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Nuclear charge radii of neutron-rich *’-**Sc isotopes were measured using collinear laser spectroscopy at
CERN-ISOLDE. The new data reveal that the charge radii of scandium isotopes exhibit a distinct trend
between N = 20 and N = 28, with *!Sc and *°Sc isotopes having similar values, mirroring the closeness of
the charge radii of “’Ca and *3Ca. Theoretical models that successfully interpret the radii of calcium isotopes
could not account for the observed behavior in scandium radii, in particular the reduced odd-even staggering.
Remarkably, the inclusion of the new *°Sc radius data has unveiled a similar trend in the charge radii of
N = 28 isotones and Z = 20 isotopes when adding the protons atop the 43Ca core and the neutrons atop the
40Ca core, respectively. We demonstrate that this trend is consistent with the prediction of the seniority model.
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Nuclear charge radii have provided important informa-
tion on nuclear structure and nuclear models [1-5]. In
particular, high-precision charge radii data across long
isotopic chains are essential for understanding internu-
cleon forces and the nuclear many-body problem [6-8].
Local variations of the charge radii seen in exotic nuclei
with large neutron-to-proton asymmetry often indicate
specific structure effects, such as halo structure [1], shell
closures [6,9,10], and nuclear shape evolution and coex-
istence [3,4,11].

The nuclear charge radii evolution in the Z = 20 region
has long been of interest due to its complex and unique
characteristics. A key feature is the archlike charge radii
trend in calcium isotopes at 20 < N <28, with almost
identical radii for “°Ca and “*Ca and pronounced odd-even
staggering (OES) [2,6,12,13]. Since its observation in 1984
[12], explaining this radii pattern between *°Ca and “*Ca
has posed a long-standing challenge for nuclear theory; see
Refs. [14,15] for its current interpretation. Another puzzle
is the absence of the expected radii kink at the N = 20 shell
closure, observed in argon (Z = 18), potassium (Z = 19),
and calcium (Z = 20) chains [2,6,12,14,16]. This kink,
however, emerged in scandium (Z = 21) radii at N = 20,
with one proton above the Z = 20 shell closure [17],
prompting further theoretical developments. Why do scan-
dium radii at N = 20 differ so from their neighbors? Do
these differences present across the scandium isotopic
chain from N =20 to N =28? How do the radii of
N =28 isotones with protons filling the 0f;/, orbital
compare to Z = 20 isotopes with neutrons filling the
0f7/, orbital, well-isolated from its neighboring orbitals
by magic numbers 20 and 287 To answer these questions,
new charge radii measurements for scandium isotopes near
the N = 28 shell closure are required.

In this Letter, we report the charge radii measurement of
neutron-rich scandium isotopes up to N = 28 using the
COLLAPS collinear laser spectroscopy experiment at
ISOLDE-CERN. Combined with previous data around
N =20 [17-19], our measurements complete the charge
radius evolution of scandium isotopes between N = 20 and
N = 28. The data reveal a distinct pattern with nearly
identical sizes for *!Sc and **Sc. Additionally, the new **Sc
radius provides a key datum for N = 28 isotones, where
protons occupy the 0f;/, orbital. Our results show that the
radii of N = 28 isotones exhibit a similar archlike proton
number dependence, mirroring the neutron-dependent
trend in calcium. The experimental data are confronted
with nuclear density-functional theory (DFT) and valence-
space in-medium similarity renormalization group (VS-
IMSRG) calculations.

Details of the experiment have been described previously
in Ref. [20]. In brief, radioactive Sc isotopes were produced
by impinging 1.4-GeV protons onto a thick Ta-foil target at
ISOLDE-CERN and selectively ionized using the reso-
nance ionization laser ion source [21]. The ions were
extracted, accelerated to 40 keV, and mass-separated with a

1600 ﬂ

1200
800
400

2400
1800
1200

600
1600

1200
800
400

Counts

300

200

100

el

6000

-4000 -2000 0 2000 4000
Relative Frequency (MHz)

FIG. 1. Hyperfine structure spectra of 4>#7#%Sc isotopes fitted
with a Voigt line profile (red solid line).

