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Lead-208 is the heaviest known doubly magic nucleus and its structure is therefore of special interest.
Despite this magicity, which acts to provide a strong restorative force toward sphericity, it is known to
exhibit both strong octupole correlations and some of the strongest quadrupole collectivity observed in
doubly magic systems. In this Letter, we employ state-of-the-art experimental equipment to conclusively
demonstrate, through four Coulomb-excitation measurements, the presence of a large, negative,
spectroscopic quadrupole moment for both the vibrational octupole 37 and quadrupole 2| state, indicative
of a preference for prolate deformation of the states. The observed quadrupole moment is discussed in the
context of the expected splitting of the 3~ @ 3~ two-phonon states, due to the coupling of the quadrupole
and octupole motion. These results are compared with theoretical values from three different methods,
which are unable to reproduce both the sign and magnitude of this deformation. Thus, in spite of its well-
studied nature, 2°Pb remains a puzzle for our understanding of nuclear structure.

DOI: 10.1103/PhysRevLett.134.062502

Since the identification of the nuclear spin-orbit inter-
action, and its role in the creation of so-called magic
numbers [1,2], doubly magic nuclei have acted as corner-
stones of nuclear physics. These isotopes act to delimit the
nuclear landscape, allowing it to be subdivided into
relatively manageable valence spaces. Of these key iso-
topes, 2%Pb is the heaviest known example, lying at the
intersection of the proton Z = 82 and neutron N = 126
magic numbers that dictate the nuclear structure of the mass
region (see, e.g., Refs. [3,4]). Studying this nucleus is thus
key to understanding not only the structure of doubly magic
nuclei, but also the entire region of the nuclear landscape
around mass number A = 200 with broad implications. For
example, the aforementioned N = 126 magic number plays
a critical role in the formation of the third abundance peak
of the astrophysical r process—a series of rapid neutron
captures leading to the formation of approximately half of
the elements heavier than iron in our Galaxy. Specifically,
the intersection of the r process capture path with the
N = 126 shell closure results in an accumulation of
material in the A ~ 195 region [5], producing a broad peak
in the observed abundance pattern of many stars in the
Milky Way. Given that this is one of the key signatures of
“main” r-process nucleosynthesis, understanding the prop-
erties of nuclei in this region is of paramount importance
for our understanding of the production of heavy elements.
Beyond the role the N = 126 shell closure plays in
r-process nucleosynthesis, 2%Pb is also key to the deter-
mination of the symmetry energy, J, and its slope, L, in the
nuclear equation of state, which governs the properties of
nuclear matter under extreme conditions, such as those
found in neutron stars. The neutron-skin thickness of >**Pb
has been experimentally investigated using parity-violating
electron scattering [6,7], hadronic [8,9], electroweak [10],
and gravitational wave [11] probes. Because of the strong
correlation between this nuclear property and L, it has been
possible to place constraints on the nuclear equation of state
around saturation densities [12,13] as well as on the
maximum neutron star mass radius [14]. Key to this,
however, is a detailed knowledge of the structure of

208ph, which lies at the frontier of state-of-the-art ab initio
nuclear theory [15].

The nuclear magic numbers act to stabilize spherical
nuclear configurations, whereas collective properties
emerge naturally from the deviation of the nucleus from
sphericity. Any distinction is, however, somewhat con-
trived, as evidenced by the existence of shape coexistence
in doubly magic systems (see, e.g., Ref. [16]). The nucleus
is not a rigid object, with a broad (“soft””) minimum in its
potential energy surface with respect to deformation,
allowing for its collective wave function to have some
distribution in deformation parameter space [17].
Collective observables typically relate to the square of
the nuclear collective wave function and any softness in
deformation space introduces a collective behavior, even if
the nucleus itself exhibits a spherical minimum in its
potential energy. Indeed, these oscillations about sphericity
have led to recent assertions that the very meaning of a
nuclear shape for doubly magic nuclei is to be treated with
caution [17].

