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The neutron-rich 213Pb isotope was produced in the fragmentation of a primary 1 GeV A 238U beam, 
separated in FRS in mass and atomic number, and then implanted for isomer decay γ -ray spectroscopy 
with the RISING setup at GSI. A newly observed isomer and its measured decay properties indicate that 
states in 213Pb are characterized by the seniority quantum number that counts the nucleons not in pairs 
coupled to angular momentum J = 0. The conservation of seniority is a consequence of a geometric 
phase associated with particle-hole conjugation, which becomes observable in semi-magic nuclei where 
nucleons half-fill the valence shell. The γ -ray spectroscopic observables in 213Pb are thus found to be 
driven by two mechanisms, particle-hole conjugation and seniority conservation, which are intertwined 
through a Berry phase.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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Observables in quantum mechanics are usually associated with 
the eigenvalue or expectation value of an operator. The major in-
sight of Berry’s paper [1] is that a class of observables exists, which 
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cannot be associated with any operator. If a Hamiltonian depends 
on a set of parameters {ξ}, then the phase change of an eigenstate 
of Ĥ(ξ) over a closed path in the parameter space is a gauge-
invariant quantity, and as such observable. This simple result has 
far-reaching consequences and has found application in a wide va-
riety of physical systems [2], a recent example being graphene [3]. 
Berry’s idea has also proven fruitful in nuclear physics with ap-
plications to pair transfer in superfluid rotating nuclei [4] and to 
the interplay between fast and slow degrees of freedom in the 
context of time-dependent Hartree-Fock-Bogoliubov theory [5,6] or 
the theory of collective motion [7–10]. Although of great theoret-
ical interest, the observation of clear experimental signatures of 
these ideas remained elusive up to now. In this letter we report 
on the isomer decay properties of 213Pb. We show that they are 
those of a nucleus at mid-shell and as such influenced by the Berry 
phase that connects particle-hole conjugation to seniority conser-
vation.

Particle-hole conjugation is known since the early days of quan-
tum mechanics (see, e.g., Chapter XII of Condon and Shortley [11]) 
and has found numerous seminal applications in atomic [12] as 
well as nuclear [13] physics. To this day it continues to inspire 
many branches of physics, a recent example being an application 
to the fractional quantum Hall effect [14]. Particle-hole conjuga-
tion transforms the problem of n interacting fermions in a shell 
into one with � − n fermions, where � is the number of Pauli-
allowed single-particle states. The n-fermion states correspond, up 
to a phase, to those for � − n fermions. Together with an appro-
priate particle-hole transformation of the Hamiltonian, this leads 
to an identical interacting shell problem.

Seniority υ is the number of particles not in pairs coupled to 
angular momentum J = 0. As shown by Racah in the context of 
atomic physics [12], it is a conserved quantum number for n iden-
tical particles, each with angular momentum j, interacting through 
a pairing force. This symmetry was later shown to hold for a 
much wider class of interactions [15,16] and to have an impact 
on the occurrence of nuclear isomers [17]. A special case arises for 
any two-body interaction if the j shell is half-filled with identical 
fermions, that is, if n = (2 j + 1)/2.

The relation between particle-hole conjugation and seniority υ
becomes clear by noting that an n-fermion state is transformed 
into a (� − n)-fermion state times a phase. The phase is normally 
without any observable consequence except if either neutrons or 
protons half-fill a valence single- j shell, in which case the original 
and transformed state are the same. This is an example of a gauge-
invariant and hence observable phase, that is, of a Berry phase [1].

This argument leads to the observation that at mid-shell a 
two-body interaction can only mix states that differ by four units 
of seniority, �υ = ±4, confirming a well-known shell-model re-
sult [18]. While the Berry-phase mechanism explains total senior-
ity conservation for j ≤ 7/2, for j = 9/2 it explains the partial
conservation of seniority [19–21] in self-conjugate semi-magic nu-
clei. It is an example of the general notion of partial dynamical 
symmetry [22,23], which describes quantum-mechanical systems 
where some but not all eigenstates are solvable with a fixed struc-
ture that is independent of the parameters in the Hamiltonian.