high-resolution mass separator. They were then cooled and
bunched in a gas-filled radio-frequency quadrupole Paul
trap [22], providing ion bunches with a ~5 ps temporal
width after 100-ms accumulation. The bunched ions deliv-
ered to the COLLAPS setup were resonantly excited via
3d4s 3D, — 3d4p>F, transition using a cw frequency-
doubled Ti:Sapphire laser at 364.3 nm. Long-term laser-
frequency stabilization was achieved with a high-accuracy
wavelength meter kept at a constant environmental temper-
ature. The wavelength meter is calibrated in real time by a
diode laser locked to a hyperfine transition of 8’Rb. The ion
velocity was tuned to match the Doppler-shifted laser
frequency for the studied Sc* transition. Fluorescence
photons emitted from the laser-excited scandium ions were
detected by photomultipliers and counted as a function of the
tuning velocity to obtain the hyperfine structure (hfs)
spectra. All isotopes were measured alternately with the
reference isotope “*Sc to compensate for remaining velocity
or frequency excursions.

Figure 1 shows typical hfs spectra for 47 #9Sc isotopes,
fitted using a Voigt profile in the SATLAS package [23]. The
extracted hfs parameters of odd-A scandium isotopes were
reported in Ref. [20], while those for even-A scandium
isotopes will be detailed in a future publication. Isotope
shifts 6144 = 1A—1* of 49Sc isotopes extracted from
center of gravity v* with respect to v* of the reference
isotope 4’Sc, are presented in Table I. The changes in mean-
square charge radii §(r?)4* could then be deduced via

My—-M
A5 1 Fs(r)A. (1)

AP = Ky —————
MMMy
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TABLEL Isotope shifts 524, changes in mean-squared charge radii 6(r?)

A45 and charge radii R, of *~*°Sc obtained in this Letter

(in bold). Statistical errors are in parentheses, while systematic errors in curly brackets account for the uncertainty in atomic factors Kyg
and F calculated by atomic theory [24,25]. Value for 604% in the 3d4s 3D, — 3d4p 3F5 transition and §(r*>)4* for 4*4Sc are from
Refs. [17-19]. For compatibility, the values in column 5 and 6 are recalculated from the reported 5v4* in literature and atomic F and
Kys factors calculated in this Letter. Note that the spin and parity of the ground and isomeric states of **#’Sc are known from the
National Nuclear Data Center and confirmed through the hfs spectra measurements.

3dds 3D, — 3d4p 3F,

3d4s 3D, — 3d4p 3F

Recalculated

A" &AM (MHz) S(AM17](Em?)  5(R)A (Fm?)

Ra (fm) &A% (MHz)  8(r2)A% (fm?) Ry, (fm)

40 47 —1594(8) [17] —0.226(22) {175} —0.197 (21) {371}
41 7/20 —1199(4) [17] —0.305(10) {137} —0.279 (11) {290}
42 0t —985(11) [18] +0.076 (31) {100} +0.082 (29) {212}
42m 7t —911(5) [19] —0.134(34) {100} —0.115 (13) {212}
43 7/2= —631(5) [18] +0.019(14) {65}  +0.025 (13) {138}
44 2+ —287(4) [18] —0.051(11){32}  —0.044 (11) {68}
44m 6t  —262(6) [18] —0.122(16) {32}  —0.111 (16) {68}
45m 3/2+ —66(2) [18]  +0.187 (6) {6}  +0.177 (5) {6}
46 4t 4336(3) [18] —0.124 (9) {31}  —0.120 (8) {65}

47 7)2"
48 6
49  7/2-

3518 (3) {53}
3.506 (2) {41}

3.558 (4) {30}

3.530 (2) {30}

3.549 (2) {20}

3540 (2) {10} —289.3(13) —0.029(3){68} 3.542(1){10}
3530 (2) {10} —260.0(7)  —0.107(2) {68} 3.531(1){10}
3.571 (1) {3}

3529 (1) {10} +308.8(6)  —0.056(2) {65} 3.538(1) {10}
+614.1(6)  —0.137(2) {127} 3.526(1){18}
+9162(6) —0.239(2) {186} 3.512(1){27}
+1186.6 (11) —0.286 (3) {243} 3.505 (1) {35}

Here, Ky and F are the mass-shift and field-shift factors,
respectively. And M5 and M, are the atomic masses of
#Sc and “4Sc, respectively.

