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When discussing atomic nuclei, deformation is one of the
most common topics. However, when we connect the con-
cept of shape with high-precision experimental measure-
ments, sometimes the explanation may not be as simple
as we think. A recent measurement of nuclear charge radii
(Phys. Rev. Lett. 134, 182501 (2025)) challenges current
nuclear ab initio models.

Removal or addition of just a few particles for closed-
shell nuclei may lead to drastic changes in nuclear shape,
resulting in different shapes to coexist and interact at low
excitations [1]. This suggests to us that individual particles
(holes) can decisively affect the overall picture of nuclei. But
which are the correct observables?

There are some measurable quantities in nuclear phys-
ics, such as nuclear mass, binding energy, symmetry energy,
nuclear radius and charge radius, which characterize the
overall behavior and structure of the nucleus. We can call
them bulk properties to distinguish them from many other
measurable quantities that describe individual energy levels.
Deformation, or shape in common saying, is a very special
quantity because it seems to be related to almost all physical
properties, but it itself is not a measurable quantity.

Among these measurable quantities, nuclear charge radii,
which measure the size of the positive charge distribution
within a nucleus, can provide direct information about
nuclear shapes. For example, deviations of charge radii
from spherical charge distributions indicate emergence of
deformation (e.g., prolate or oblate shapes), signaling the
evolution of collectivity or coexistence of nuclear shapes
[2—4]. Abrupt changes in charge radii across isotopes often
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indicate the presence of closed-shell configurations, reveal-
ing magicity in exotic nuclei far from stability [5-8]. Com-
paring charge radius (from protons) to matter radius (from
all nucleons) allows inferring the neutron skin thickness [9],
one of the most exotic shape phenomena in nuclei.

Laser spectroscopy is an interdisciplinary technique that
has seen increasing implementation at facilities across the
globe in recent years [10]. By detecting minute frequency
shifts—as small as one part in a million relative to the total
atomic transition frequency—caused by the electromagnetic
interaction between the atomic nucleus and its surround-
ing electrons, laser spectroscopy enables high-precision,
model-independent determinations of charge radii, as well
as other electromagnetic properties of atomic nuclei. This
has led to significant advances in the investigation of the
structure of exotic nuclei [10]. Although electron scattering,
which measures form factors, remains the standard method
for determining charge radii of stable or long-lived iso-
topes and has recently seen progress toward applications on
unstable nuclei [11], the majority of charge radii for unstable
nuclei—produced at radioactive ion beam (RIB) facilities
worldwide—are measured using laser spectroscopy.

Nuclear shape is tightly connected to charge radii because
the charge radii reflects the spatial distribution of protons in
a nucleus, and this distribution changes when the nucleus
deforms. Traditionally, one can extract quadrupole defor-
mation parameter f, in deformed nuclei from experimental
mean-square charge radii (r*) using the relation

(ry= <r2>o<l + %ﬂf), )

where (r2),, represents the radius of spherical equivalence.
During recent years, series of experiments at CERN-
ISOLDE confirmed a fascinating phenomenon—pro-
nounced odd—even staggering in mean-square charge radii.
It was observed that along the mercury (Z = 80) isotopic
chain, a sudden occurrence of large charge radii in the
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odd-mass mercury isotopes 8:18%185Hg shows up, form-
ing together with the neighboring even-mass Hg isotopes
a localized staggering [12]. According to the relation in
(1), one can call the phenomenon shape staggering. For
the bismuth (Z = 83) isotopes, irregularities were found in
the odd-mass '#~193Bi as the neutron number approaches
the midshell. Remarkably, in the ground state of N = 105,
(r?) of the odd—odd '3®Bi increases suddenly, from which a
large prolate deformation, f, = 0.28, was deduced [13]. To
compare to its neighboring odd—even '¥’Bi with a deduced
p, = 0.19, the change in deformation is significant. In Ref.
[14], the calculation by Kaneko et al. using the PMMU
shell model reproduced the sudden increase in deformation
in ' Bi and further predicted pronounced odd—even shape
staggering down to N = 103.