The experimental results described in this Letter originate in 
the uniqueness of the FRS-RISING experimental complex [24–27]
and the UNILAC-SIS-18 accelerator facilities at GSI. The neutron-
rich heavy nuclei beyond the N = 126 shell closure were produced 
in the fragmentation of a 1 GeV/u 238U beam, with an intensity 
of around 1.5 × 109 ions/spill. A beam extraction of ∼1 s was 
used, followed by a ∼2 s period without beam. The 238U ions were 
fragmented on a 2.5 g/cm2 Be target, where a 223 mg/cm2 Nb 
stripper was used, to increase the number of fully-stripped ions. 
The fragments produced in the reaction were separated accord-
ing to their magnetic rigidity (Bρ) with the double-stage magnetic 
2

Fig. 1. (a) Gamma-ray spectrum showing the six γ -ray transitions assigned to the 
decay of the isomeric state in 213Pb. The spectrum is obtained by selecting the time 
window �t = 0.12–1.70 μs after the implantation (referred to as delayed coinci-
dence). The inset shows the time distribution and exponential fit for the sum of the 
transitions, yielding a half-life of t1/2 = 0.26(2) μs. (b)–(g) Prompt γ -γ coincidence 
spectra (� t ≤ 100 ns) between the six observed transitions following the isomer 
decay.

spectrometer FRS [24]. This experimental setup was described in 
detail in Refs. [28–34]. At the final focal plane of the FRS spectrom-
eter, the fully-identified ions were slowed down in an Al degrader 
and eventually implanted in three layers of a double-sided silicon-
strip detector (DSSSD) system [27,35]. The RISING γ spectrometer 
consisted of 105 germanium crystals arranged in 15 clusters with 
7 crystals each [25,26] that surrounded the implantation DSSSD 
system.

Fig. 1 (a) shows the γ spectrum (non add-backed, with γ
multiplicity one) in delayed coincidence with about 2100 fully-
stripped 213Pb ions obtained by selecting a time window of �t =
0.12–1.70 μs after implantation. Six γ peaks with energies, in 
decreasing order, of 772, 488, 369, 311, 190, and 176 keV are iden-
tified. The uncertainty on all energies is around ±1 keV, except for 
the 176 keV transition, where it is ±2 keV. The peak at 75 keV 
corresponds to Kα X-rays of Pb. The analysis of prompt γ -γ coin-
cidences, shown in Fig. 1 (b)–(g), indicates that the 772, 369, and 
190 keV transitions are in mutual coincidence, while the 488 keV 
transition is only in coincidence with the 772 keV line. The sum 
of the energies of the 311 and 176 keV transitions is compatible, 
within uncertainties, with the energy of the 488 keV transition. 
These two lines should then be parallel to the 488 keV one and we 
place tentatively in mutual coincidence and with the 772 keV tran-
sition the 311 and 176 keV transitions. The γ coincidence spectra 
present a low background; a 3-σ significance has been consid-
ered for the γ -γ coincidences. Thus, as already shown [30] in 
210Hg with half the statistics of 213Pb, even one or two coinci-
dence counts, are significant. The yield of the 772 keV transition 
corresponds (after allowing for electron conversion) within un-
certainties to the sum of the 369, 488, and 311 transitions. The 
lifetimes of the 369-, 772-, 488-, 311-keV γ transitions are com-
patible among them. The 190- and 176-keV transitions do not have 
enough statistics for an individual lifetime determination, see Ta-
ble 1. The inset in Fig. 1 (a) shows the exponential χ2 fit to the 
time decay curve for the sum of the γ transitions, yielding a half-
life of t1/2 = 0.26(2) μs for the isomeric state.

In the following, a tentative spin-parity assignment will be dis-
cussed on the basis of systematics and basic shell-model expec-
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Table 1
Transition intensities corrected for efficiency and internal conver-
sion and their half-life t1/2 for the various gamma transitions 
in 213Pb. The 190- and 176-keV transitions do not have enough 
statistics for an individual lifetime determination.

Eγ (keV) Iγ (%) t1/2 (μs)

772 100(10) 0.23(4)
488 79(8) 0.21(3)
369 30(9) 0.26(5)
311 23(10) 0.25(7)
190 22(15)
176 19(16)

tations. A Jπ = 21/2+ seniority isomer with a half-life of 42 ns, 
originating from the maximum coupling of three 1g9/2 neutrons, 
is known [36] in 211Pb. Its decay to the 9/2+ ground state is 
identified in a sequence of three γ -ray transitions, 137, 322, and 
734 keV, feeding successively the 17/2+ , 13/2+ , and 9/2+ levels. 
An isomer with a longer half-life is expected in 213Pb as a conse-
quence of the parabolic behavior of reduced transition probabilities 
B(E2) predicted by the seniority scheme [37]. As discussed above, 
a similar sequence of coincident γ -rays 190, 369, and 772 keV is 
indeed observed in 213Pb. It is therefore associated with the cas-
cade 21/2+ → 17/2+ → 13/2+ → 9/2+ , from the isomer to the 
ground state. The 488, 311, and 176 keV transitions, in coinci-
dence with the 772 keV transition, necessarily belong to a second 
decay branch of the 21/2+ isomer, not observed in 211Pb. From 
energy arguments a 71 keV γ ray, which cannot be observed ex-
perimentally because of its high internal conversion coefficient, is 
necessary. Thus, coincidences and intensities (see Table 1) indi-
cate that the 21/2+ isomer also decays via the two γ sequences 
71–488 keV and 71–176–311 keV. The ordering of the 71 and 
488 keV transitions from the 21/2+ isomer to the 13/2+ level 
at 772 keV is determined by the half-life of the isomer, which is 
only compatible with an E2 γ -ray multipolarity for the 71 keV 
transition. Therefore, the isomer decays via a 71 keV E2 transi-
tion to a second 17/2+