To calculate 5(r?)4*, the atomic factors Kyg and F
must be determined from atomic theory as only one stable
isotope “Sc is available. In this Letter, F was calculated
with the relativistic Fock-space coupled cluster method
(FSCC) [24,26] in DIRAC program [27], while Kyg was
predicted using configuration interaction with many-body
perturbation theory (CI + MBPT) [25] within the AMBIT
program [28]. The closed-shell Sc** [Ar] electron con-
figuration was used for the Dirac-Hartree-Fock reference
state for both methods. The two-particle FSCC sector was
employed in the F' calculations where two electrons were
added to the reference state to reach the [Ar]3d4s states of
Sc*. The intermediate Hamiltonian technique [29] was
used to aid convergence, and the two electrons could
occupy orbitals in a model space consisting of the
3d4s4p(4d5s5p4f5d6s6p) orbitals, with the intermediate
Hamiltonian space in parentheses. Dyall’s 4z basis set [30]
consisting of 31521 p13d8f6g3h basis functions was used,
including core correlating functions and a layer of diffuse
functions. All electrons were correlated and the virtual
space was cut off at 200 a.u. A Gaussian nuclear charge
distribution [31,32] was used and F' was computed from the
numerical derivative of energy calculations at different (r2)
values. For the CI + MBPT calculations, a B-spline basis
was used, and Clincluded single and double excitations from
the 3d4s, 3d?, 4s%, 3d4p, 4s4p, 3dSs, 3d4d configurations
up to 20spdfg, while the MBPT basis consisting of
40spdfgh was used to treat core-valence correlations and

included up to three-body MBPT diagrams. Ky was
calculated using the finite field method, where either the
normal or specific mass-shift operator is added to the
Hamiltonian. The uncertainty was estimated by analyzing
contributions from different computational parameters
[32-34], such as the limited size of the basis set, higher-
order correlation effects, and the relativistic Gaunt term.
Further details are in Ref. [32] and references therein.

The 6v4% of 3d4s 3D, — 3d4p F5 ionic transition are
available in the literature for “*#%Sc isotopes, with the
corresponding Kyg and F factors calculated using multi-
configuration Dirac-Hartree-Fock (MCDHF) method
[17-19]. To obtain a self-consistent set of scandium charge
radii combing the 524*5 measured in this Letter and those
in the literature [17-19], we performed calculations using
FSCC and CI+ MBPT for both ionic transitions. The
results are shown in Table II, together with those used in
Ref. [17]. Using the newly calculated K5 and F factors,
we obtained §(r*)4* and R, for **Sc isotopes (this

TABLE II. Calculated F and Ky factors for two scandium ion
transitions using FSCC and CI + MBPT. For comparison, the
atomic factors calculated with MCDHF method [17] are also
included.

Transition F (MHz/fm?) Kys (GHz u)

3d4s3D, — 3d4pF; -373(12) 602 (50)
=352 (12) [17] 604 (22) [17]

3d4s3D, — 3d4p3F, -373(12) 595 (50)

182501-3
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FIG. 2. (a) Charge radii R, of “0*Sc, 3¥*Ca [6,14], and

347K [2]. The gray and red shaded bands represent systematic
uncertainties in the scandium radii calculated from &A% of
3d4s3D, — 3d4p3F, and 3d4s3D, — 3d4p 3F; transitions, re-
spectively. These uncertainties arise from the Ky;5 and F factors
shown in Table II, as well as from the uncertainty in reference
value R, (*Sc). For potassium and calcium radii, only statistical
errors are included. (b) 8(r*)** of 4*4Sc compared to theo-
retical predictions from Fy(Ar, HFB), Fy(IVP), and VS-IMSRG
using using ANNLOgq. The uncertainties for Fy(IVP) results are
shown with a green shaded band, with the darker green indicating
statistical uncertainties only.

Letter) and reevaluated those for #%#6Sc [17-19], as
summarized in Table I. The R of radioactive isotopes
was calculated using the reference value R (**Sc) =
3.5459(25) fm [35]. The uncertainty in the reference value
was taken into account in the systematic error of the derived
R, values (Table I). Charge radii Ry, and §(r?)A% =
S(r2)AH — 5(r2)¥4 of 4049Sc are shown in Fig. 2. A
notable discrepancy is observed between the *Sc radius
calculated from &u4* [18,36] and that obtained in this
Letter. This is likely due to the low statistics of the not-
fully-resolved and incomplete hfs spectrum of #%Sc
in Ref. [36].