Arguably the most famous example of a vibrational
excitation in nuclear physics is the 37 state in 2%*Pb [18].
This state is unusual in many senses, not least as a rare
example of a first-excited state in an even-even nucleus that
is not J* = 2. The presence of a 3~ state at low excitation
energy in an even-even nucleus is indicative of a relatively
strong degree of octupole collectivity, further borne out by
experiment, with a B(E3;37 — 0{) transition strength of
33.8(6) W.u. [19]. Nonetheless, 2?Pb remains a doubly
magic system, resistant to any permanent deformation in its
ground state, and this excitation is thus thought to be
vibrational. As a one-phonon octupole vibration, this state
is expected to be accompanied by a quartet of 3~ @ 3~ two-
phonon partners, with J* =0%,2% 4% 6%, lying at
approximately twice its energy. The location and splitting
of this quartet is, however, strongly influenced by the
coupling of the octupole and quadrupole motion in the
system [20-22]. To date, this quartet of two-phonon states
has eluded conclusive identification [23], with the best
evidence presented for the 0" member [24,25], raising
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questions about the potential strength of this quadrupole
coupling.

Our understanding of the couplings of the quadrupole
and octupole motions, and the quadrupole behavior of
the nucleus more generally, is aided by the study of
three experimental observables: the transition strength
between the 2] excited state and the 0] ground state
(B(E2;2{ — 0{)), and the spectroscopic quadrupole
moments (Q,) of the 37 and 2 states. Of these, the
B(E2;2f — 0]) value in 2°Pb has been well measured,
and is found to be 8.3(5) W.u., which is considerably
smaller than expected for a nucleus exhibiting permanent
deformation (i.e., a rotor), but is also the largest value
observed for any doubly magic system [26]. The Q,(37)
value has also been measured [22,27-29] previously, albeit
with some concern raised for the early results [27] regard-
ing the contribution of nuclear interference terms. A careful
analysis, excluding such terms, was performed in
Refs. [22,29], and demonstrated a large, negative quadru-
pole moment, Q,(37) = —0.34(15) eb, inconsistent with,
although with a large uncertainty, theoretical descriptions
available at the time. In the same work, a measurement of
0,(2) =-0.7(3) eb was also made, with very large
uncertainties. In this Letter, we present new results using
a state-of-the-art experimental setup, making use of heavy-
ion induced Coulomb excitation, demonstrating conclu-
sively a significant role for quadrupole deformation in
208ph, We discuss these results within the context of state-
of-the-art nuclear theory, finding that the observed deforma-
tion cannot be reproduced. Finally, we present the anticipated
scale of the splitting of the 3~ ® 3~ two-phonon states due to
the coupling of octupole and quadrupole motion.

Excited states in 2°Pb were populated in heavy-ion
induced Coulomb excitation by beams of 'Ge (297 MeV),
130Te (527 MeV), PNd (640 MeV), and '®Er (749 MeV),
that impinged upon 99.86-% enriched, 0.45-mg/cm? thick
208ph targets. The Pb was deposited upon a 40-pg/cm?
carbon backing, and the target was oriented with the
backing facing the upstream direction. For the scattering
angles used in the analysis the beam energies used
correspond to distances of closest approach of more than
6 fm, sufficient to almost completely suppress any nuclear
component to the excitation process [30]. Deexciting y-rays
were detected in the GRETINA array of high-purity
germanium detectors [31], consisting of 12 modules at
the time of the experiments. The relative efficiency of the
GRETINA array was verified experimentally for energies
up to 4806 keV using a source of ®Ga alongside standard
y-ray calibration sources. Scattered beamlike and targetlike
nuclei were detected simultaneously using the CHICO2
[32] array of 20 parallel-plate avalanche counters, with the
beam and target nuclei distinguished based on their relative
time of flight and scattering angle. This combined setup
provides exceptional efficiency, angular resolution, and
high-rate capabilities. Compared to a single-beam analysis,