2 level at 1260 keV followed by the 488 keV 
E2 transition to the 13/2+ level. This 17/2+

2 level also decays via 
a weaker branch (with around 15% of the intensity) to the same 
13/2+ level through the γ sequence 176–311 keV, requiring an 
intermediate level at 949 or 1084 keV. The most straightforward 
solution is that, parallel to the 488 keV transition, the other two 
γ rays are of M1 character, which suggests the spin and parity of 
the intermediate level to be 15/2+ . It is worth noting that this 
second branch, decaying via the 71 keV transition, has a much 
higher intensity (around 80% of the intensity) than the usual decay 
path 21/2+ → 17/2+

1 → 13/2+ → 9/2+ , which carries the small-
est fraction, around 20%, of the intensity. Fig. 2(a) shows the pro-
posed level scheme for 213Pb, together with results of shell-model 
calculations. The calculations predict not only the expected cascade 
21/2+ → 17/2+

1 → 13/2+ → 9/2+ but also two low-lying 17/2+
2

and 15/2+ states. These results agree with the experimentally in-
ferred level scheme. The theoretical calculations favor the ordering 
of the 176 and 311 keV γ lines shown in Fig. 2(a). The reduced E2
transition probabilities from the 21/2+ isomer to the two 17/2+
levels are determined as B(E2; 21/2+ → 17/2+

1 ) = 1.1(4) e2 fm4

and B(E2; 21/2+ → 17/2+
2 ) = 32(5) e2 fm4.

In the simplest shell-model approach the nucleus 213Pb is de-
scribed as five neutrons in the 1g9/2 shell. The effective interaction 
between the neutrons can then be obtained either from the mea-
sured levels of 210Pb, from those of 216Pb, or by interpolation. The 
latter is used to calculate the (sm-g) spectrum of Fig. 2 (b). The 
complete (1g9/2)

5 spectrum is shown in Fig. 3. While the exci-
tation energies do depend on the two-body matrix elements, the 
wave functions of most states in Fig. 3 are fixed and have defi-
nite seniority. For any two-body interaction, of all possible (1g9/2)5
3

Fig. 2. (a) Level scheme of 213Pb following the decay of the 21/2+ 0.26(2) μs iso-
mer deduced from the present data. The widths of the arrows are proportional to 
the relative γ -ray intensities but for display purposes the width of the 71 keV tran-
sition is reduced by a factor of three. The white part of the arrow is the internal 
conversion percentage of the transitions. Also shown is a schematic picture of the 
structure of the different states with seniority υ = 1 (black), υ = 3 (red), and υ = 5
(blue). The pairs of nucleons coupled to angular momentum J = 0 are shown in yel-
low. (b) Theoretical predictions of a simple shell-model approach with five neutrons 
in 1g9/2 (sm-g) and of a large-scale shell-model calculation with the Kuo-Herling 
interaction (sm-kh), as described in the text.

Fig. 3. Complete energy spectrum of five nucleons in the 1g9/2 shell. The spectrum 
applies to 213Pb and is calculated with two-body matrix elements derived by inter-
polation between 210Pb and 216Pb (sm-g). States can be of seniority υ = 1 (black), 
3 (red), or 5 (blue), having two, one, or no pairs of nucleons coupled to angular 
momentum J = 0 (yellow), respectively. All states conserve seniority, except for the 
two 9/2+ states with υ ≈ 1 and υ ≈ 5 shown on the left-hand side.

states only two can mix, namely those with Jπ = 9/2+ and senior-
ities υ = 1 and υ = 5. All other states must have good seniority, 
either υ = 3 or υ = 5.