With these new results, we can now investigate the
overall charge radii behavior of isotopes with Z =20 + 1
and N = 20-28, where valence neutrons occupy the 0f7/,
shell-model orbital. Figure 2(a) compares the experimental
R, of 40-49Sc, 3948Cq [6,14], and 347K [2]. Several new

features emerge in addition to the puzzling radii kink at
N = 20 in scandium [17], which is not seen in potassium
and calcium. Most remarkably, the radii trend of even-N
scandium isotopes resembles the one seen in calcium above
N = 20. This characteristic trend between N = 20 and
N = 28 is not observed in the potassium chain. Another
notable feature is that the considerable OES seen in calcium
charge radii is much less pronounced in both scandium and
potassium.

To get a better understanding on the observed trend in
scandium radii, we performed calculations using the DFT
and VS-IMSRG methods.

The DFT calculations were performed using two Fayans
energy density functional parametrizations Fy(Ar, HFB)
[37] and Fy(IVP) [38]. The Fy(Ar, HFB) [37] has been
successful in understanding the charge radii of nearly
closed shell nuclei (e.g., K [2], Ca [14], Ni (Z = 28)
[8,9], Cu (Z =129) [7], Cd (Z =48) [39], Sn (Z = 50)
[10]) and the open-shell nuclei (e.g., Ge (Z = 32) [40] and
Pd (Z = 46) [41]). The Fy(IVP) is a new functional aiming
to capture the isovector pairing correlations [38]. The
calculations were performed with an axially deformed
DFT solver, which allowed nuclear deformations and
time-odd polarization for odd-Z and odd-N nuclei. For
more details on Fayans DFT methodology and calculations,
see Ref. [17]. As shown in Fig. 2(b), the Fy(Ar, HFB)
calculations partially capture the §(r*)¥-? trend of scan-
dium when approaching N = 28, although it overestimates
the OES and underestimates the differential radii around
N = 20, as already noted in Ref. [17]. The functional Fy
(IVP) underestimates both OES and differential radii.

The VS-IMSRG calculations use the ANNLOgo(394)
[42] chiral interaction, which has reasonably reproduced
the differential charge radii of potassium [2] and the
semimagic nickel isotopes [8]. Following the same meth-
odology and parameters as Ref. [17], we decoupled a
Ls1/,0d3/,0f7/21p3/> valence-space Hamiltonian above a

28Si core to capture the influence of cross-shell excitation
from Z = N = 20 magic shell gap. As seen in Fig. 2(b),
VS-IMSRG predicts almost constant radii for scandium
between N = 20 and N = 28.

Summarizing the results in Fig. 2(b), we conclude that
the current nuclear models used to describe neighboring
isotopic chains with a considerable success [2], fail in
reproducing the observed differential radii trend for scan-
dium isotopes with 19 < N < 28.

Motivated by the characteristic trend of calcium radii in
Fig. 2(a) with neutrons filling the 0f;/,, orbital, it is
interesting to investigate the charge radii of the semimagic
N = 28 isotones with protons filling the 0f;/, orbital. To
gain more insights into the underlying coupling scheme, we
show in Figs. 3(a) and 3(b) the single-particle energy
splitting at the Fermi level Ae [43,44] deduced from
experimental one-nucleon separation energies [45] for
Z = 20 isotopes and N = 28 isotones. Since Ae around
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FIG. 3. (a),(b) Single-particle energy splitting at the Fermi level

Ae [43] calculated from experimental one-particle separation
energy [45] with and without the Wigner-energy correction along
the Z = 20 isotopic and N = 28 isotonic chains. (c),(d) Exper-
imental B(E21) and Qy, taken from the National Nuclear Data
Center and Refs. [20,46], respectively. (e),(f) Relative charge
radii Ar?, for Z = 20 isotopes and N = 28 isotones, compared
with theoretical calculations. The seniority limit results obtained
by fitting the experimental data using Eq. (2) are marked by stars.
Experimental radii of 4*#3Ca, 3°Ti, >'V, °>Cr, *Mn, **Fe, and *®Ni
are taken from Refs. [6,9,35,48]. See text for details.

40Ca and ®Ni can be affected by the Wigner energy, we
show the results with and without the Wigner-energy
correction [43]. As expected, Ae is large at the magic
numbers 20 and 28, and is fairly constant and reduced
within the 0f7,, shell. Figures 3(c) and 3(d) show the
experimental transition probabilities B(E2 1) and spectro-
scopic quadrupole moments Q,. The similarity of the
trends reflects the gradual filling of 0f;/, neutron and
proton orbitals. It is seen that the quadrupole transition
probability nicely follows the behavior expected from the
seniority scheme. Namely, at midshell (N = 24) the
B(E2 1) values reach a maximum and the Q; are close
to zero [20,46,47].