2000 { 166Er 150N g 130Te 0Ge
1500 4

1000 +

A LA

2600 2700 2600 2700 2600 2700 2600 2700

Counts / keV

150
°
~ 100
<
wn
2 504
3
S W
0_
4000 4200 4000 4200 4000 4200 4000 4200
y-ray energy (keV)
FIG. 1. Total, angle-integrated y-ray spectra, Doppler-corrected

for 2%8Pb reaction kinematics, showing the 2614-keV 37 — 0f
transition [top] and the 4085-keV 2] — 0] [bottom] transition
for beams of '°°Er, 1ONd, 3Te, and "%Ge.

a combined analysis enhances sensitivity through the use of
beams of differing Z and with differing angular coverage in
the center-of-mass frame. Both of these variables influence
the strength of multistep Coulomb excitation and the
reorientation effect, improving sensitivity to observables
associated with those effects, such as spectroscopic quadru-
pole moments.

Gamma rays detected in GRETINA were Doppler-cor-
rected for 2%8Pb recoils on the basis of two-body reaction
kinematics deduced from the measured scattering angle in
CHICO2. Figure 1 shows two portions of the resultant
Doppler-corrected y-ray spectrum with clear peaks corre-
sponding to the 37 — 0 and 2] — 0] deexciting transi-
tions at 2614 and 4085 keV, respectively. A time-random
subtraction was performed to remove contributions to the
2614-keV peak due to natural background. This subtraction
was validated by observing the complete removal of the
1461-keV y-ray from the decay of “’K from the spectra. In
order to enhance sensitivity to the spectroscopic quadrupole
moment, the data were subdivided by the angle measured
in CHICO2, allowing for the angular distribution of the
reaction cross section to be assessed. Eight angular ranges
were used for the data acquired with '°Er and '>°Nd beams,
and four angular ranges each for the '**Te and "°Ge data. The
size, location, and number of angular ranges was partly
dictated by the reaction kinematics and the statistics of the
21 — 0] transition but also so as to avoid any discontinuities
in the angular distribution, or any regions where the shape
of the partner nucleus (i.e., 'Er, "'Nd, "°Ge, and '3’Te)
excitation angular distribution deviated significantly from
expectations. This allowed the use of a single, common
normalization parameter for each beam for all angular ranges.

Gamma-ray yields for each angular range (see
Supplemental Material) were analyzed using the GOSIA

062502-3



PHYSICAL REVIEW LETTERS 134, 062502 (2025)

0.80

0.79 1 RSt
0784 ¢ @)

0.76 : : . . ;
-1.2 -1.0 -08 -06 -04 -02 0.0
(31 |E2|31) (eb)

(0{ |E3|31 ) (eb)

1 \
0817 /™ Expt.
0.7 1 D EXpt., B(EZ; Of' —)21+)

---- Axial rotor
[0 Literature

(04 |E2]2{) (eb)

215 -1.0 -0.5 0.0 05
(27 |E2|27 ) (eb)

FIG. 2. Mean values (points) and confidence regions corre-
sponding to lo (solid lines) and 20 (dotted lines) for the
(0F|E3|37) and (37|E2|37) matrix elements (top), and the
(0F|E2|12]) and (2] |E2]2]) matrix elements (bottom). All data
were constrained by the known B(E3;37 — 0]) = 33.8(6) W.u.
[19] strength. Limits are shown for the case where B(E2; 21+ -
07) =8.3(5) W.u. [40,41] was (red) and was not (black)
included as a constraint in the minimization. Also shown are
bands corresponding to the 1o limits on literature values for the
(371E2|37), (O7|E2[2}), and (2]|E2]2]) matrix elements.
Shown by the dashed line is the axial-rotor limit for the
(2] |E2|2]) matrix element as a function of (07|E2|2]).