To understand these features, we start from a general particle-
number-conserving, rotationally-invariant Hamiltonian with up to 
two-body interactions for a single- j shell,

Ĥ(E0, ε, νλ) = E0 + ε n̂ − 1
2

∑

λ

νλ(a
†a†)(λ) · (ãã)(λ), (1)

where a†
m creates a particle in the j shell with projection m, 

ãm ≡ (−) j+ma−m is the modified annihilation operator, n̂ is the 
particle-number operator and E0, ε and {νλ, λ = 0, 2, . . . , 2 j − 1}
are a constant energy, a single-particle energy and the two-body 
interaction matrix elements, respectively. The eigenstates of this 
Hamiltonian are characterized by particle number n, total angular 
momentum J , and its projection M . They depend on the parame-
ters and can be denoted as follows:

| jnα J M; E0, ε, νλ〉, (2)

where α = 1, 2, . . . denotes the first, second, etc. energy eigenstate 
for a given n and J . Since all Hamiltonians considered below are 
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rotationally invariant, the projection M is irrelevant and can be 
dropped.

We now apply particle-hole conjugation to the Hamiltonian (1),

�Ĥ(E0, ε, νλ)�
† = Ĥ(E ′

0, ε
′, νλ). (3)

The constant term and single-particle energy are modified but the 
two-body interaction is invariant under the particle-hole transfor-
mation �. The invariance of the interaction is crucial to the subse-
quent argument and, for example, a three-body interaction is not
invariant under the particle-hole transformation and the derivation 
given below is not generally valid in that case.

The proof of the invariance of νλ can be found, for example, 
in Chapter 3 of Ref. [18]. Furthermore, the relation of � to pairs 
of particles coupled to λ = 0, and therefore to seniority, becomes 
apparent with its explicit representation [38], � = e

1
2 π(Ŝ+−Ŝ−) , in 

terms of λ = 0 pair creation and annihilation operators Ŝ+ =
1
2

√
2 j + 1(a†

ja
†
j)

(0)
0 and Ŝ− = ( Ŝ+)†. As a result each λ = 0 pair in 

an n-particle state induces a minus sign under particle-hole conju-
gation such that the seniority basis transforms as follows:

�| jnυ J 〉 = (−)(n−υ)/2| j2 j+1−nυ J 〉. (4)

Since � is a unitary operator, �| jnα J ; E0, ε, νλ〉 is an eigenstate 
of the transformed Hamiltonian and we establish the identity

�| jnα J ; E0, ε, νλ〉 = ±| j2 j+1−nα J ; E ′
0, ε

′, νλ〉
= ±| j2 j+1−nα J ; E0, ε, νλ〉, (5)

where the phase is either + or − because of Eq. (4). The last 
equality holds since the constant and the single-particle energy do 
not affect the eigenfunctions of the Hamiltonian, only its eigenen-
ergies. The sign ± is without any consequence except if the states 
on the left- and right-hand side of Eq. (5) are the same, which is 
the case for a half-filled shell, n = 2 j + 1 − n. We note that a Berry 
phase, while usually defined along a continuous path, can also, 
following Pancharatnam [39,40], be defined for a discrete trans-
formation.

Consider as an example five particles in a j = 9/2 shell. An 
eigenstate of the Hamiltonian (1) can be expanded in the seniority 
basis,

| j5α J ; E0, ε, νλ〉 =
∑

υ=1,3,5

aυ | j5υ J 〉, (6)

with coefficients aυ that depend on the interaction matrix ele-
ments νλ . Application of Eq. (5) with the + sign, together with 
the relation (4), yields

a1| j5υ = 1 J 〉 − a3| j5υ = 3 J 〉 + a5| j5υ = 5 J 〉
= a1| j5υ = 1 J 〉 + a3| j5υ = 3 J 〉 + a5| j5υ = 5 J 〉.
Since the seniority basis is orthogonal, this implies that a3 = 0 and 
that mixing can only occur between states with seniority υ = 1
and υ = 5. Likewise, application of Eq. (5) with the − sign implies 
that a1 = a5 = 0 and that the state has seniority υ = 3.

The appearance of a geometric phase associated with particle-
hole conjugation therefore provides an understanding of the usual 
seniority selection rules [18]. The Berry-phase interpretation does 
not imply new selection rules but links seniority conservation to 
universal quantum mechanics features.

The partial conservation of seniority in mid-shell nuclei impacts 
on the electromagnetic decay. Matrix elements of the quadrupole 
operator between states of the same seniority are proportional to 
2 j + 1 − 2n and vanish in mid-shell nuclei [37], where E2 transi-
tions therefore satisfy the selection rule �υ = ±2. Specifically, the 
4

otherwise natural decay path of the 21/2+ level towards 17/2+
1

is forbidden while its decay to 17/2+
2 is allowed. This yields a 

qualitative explanation of the 21/2+ isomer decay: although from 
energy considerations the path via 17/2+

2 is around seven times 
less likely than that via 17/2+

1 , experimentally it is found that the 
decay path via 17/2+

2 is approximately four times more probable. 
This observation is a consequence of seniority conservation.