According to the seniority picture, differential radii for a
given semimagic isotopic chain follow a simple parabolic
pattern [49,50],

1
S(rk YAnAntn = an + bn* + cx (=" =1 ()

where 7 is the nucleon number above the shell closure at
N = N,, in the magic nucleus A, and a, b, and ¢ are
constants. The parameter c¢ describes the OES. Recently,
the adequacy of the seniority or generalized-seniority
expression (2) was successfully tested in this region
[51]. With the **Sc radius measured in this Letter, testing
the seniority scheme for charge radii of Z = 20 isotopes
and N = 28 isotones now becomes possible.

To better visualize the local variations in the radius
trend, relative charge radii Ar?, was proposed [52] by
subtracting a value obtained from linear interpolation
between the two doubly magic nuclei (*Ca, *%Ca for
Z = 20 isotopes, and *3Ca, *°Ni for N = 28 isotones). For
the Z = 20 isotopes, Arg, = ri — Fiy, aS Fuc, & rac,. The

similarity in charge radii of )Ca and *3Ca comes from the
neutron charge distribution and the neutron spin-orbit
density, which produce a negative contribution to the
charge density in **Ca [15,53]. For the N = 28 isotones,
Fsen; > Tsc, due to the larger mass of *°Ni and the rapid
rise of the spin-orbit charge radius correction between
*8Ca and *°Ni [15]. Consequently, we normalize Ar?, so
that it vanishes for °Ni,

b} 2 b} r526Ni - r%BCa
Arg = raagin = |Tig, —g xn| (3)

Figures 3(e) and 3(f) show the resulting Argh trends. Like
in the case of the quadrupole E2 operator, the behavior of
Argh is very similar for protons and neutrons occupying
the Of;/,, shell. To further illustrate this point, we
optimized the parameters of the seniority-limit expression
(2) to experimental Argh. The resulting parameters a, b, ¢
(all in fm?) are a = 0.132(7), b = —0.017(1), and ¢ =
0.112(10) for Z =20 isotopes, and a = 0.148(9),
b =-0.018(1), and ¢ = 0.127(11) for N = 28 isotones.
For both chains, the seniority model provides an excellent
description of experimental charge radii, consistent with
Ae, B(E2 1), and Q, data. Interestingly, the parameters a,
b, ¢ for protons and neutrons in the 0f;/, shell agree
within the uncertainties, suggesting the proton and neu-
tron monopole polarization effects are very similar.

The behavior of Ar%, for Z = 20 isotopes and N = 28
isotones is nicely captured by Fy(Ar, HFB) and Fy(IVP)
models, consistent with Ref. [51], but is largely under-
estimated by the ab initio VS-IMSRG calculations with
ANNLOgo interaction. This suggests that the valence
pairing and quadrupole interactions in our Fayans DFT
models align well with the seniority scheme. Despite
years of development, current ab initio calculations
have made only slight improvements in reproducing the
distinct radii trends of calcium and scandium isotopes as
well as the N = 28 isotones, as shown in Figs. 2 and 3,
and Refs. [17,51]. We also note that all the nonimplausible
chiral interactions from Ref. [54] with the same
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VS-IMSRG calculations failed to reproduce the calcium
radii trend. Thus further advancements in many-body
methods and additional experimental measurements
remain essential.

Charge radii of **°Sc isotopes were determined using
collinear laser spectroscopy. Together with the data of
40-46S¢ isotopes [17-19], the scandium radii trend reveals
several intricate features: an unexplained behavior around
N = 20-22, nearly equal charge radii for *'Sc and *°Sc, and
the suppressed OES compared to calcium. Current state-
of-the-art nuclear theories, including Fayans DFT and
VS-IMSRG, are unable to fully reproduce this trend,
highlighting the need for further theoretical improvements.
To study the effect of the 0f;,, shell occupation in
semimagic Z = 20 isotopes and N = 28 isotones, we
analyzed the relative charge radii Argh. Remarkably, the
radii of N = 28 isotones exhibit a seniority-limit pattern
almost identical to that of the calcium chain. This feature,
nicely captured by the DFT calculation using Fy(Ar, HFB)
and Fy(IVP), strongly supports the validity of the seniority
coupling scheme in this region.
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