semiclassical Coulomb-excitation code [33], with minimi-
zation handled through an external program [34]. Data
from each beam were analyzed independently to confirm
consistency before a simultaneous analysis of all the data
was performed. A summary of the modern Coulomb-
excitation analysis procedures used in this work can be
found in Ref. [35]. Four parameters were varied in fitting the
experimental data: (0| E3|37), (37|E2|37), (07 |E2[2] ) and
(2] |E2|2]) matrix elements. The literature B(E3;37 — 0])
value [18,22] and its uncertainty was included in the y?
minimisation as an additional constraint, allowing for the
determination of absolute £2 and E3 matrix elements. Only
the 3= — 0 and 2] — 0 transitions were observed in the
present work, however a comprehensive level scheme (see
Supplemental Material [36]) was included in the GOSIA
simulation, including the E1 transition coupling the two
states of interest. The resulting confidence intervals are given
in black in Fig. 2, indicating the strong correlations between
the transitional (0] |E2|2{) and diagonal (2] |E2|2]) matrix
elements. To better constrain (2|E2|2]), the B(E2;2{ —
OT) strength was included as an additional datum [40,41],
resulting in the more tightly constrained confidence intervals
shown in red in Fig. 2. The resulting values are presented in

TABLE I. Transition and diagonal E2 and E3 matrix elements
determined from an analysis combining all data obtained in the
present work. Where indicated, the literature B(E2;2{ — 0))
value was included to further constrain the minimization. Note
that, in all cases, the literature B(E3;37 — 0f) strength was
included as a constraint.

JE—JE (JFE2|J%) (eb)  B(E2)| (W) Note
0f -2/ 0.489(77) 6.5(21)

Jr (JT|E2|J7) (eb)  Q,(J7) (eb) Note

37 —0.81(14) —0.63(11)

37 —0.73(11) —0.57(9)  B(E2) incl.
2+ —0.31(33) —0.24(25)

2F —0.55(9) —042(7)  B(E2) incl.

Table I both with and without the inclusion of the literature
B(E2;2{ — 0]) value in the fitting routine.

The results in Table I are presented alongside the reduced
transition strengths [B(EA)] in Weisskopf units (W.u.),
indicating the expected strength of a single-particle tran-
sition. B(EA) values far in excess of 1 W.u. are indicative of
a collective enhancement due to deformation. The results
therefore paint a picture of a system with relatively strong
octupole deformation, coupled to a modest quadrupole
deformation, with a large spectroscopic quadrupole moment
approaching the limit of an axial rotor [20] in the case of the
27 state (Fig. 2). In order to better understand these results,
we compare them to new predictions from three theoretical
models: the nuclear shell model, a Gogny density functional
theory coupled to a symmetry-conserving configuration-
mixing method (SCCM), the self-consistent Hartree Fock
(HF) + random-phase approximation (RPA) method, and
the time-dependent Hartree-Fock (TDHF) method, using
Skyrme interactions in both cases. We also compare the
results to predictions from a previous theoretical study using
a generator coordinate method with a relativistic energy
density functional [42]. Details of the new calculations
performed in this work are included in the Supplemental
Material [36].

Shell-model calculations were performed using the
method outlined in Ref. [43]. Particle-hole excitations
are only permitted at the 1p — 1k and 2p —2h level.
The excitation energy of the 2] state in 2%Pb in these
calculations is overpredicted by approximately 700 keV
and that of the 37 state by approximately 400 keV. The E3
values are calculated with effective charges of e, = 1.6 and

» = 0.6 and E2 values with e, = 1.5 and ¢, = 0.98 [44].
These shell-model calculations yield B(E3;37 — 0]) =
36 W.u. and B(E2;2{ — 0) = 3.8 W.u., with Q,(37) =
—0.12 eb and Q,(2]) = 0.08 e¢b. While the experimental
B(E3;37 — 0f) value is well reproduced, all electric-
quadrupole observables are significantly underpredicted.
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Of particular interest, the magnitudes of the computed
Q,(37) and Q,(2]) values are not only considerably
smaller than the experimental ones, but also have opposing
signs, whereas the experimental values are both negative
and of comparable magnitude.