The results obtained with five neutrons in 1g9/2 will be al-
tered by the presence of other shells in the valence space. In order 
to study the consequences of an increasing valence space, large-
scale shell-model (LSSM) calculations were performed using the 
Kuo-Herling (KH) interaction [41] in the full neutron valence space 
beyond N = 126, akin to those reported in Ref. [42]. Single-particle 
energies were extracted from the experimental spectrum of 209Pb 
for the 1g9/2, 0i11/2, 2d3/2, 2d5/2, 1g7/2, 3s1/2 and 0 j15/2 neutron 
shells. The Hamiltonian was diagonalized using the m-scheme an-

toine and J -scheme nathan shell-model codes [43,44]. The latter 
allows one to obtain the seniority components of the calculated 
wave functions.

The results for the energies of the positive-parity states are 
shown in the (sm-kh) spectrum of Fig. 2(b) and found to be in 
good agreement with those of the simpler 1g9/2 approach (sm-g)
of Fig. 2(b) and the observed energies. The expected cascade start-
ing from the 21/2+ isomer proceeds through states with senior-
ity υ = 3, decaying into the 9/2+ ground state with υ = 1. The 
B(E2; 21/2+ → 17/2+

1 ) = 0.2 e2 fm4, calculated with the stan-
dard neutron effective charge eν = 0.5e, is small and similar to the 
experimental value 1.1(4) e2 fm4. The overlap of the wave func-
tion of a LSSM state with a υ = 3 (1g9/2)

5 configuration is 0.84
for 21/2+ and 0.83 for 17/2+

1 . A large E2 matrix element from 
21/2+ to 17/2+

2 is also predicted. The 17/2+
2 LSSM state has an 

overlap with a υ = 5 (1g9/2)
5 configuration of 0.93. The LSSM 

calculation therefore indicates the predominance of components 
with seniority υ = 3 and 5 in the 17/2+

1 and 17/2+
2 states, respec-

tively. The calculated strength from the isomer to the 17/2+
2 level 

is B(E2; 21/2+ → 17/2+
2 ) = 65 e2 fm4, in line with the large value 

of 32(5) e2 fm4 observed experimentally. The relevant result is that 
the LSSM calculation predicts, as observed experimentally, sub-
stantially different B(E2; 21/2+ → 17/2+

i ) values, with the largest 
strength going to 17/2+

2 . Of particular significance is also the find-
ing that the LSSM calculation yields two 17/2+ states that are 
close in energy, 1098 and 1304 keV, but which remain pure in 
seniority, υ = 3 and 5, respectively. The shell-model calculation in 
the full valence space beyond 208Pb therefore confirms the approx-
imate conservation of seniority, even if shells other than 1g9/2 are 
considered. Although the 1g9/2 shell is not isolated in energy, it is 
found to carry the dominant component of the wave function of 
low-energy states.

We note that the KLS interaction and the truncation from 
Ref. [28] cannot be used for testing seniority conservation since 
this approach includes only one-particle-one-hole excitations but 
no pair scattering from 1g9/2 to other shells.

Do other examples exist of semi-magic nuclei with valence nu-
cleons that half-fill a single j shell? For j < 7/2, any state with 
a given total angular momentum J is unique and conservation 
of seniority trivially follows from rotational invariance. The first 
non-trivial case occurs for four nucleons in the 0 f7/2 shell, e.g. 
for 44Ca or 52Cr. Studies of such 0 f7/2 nuclei reported consider-
able breaking of seniority in excited states as a result of mixing 
with the 1p3/2 shell [45]. The mid-shell nucleus 136Sn with four 
neutrons in the 1 f7/2 shell has a 6+ seniority-isomer [46], which 
B(E2; 6+ → 4+) is much larger than shell-model predictions, sug-
gesting a significant seniority mixing in the 4+ state. Concerning 
the next shell of interest with j = 9/2, of particular interest are 
the nickel isotopes (Z = 28) and the N = 50 isotones with ei-
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ther neutrons or protons in the 0g9/2 shell. (See Ref. [47] for a 
theoretical discussion of seniority isomers in this region.) The best-
studied mid-shell nucleus is 95Rh, which displays a decay of a 
21/2+ isomer into two 17/2+ levels (see Ref. [48] and references 
therein), similar to 213Pb. The isomer decay indicates substantially 
more seniority mixing in 95Rh, presumably as a result of neutron 
excitations across the N = 50 closure [49]. Another possible ex-
ample is 213Fr with five protons in 0h9/2. A simple shell-model 
calculation predicts in this case that the 17/2−

2 level with senior-
ity υ = 5 lies above the 21/2− isomer, which therefore can only 
have a retarded decay to the 17/2−

1 level with seniority υ = 3. 
This finding agrees qualitatively with the isomeric character of the 
21/2− level and the non-observation of a 17/2−

2 level [50]. Fi-
nally, of 73Ni with five neutrons in 0g9/2, too little is known at 
present [51,52] to give a conclusive answer concerning seniority 
conservation.

