can be qualitatively
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Fig. 6 | Transition quadrupole moments and deformation parameters as a
function of angular momentum for the deformed bands in "*’Pb. The average
transition quadrupole moment and deformation parameter calculated for each band
with J7>2;" are shown and represented as a line along with a shaded area corre-
sponding to 1 o uncertainty. The red and blue symbols correspond to values asso-
ciated with the prolate and oblate bands, respectively. The error bars are dominated
by the lifetime uncertainties. Interacting boson model (IBM) and beyond-mean-field
(BMEF) theoretical predictions using a Skyrme and a Gogny interaction are plotted
for comparison.

Table 3 | Details of the performed experiments

S24 JR161
Separator MARA RITU
Reaction *°Tp (*Cl, 4n) 18pd (8K, 4n)
Beam energy 164 MeV 378 MeV
Average beam current 10 pnA 2pnA
Beam charge-state 8" 16"
Irradiation time 320h 250h
Target thickness 0.35mgcm 2 ~1mgem™?
Degrader thickness - "Mg ~ 1 mgcm2
Prompt trigger width 2.5ps 1.5ps
Delayed trigger width 10ps 8.5pus

predicted, improved nuclear models are needed to quantitatively reproduce
the observed data.

Methods
Data were obtained in two separate experiments, summarised in Table 3.

The simultaneous in-beam y-ray and electron spectroscopy experi-
ment (S24°") was part of the first campaign in which the silicon and ger-
manium (SAGE) spectrometer’® was used at the mass analysing recoil
apparatus (MARA) vacuum-mode recoil separator’>®. The MARA separator
allowed to discern recoils with different mass-over-charge ratios. The mass
resolving power of MARA was sufficient to select fusion-evaporation products
with A =189 and 190 from other nuclei produced in the experiment. The
MARA electric voltage and dipole magnetic field were optimised for trans-
mission of ions in the 17" charge state.

The saGe spectrometer is composed of the JuroGaMm 3 spectrometer’” for
the measurement of y rays around the production target and a 90-pixel
silicon detector to measure conversion electrons. JUROGAM 3 comprises of 24
EUROGAM Clover and 10 EUrROGAM Phase 1-type or GASP-type germanium
detectors and their corresponding Compton-suppression shields. Prompt
electrons were transported 955 mm’s upstream from the target for detection,
exploiting a magnetic field generated by solenoid coils operated with 850 A
current. The §-electron flux arising from the interaction of beam and target

particles was suppressed by an electrostatic barrier applied to -32 kV
potential.

The JR161°" lifetime-measurement experiment was conducted
employing the advanced plunger-particle detector array (APPA) in con-
junction with 15 EUrRoGAM Phase-1 type germanium detectors (ten at
0=133.6°and fiveat 0 = 157. 6° with respect to the beam axis) and the recoil
ion transport unit (riTu) separator’®”’. Twelve absolute target-to-degrader
distances were selected in order to scan the lifetimes of interest appro-
priately, from 23(2) to 5000(10) pm, corresponding approximately to 2 and
400 ps recoils’ time-of-flight.

The focal plane detector set-up was similar in both experiments. It
consisted of a multiwire proportional counter (MWPC), a double-sided
silicon strip detector (DSSD) of 192 vertical and 72 horizontal strips and
300 um thickness, where recoils were implanted, and two so-called punch-
through silicon detectors of 1 mm thickness to detect particles not depos-
iting their full energy in the DSSD. Three broad energy germanium detec-
tors (BEGe) were arranged around the DSSD for the collection of delayed y
rays. An additional Clover detector was used at the ritu focal plane in the
JR161 experiment.

The total data readout data acquisition system® was used for data
collection. Detector signals were timestamped with a global 100 MHz clock.
The data were sorted using the MWPC energy signals as a trigger for in-
beam and the DSSD energy signals for decay studies. The trigger window
was comprised of a prompt and a delayed width in order to correlate in-
beam and focal-plane signals, respectively, into the same event window.
These widths were optimised for each experiment with the aim of max-
imising the delayed y rays associated with a given recoil, while minimising
the possibility of a subsequent recoil arriving during the previous trigger
window. The time correlation of events was performed using the Grain®
software package, whereas the ROOT framework® was employed for fur-
ther analysis. Calculation of the conversion-electron components overlaid
in the electron spectra was performed using the PRINCEPS code®’, while the
DDCM 4’ fitting minimisation was performed employing the NAPATAU
code®.

Open 'Ba and *”Bi sources, and sealed ’Ba and '*Eu calibrated
radioactive sources were used for electron and y-ray energy and absolute
efficiency calibrations, respectively, as explained in detail in refs. 54,57.

Data availability

The data obtained in the present work and the corresponding metadata are
available from https://doi.org/10.23729/f2f0646a-40b5-4d74-9dca-d2869
45a68¢6 (S24) and from https://doi.org/10.23729/01123445-a114-40c1-
91d6-b51a25c076ea (JR161).
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