Symmetry-conserving configuration-mixing calculations
were performed using the method outlined in Ref. [45]. In
general, excitation energies are poorly reproduced, with
E(37) = 5.6 MeV [experiment: E(37) = 2.6 MeV] and
E(27) =9.2 MeV [experiment: E(2]) = 4.1 MeV]. This
is thought to be due to an as-yet unexplained enhancement
in the octupole correlations in the ground state at defor-
mation f, = 0. Transition strengths are overpredicted with
respect to experiment, with B(E3;37 — 0f) = 41.3 W.u.
and B(E2;2 — 0f) = 14.3 W.u. Spectroscopic quadru-
pole moments, on the other hand, are underpredicted, with
Q,(37) = —0.104 eb and Q,(2]) = —0.117 eb. We note
that similar calculations were performed in Ref. [42]. The
calculations presented here differ in the choice of inter-
action and in the fact that we do not perform a phenom-
enological quenching of excitation energy. The calculations
of Ref. [42] yield B(E2;2] — 0{)=5.5W.u. and
B(E3;37 - 0/) =21.9 W.u., but do not report values
for Q,(2]) or Q,(37). Using one dimensional generator
coordinate method calculations with intrinsic wave func-
tions (i.e., no projection) one can also estimate the
excitation energies and transition strengths for the 27
and 3~ states, using /3, and f3, respectively, as coordinates.
The 2 state appears at 7.03 MeV with B(E2;2{ — 0]) =
4.13 W.u. On the other hand [46] the 3~ level appears at
4.01 MeV with B(E3;37 — 0/) =7.7 W.u. The lower
value of the excitation energies, as compared to the projected
calculation, confirms the unexpectedly large stretching of
excitation energies arising from the angular momentum
projection and exacerbated in the spherical system. The
low transition strengths in the intrinsic calculation are due to
the unsuitable use of the rotational formula to connect
multipole moments and transition strengths in a spherical
system [47]. In the projected calculation, transition strengths
are computed exactly and there is no need for approximation.

Finally, we calculate excitation spectra from Skyrme
density functionals in RPA and TDHF calculations, which
produce consistent results. Using the SKX interaction [48],
E(2]) =4.08 MeV with B(E2;2{ - 0]) =6.26 W.u.
The SkM* interaction [49] yields E(2]) = 4.79 MeV with
B(E2;2{ — 0) = 8.82 W.u. The RPA can also be used to
predict the properties of the 37 state. Using the SKX
interaction, E(37) = 2.619 MeV with B(E3;37 — 0]) =
30.45 W.u., while the SkM* interaction gives E(37) =
3.301 MeV  with B(E3;37 — 0f) =33.78 W.u. The
results obtained using the SKX interaction are in a better
agreement with the experimental data in terms of the
excitation energies and transition probabilities.
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FIG. 3. Spectroscopic quadrupole moments (Q,) and electric

transition strengths [B(EA)] for the 2 and 37 states studied in the
present work. Shown for comparison are the HF + RPA calcu-
lations using the Skyrme-type SkM* and SKX functionals,
calculations using the SkM* and SKX functionals, symmetry-
conserving configuration mixing (SCCM) calculations, and shell-
model calculations, as well as the results using the generator
coordinate method (GCM) based on a covariant energy density
functional by Yao and Hagino in Ref. [42]. B(EZ) uncertainties
are smaller than the symbol size.

A comparison of all experimental and theoretical data for
the states of interest is presented in Fig. 3. Interestingly,
both SCCM and shell-model results predict similar behav-
ior for the 37 state, with a modest, negative Q(37) value
and a B(E3;37 — 0) strength of comparable magnitude
to that observed in experiment. In this work we find an
experimental Q(3~) moment that is considerably larger in
absolute terms than either calculated value. This indicates a
stronger quadrupole coupling to the octupole deformed
state than either model predicts. This would point to a more
extended collective wave function than observed in Fig. 4(c)
with respect to the quadrupole degree of freedom, and with a

FIG. 4. Total energy surfaces for the angular-momentum
projected (a) 0T, (b) 2%, and (c) 3~ states in 2%°Pb calculated
with the SCCM method described in the text. The collective wave
functions for the 0], 2{, and 37 states are shown in (d), (e), and
(), respectively.