In summary, our study of 213Pb shows that its 21/2+ iso-
mer decays with asymmetric E2 transition probabilities to two 
17/2+ states that are close in energy but of different nature. One 
state has two nucleons coupled to angular momentum J = 0 (se-
niority υ = 3), while the other contains no J = 0 pairs (υ = 5). 
The purity of seniority in the 17/2+ states follows from the self-
conjugate character of 213Pb, where the particle-hole symmetry 
prevents �υ = ±2 mixing. The property of seniority conservation 
in mid-shell nuclei is given a novel interpretation by means of 
an observable Berry phase. Further studies are required to deepen 
our understanding of the Berry phase and look for its additional 
consequences in nuclei. Exclusive cross-section measurements of 
one-nucleon transfer can be envisaged since pick-up and stripping 
reactions obey seniority selection rules. Finally, we note that the 
present experiment and discussion concerns a semi-magic nucleus 
and the conservation of seniority. The Berry-phase mechanism is 
more general, however, and an investigation of its observational 
consequences in nuclei with neutrons and protons at mid-shell is 
called for. Experiments of this kind will further enhance our un-
derstanding of symmetries in the atomic nucleus.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Acknowledgements

We thank F. Nowacki for providing the NATHAN and ANTOINE 
codes. The GSI accelerator staff are acknowledged. The authors ac-
knowledge the support of the Italian Istituto Nazionale di Fisica 
Nucleare. This work was partially supported by the Ministry of 
Science, and Generalitat Valenciana, Spain, under the Grants SEV-
2014-0398, FPA2017-84756-C4, PROMETEO/2019/005 and by the 
EU FEDER funds. The support of the UK STFC, of the Swedish Re-
search Council under Contract No. 2008-4240 and No. 2016-3969 
and of the DFG (EXC 153) is also acknowledged. The experimental 
activity has been partially supported by the EU under the FP6-
Integrated Infrastructure Initiative EURONS, Contract No. RII3-CT-
2004-506065 and FP7-Integrated Infrastructure Initiative ENSAR, 
Grant No. 262010.
5

References

[1] M.V. Berry, Proc. R. Soc. A 392 (1984) 45.
[2] E. Cohen, H. Larocque, F. Bouchard, F. Nejadsattari, Y. Gefen, E. Karimi, Nat. Rev. 

Phys. 1 (2019) 437–449.
[3] C. Dutreix, H. González-Herrero, I. Brihuega, M.I. Katsnelson, C. Chapelier, V.T. 

Renard, Nature 574 (2019) 219–222.
[4] R.S. Nikam, P. Ring, L.F. Canto, Phys. Lett. B 185 (1987) 269.
[5] A. Bulgac, Phys. Rev. C 41 (1990) 2333.
[6] A. Bulgac, Phys. Rev. Lett. 67 (1991) 965.
[7] R. Girard, J. Letourneux, L. Vinet, Nucl. Phys. A 512 (1990) 149.
[8] A. Klein, N. Walet, Phys. Rev. C 48 (1993) 178.
[9] D. Kusnezov, Phys. Lett. B 319 (1993) 381.

[10] T. Papenbrock, H.A. Weidenmüller, Phys. Rev. C 102 (2020) 044324.
[11] E.U. Condon, G.H. Shortley, The Theory of Atomic Spectra, University Press, 

Cambridge, 1935.
[12] G. Racah, Phys. Rev. 63 (1943) 367.
[13] J.S. Bell, Nucl. Phys. 12 (1959) 117.
[14] W.C. Haxton, D.J. Haxton, B. Kang, Phys. Rev. B 98 (2018) 115140.
[15] G. Racah, I. Talmi, Physica 18 (1952) 1097.
[16] C. Schwartz, A. de Shalit, Phys. Rev. 94 (1954) 1257.
[17] D.H. Gloeckner, M.H. Macfarlane, R.D. Lawson, F.J.D. Serduke, Phys. Lett. 40B 