This staggering phenomenon is fascinating because
of two observational facts. First, it is a local effect, with
large staggering amplitude only seen in a few isotopes that
are close to the magic number of protons (such as Z = 82
in examples above) and the number of neutrons close to
the midshell. Second, it is remarkable that a difference of
just one neutron between the adjacent odd—even pairs can
cause a significant change in deformation. This represents
a fantastic example of how changes in nuclear structure
(perhaps very small) can reshape the systematic proper-
ties of nuclei.

Similar staggering in charge radii has been known
also in light nuclei. Already long ago, Palmer et al. [15]
observed a key feature in the calcium (Z = 20) chain,
showing the archlike charge radii trend at 20 < N < 28,
with almost identical radii for *°Ca and *®Ca and pro-
nounced odd—even staggering. In a very recent work [16],
Bai, Yang and coauthors reported their measurement on
nuclear charge radii of neutron-rich ¥’~*’Sc isotopes using
collinear laser spectroscopy at CERN-ISOLDE. The new
data revealed that the charge radii of scandium (Z = 21)
isotopes exhibit a distinct trend between the neutron magic
numbers N = 20 and N = 28, with *!Sc and **Sc having
similar values, mirroring the closeness of the charge radii
of “°Ca and *8Ca. However, compared to the calcium iso-
topes, the scandium data indicated a much suppressed
odd-even staggering in charge radii, despite that there is
only one proton difference between the scandium and cal-
cium chains.

To understand the observed trend in scandium radii,
authors in [16] carried out calculations using the density
functional theory (DFT) and valence-space in-medium
similarity renormalization group (VS-IMSRG) methods.
The DFT calculations were performed using two Fayans
energy density functional parametrizations. The ab initio
VS-IMSRG calculations used the ANNLOg, chiral inter-
action. However, Ref. [16] concluded that both modern
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nuclear models fail in reproducing the observed differen-
tial radii trend for scandium isotopes with 19 <N < 28.
Without a correct description of the charge radii data, no
further discussion on shape variation in the nuclei is pos-
sible by these models.

The work of [16] has posted great challenges to current
theoretical modes, such as Fayans DFT, which was success-
ful in describing the strong odd—even staggering observed
in calcium charge radii. It is further discussed [16] that with
the inclusion of the new radius measurement for the key
isotope *’Sc, a pronounced odd—even staggering emerges
in the charge radii of N = 28 isotones where protons fill the
077, shell orbital atop the *8Ca core—closely analogous to
the behavior observed in the Z = 20 isotopes where neutrons
filling the same orbital atop the “°Ca core. This indicates
the underlying mechanism likely tied to the unique role of
the 0f; , orbital situated between two major shell closures,
suggesting that the valence pairing and quadrupole interac-
tions in the Fayans DFT models align well with the simple
seniority model.

The performance of the ab initio VS-IMSRG method with
ANNLO, chiral interaction is unsatisfying. Despite years of
development, current ab initio calculations have made only
marginal progress in reproducing the different radius trends
for calcium and scandium isotopes, as well as the N = 28
isotones. On the other hand, the simple seniority model is
successful, possibly because it captures key features of the
structure of the nuclei with partially filled shells, especially
for like nucleons (protons or neutrons) interacting through
pairing forces. The success of the seniority model may sug-
gest that capturing the underlying physics of a problem may
not require complex, large-scale calculations.

This example also shows that high-precision data across
long isotopic chains are valuable for advancing our under-
standing of the nuclear force and benchmarking quantum
many-body theories [5-7]. It is worth mentioning that Chi-
na’s RIB facilities have recently built a set of fully func-
tional, high-resolution and high-sensitivity collinear reso-
nant ionization laser spectrometers (PLASEN) [17], which
are very suitable for studying exotic nuclei in different
regions of the nuclear map.
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