062502-5



PHYSICAL REVIEW LETTERS 134, 062502 (2025)

more prolate-dominant form. The B(E3; 37 — 07 ) strength,
on the other hand, is approximately consistent with experi-
ment in its magnitude.

The clearest discrepancy between theories and experi-
ment is found in the behavior of the 2] state. Both shell-
model and SCCM predict a relatively small absolute
Q,(2") value, whereas the experiment indicates the pres-
ence of a large, negative moment. The shell model
significantly underpredicts the B(E2;2{ — 0]) value as
well. In general, the failure of the shell model to reproduce
E2 properties can be understood from the limited mp — mh
excitations included in the calculation, which are well
known to be essential to reproduce quadrupole effects. The
inability of the SCCM values to reproduce the relative
B(E2;2{ — 07) and Q,(2") behavior is more surprising.
While the overprediction of the B(E2;2] — 0;) strength
can be understood from deficiencies in the model,
described earlier, the relative behavior of the two observ-
ables might be expected to be more reliable. In Fig. 4(e), the
collective wave function for the 2] state can be seen to be
an admixture of two components, with both oblate ($, < 0)
and prolate (#, > 0) contributions. The present experimen-
tal work implies that the prolate contribution to this state,
contributing negatively to the quadrupole moment, is
stronger than predicted in the SCCM -calculations and
the amplitude of the oblate component is too strong. The
sign of f, was then monitored in the Skyrme TDHF
calculations, which reproduce both excitation energies
and transition strengths. While Q, values cannot be
extracted from the model, the time average of the defor-
mation was found to be zero, with no preference for prolate
or oblate deformation. Thus, within the scope of the model,
there was no indication of the stronger prolate contribution
to the 2] state posited above. Qualitatively, however, this
prolate dominance appears to be reproduced in the collec-
tive wave functions calculated in Ref. [42], with a pre-
dominantly prolate configuration for the 2] state and a
more extended prolate wave function for the 37 level.

Importantly, the presently measured Q,(3;) moment is
expected [20] to have implications for the splitting between
the energies of the states in the two octupole-phonon
quartet in 2%Pb. Using the approximate relation for the
splitting of the two-phonon states presented in Ref. [20]
suggests a splitting of between 800 and 1500 keV between
the J* =07, 27, 47, and 6" states due to the coupling of
quadrupole and octupole modes. As previously mentioned,
a candidate has been identified for the 0" member of this
quartet, lying at 5241 keV. Within the model presented in
Ref. [20], the splitting required to reproduce this excitation
energy would imply no coupling between octupole and
quadrupole modes. This observed 07 state viewed along-
side the present result thus presents something of a puzzle.
Either the model presented in Ref. [20] is not appropriate,
or there exists some phenomenon providing a near-exact
cancellation of the implied splitting.

In conclusion, we present a state-of-the-art Coulomb-
excitation study of the heaviest known doubly magic
nucleus, 2%8Pb. Thanks to the experimental sensitivity, we
are able to conclusively demonstrate the large, negative
spectroscopic quadrupole moments of both the 37 and 2
states, as well as their consistent magnitudes. These results
are indicative of a time-averaged prolate deformation for the
system. As with previous attempts to calculate the Q,(37)
[50-52] moment, sophisticated contemporary nuclear
models fail to reproduce both the sign and magnitude of
the quadrupole moments for both the 2| and 37 states. Thus,
even as a cornerstone of the nuclear landscape, 2**Pb remains
a puzzle for nuclear structure theories.
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