(1972) 597–601.
[18] R.D. Lawson, Theory of the Nuclear Shell Model, Clarendon Press, Oxford, 1980.
[19] A. Escuderos, L. Zamick, Phys. Rev. C 73 (2006) 044302.
[20] P. Van Isacker, S. Heinze, Phys. Rev. Lett. 100 (2008) 052501.
[21] Y. Qian, C. Qi, Phys. Rev. C 98 (2018) 061303(R).
[22] Y. Alhassid, A. Leviatan, J. Phys. A 25 (1992) L1265.
[23] A. Leviatan, Prog. Part. Nucl. Phys. 66 (2011) 93.
[24] H. Geissel, et al., Nucl. Instrum. Methods B 70 (1992) 286.
[25] S. Pietri, et al., Nucl. Instrum. Methods B 261 (2007) 1079.
[26] P.H. Regan, et al., Nucl. Phys. A 787 (2007) 491c.
[27] R. Kumar, et al., Nucl. Instrum. Methods A 598 (2009) 754.
[28] A. Gottardo, J.J. Valiente-Dobón, G. Benzoni Nicolini, et al., Phys. Rev. Lett. 109 

(2012) 162502.
[29] G. Benzoni, A.I. Morales, J.J. Valiente-Dobón, A. Gottardo, et al., Phys. Lett. B 

715 (2012) 293–297.
[30] A. Gottardo, J.J. Valiente-Dobón, G. Benzoni, A. Gadea, et al., Phys. Lett. B 725 

(2013) 292–296.
[31] A.I. Morales, G. Benzoni, A. Gottardo, J.J. Valiente-Dobón, et al., Phys. Rev. C 89 

(2014) 423.
[32] A. Gottardo, J.J. Valiente-Dobón, G. Benzoni, S. Lunardi, et al., Phys. Rev. C 90 

(2014) 263.
[33] A. Gottardo, J.J. Valiente-Dobón, G. Benzoni, A.I. Morales, et al., Phys. Rev. C 99 

(2019) 054326.
[34] A. Gottardo, Isomer decay spectroscopy in the region of neutron-rich lead iso-

topes from relativistic 238U fragmentation, PhD Thesis, 2012.
[35] P.H. Regan, et al., Int. J. Mod. Phys. E 17 (2008) 8.
[36] G. Lane, K. Maier, A. Byrne, G. Dracoulis, Phys. Lett. B 606 (2005) 34–42.
[37] I. Talmi, Simple Models of Complex Nuclei. The Shell Model and Interacting 

Boson Model, Harwood, Chur, 1993.
[38] A. Müller-Arnke, Nucl. Phys. A 215 (1973) 205.
[39] S. Pancharatnam, Proc. Indian Acad. Sci. A 44 (1956) 247.
[40] R. Resta, J. Phys. Condens. Matter 12 (2000) R107–R143.
[41] E.K. Warburton, B.A. Brown, Phys. Rev. C 43 (1991) 602.
[42] E. Caurier, M. Rejmund, H. Grawe, Phys. Rev. C 67 (2003) 034304.
[43] E. Caurier, F. Nowacki, Acta Phys. Pol. B 30 (1999) 705.
[44] E. Caurier, et al., Phys. Rev. C 59 (1999) 2033.
[45] N. Auerbach, Phys. Lett. B 24 (1967) 260.
[46] G.S. Simpson, G. Gey, A. Jungclaus, J. Taprogge, et al., Phys. Rev. Lett. 113 (2014) 

132502.
[47] A.F. Lisetskiy, B.A. Brown, M. Horoi, H. Grawe, Phys. Rev. C 70 (2004) 2267.
[48] A. Jungclaus, D. Kast, K.P. Lieb, C. Teich, M. Weiszflog, T. Härtlein, C. Ender, F. 

Köck, D. Schwalm, J. Reif, R. Peusquens, A. Dewald, J. Eberth, H.G. Thomas, M. 
Górska, H. Grawe, Nucl. Phys. A 637 (1998) 346–364.

[49] H. Mach, et al., Phys. Rev. C 95 (2017) 014313.
[50] M. Basunia, Nucl. Data Sheets 108 (2007) 633.
[51] A.I. Morales, G. Benzoni, H. Watanabe, G. De Angelis, S. Nishimura, L. Coraggio, 

A. Gargano, N. Itaco, T. Otsuka, Y. Tsunoda, P. Van Isacker, et al., Phys. Lett. B 
781 (2018) 706–712.

[52] A. Gottardo, G. De Angelis, P. Doornenbal, L. Coraggio, A. Gargano, N. Itaco, K. 
Kaneko, P. Van Isacker, T. Furumoto, et al., Phys. Rev. C 102 (2020) 014323.

http://refhub.elsevier.com/S0370-2693(21)00123-4/bibA8ADA8F4C733DEE40A1C3F4A2EB1B116s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib6791E5669B3EED36AEF1C1CC27A2DB6Ds1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib6791E5669B3EED36AEF1C1CC27A2DB6Ds1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib924C9B372CDBED95EBEEB0FAA5B12871s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib924C9B372CDBED95EBEEB0FAA5B12871s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibA357D2D7CE38F4980C300CFDADD244FAs1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibB87928C3A8F60439F8AD7AE3A41AFABAs1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibC22990D1CE6FBD9FA7F544EC13DEAEF8s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibF2DD062F87369F3D39E1327B41737160s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibAC986A906DC64BB8A22303BA88EF327As1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib2BEC8E9701EDEBB393E9EF13DCE29480s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib3151B16563563162EA0294AB72B53B19s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibFB06002C5277146AF6E0EC3F67D6E7F1s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibFB06002C5277146AF6E0EC3F67D6E7F1s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib98B23F83E5B10714C152E762526C3913s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibEB3D644363C8204BB131C1587460DCB7s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib706FA5D56F7736F3D7148181EB9E77BCs1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib8C09FBAB774ECC277B9408536840AD80s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib08D38A0A41932980E5B59575B5E0CDCDs1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibF69922884CC0EFFDD965B43115E2F72As1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibF69922884CC0EFFDD965B43115E2F72As1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibF01371EEA97810D5B29BEA992E795D98s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibB8A7B848C8806E0E4C83E5F3F520E5CFs1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib4C7D9C6F4CBCFA9FE014C42C1252499Ds1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibD4BCBA18B51C42CBE5306758F16F4BE1s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibD3C5F6E30ABBAED7F15DC807FE65EAF7s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibF342D3A9BB29D2AA27CF641CB317B46Ds1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibECCBC87E4B5CE2FE28308FD9F2A7BAF3s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibA87FF679A2F3E71D9181A67B7542122Cs1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib6C8349CC7260AE62E3B1396831A8398Fs1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibE4DA3B7FBBCE2345D7772B0674A318D5s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib13EDBE8B95261C3A88680818CACE44A4s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib13EDBE8B95261C3A88680818CACE44A4s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib226591B0011AFEC148EF199B70BF881Ds1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib226591B0011AFEC148EF199B70BF881Ds1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib11FC3A0C8FCA92AE6BC10FF8241A116Es1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib11FC3A0C8FCA92AE6BC10FF8241A116Es1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib5E0C550EBC5DB9F1C5EBAE8E30EF722Es1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib5E0C550EBC5DB9F1C5EBAE8E30EF722Es1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib38523A3DCB681B6ABD6DD69B73534AF7s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib38523A3DCB681B6ABD6DD69B73534AF7s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib0DE3BA01184B62B2D8E5B01CA4842F76s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib0DE3BA01184B62B2D8E5B01CA4842F76s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib2C40135F935FDEF39AD1DB4E8C1C10C2s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib2C40135F935FDEF39AD1DB4E8C1C10C2s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibB53B3A3D6AB90CE0268229151C9BDE11s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib1A79A39F343F2224748EC987CCF8431Fs1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibE4664BA6013372D461E712BC488B2D74s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibE4664BA6013372D461E712BC488B2D74s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib079BB6CC4A06C703234218635C44FC02s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibBC2EB9B624E8E40DAD5CFD3A08775BF5s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib341D3BB177123D9ED340E75D76F125A6s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib6FF47AFA5DC7DAA42CC705A03FCA8A9Bs1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibA3F35BAF41A310BFF0396345B5CA2322s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib0E5091A25295E44FEA9957638527301Fs1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib1404834E52A4C6CAC9444F1FB3C62D3Cs1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibDAA905278310794EB0BF929F429A0F60s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibC81D76D6C160DB37EA82635E5B26A9A0s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibC81D76D6C160DB37EA82635E5B26A9A0s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib37D352CE7A0BB30CDA6F6199CAA8CAB7s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib43C8165BFC22A8B55052A72540986825s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib43C8165BFC22A8B55052A72540986825s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib43C8165BFC22A8B55052A72540986825s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib0EEF5408E92EF5F3FC21860B759370B9s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibF80EB3CA8CE5C3B78A95E4873C891486s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibAA260C5322C0BCEBED3CCC8FAFFCEA4Es1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibAA260C5322C0BCEBED3CCC8FAFFCEA4Es1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bibAA260C5322C0BCEBED3CCC8FAFFCEA4Es1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib48A0EE550243C57EAA10DF519B1B0A76s1
http://refhub.elsevier.com/S0370-2693(21)00123-4/bib48A0EE550243C57EAA10DF519B1B0A76s1

	Manifestation of the Berry phase in the atomic nucleus 213Pb
	Declaration of competing interest
	Acknowledgements
	References


