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The change in mean-square nuclear charge radii §(r?) along the even-A tin isotopic chain '%-134Sn has

been investigated by means of collinear laser spectroscopy at ISOLDE/CERN using the atomic transitions
5p* 1Sy = 5p6s'P, and 5p? 3P, — 5p6s3P,. With the determination of the charge radius of '*Sn and
corrected values for some of the neutron-rich isotopes, the evolution of the charge radii across the N = 82

shell closure is established. A clear kink at the doubly magic '3*Sn is revealed, similar to what has been
observed at N = 82 in other isotopic chains with larger proton numbers, and at the N = 126 shell closure in

doubly magic *°Pb. While most standard nuclear density functional calculations struggle with a consistent

explanation of these discontinuities, we demonstrate that a recently developed Fayans energy density

functional provides a coherent description of the kinks at both doubly magic nuclei, '3’Sn and 2%%Pb,
without sacrificing the overall performance. A multiple correlation analysis leads to the conclusion that

both kinks are related to pairing and surface effects.

DOI: 10.1103/PhysRevLett.122.192502

Introduction.—Nuclear charge radii along isotopic
chains are known to exhibit a distinct discontinuity at shell
closures [1-3]: Their differential increase per isotope is
considerably different before and after the magic number,
producing a kink at the shell closure for which a number of
theoretical explanations have been proposed. To put it
briefly, in a shell-model picture, the kink can be explained
by the filling of a new valence neutron shell that has a large
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radial extent such that the attractive neutron-proton inter-
action pulls the protons further out to reduce the symmetry
energy. A reduction of the binding energy of the valence
neutron also leads to a larger neutron orbital radius and,
hence, to a spatially increasing proton distribution. This
effect can be related to the spin-orbit force [4-8], which
naturally appears in the relativistic mean-field model and
often explains the kink in the Pb chain [9-13]. Other
mechanisms impacting the kink in radii involve nuclear
compressibility [14], as well as ground-state correlations
[15-17] and pairing [18-22]—both increasing the occupa-
tion of higher-lying neutron and proton single-particle orbits.

Most of the discussion pertaining to the kink in charge
radii was focused on the N =126 and N = 28 shell
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closures in the lead [17,23] and calcium [24,25] region,
respectively. For the N = 82 shell closure, most non-
relativistic nuclear density functional theory (DFT) calcu-
lations with Skyrme functionals do not produce a kink
along the chain of the tin isotopes, whereas the Fayans
functional [20,22], with its extended pairing term, and the
M3Y-P6a model [8], with its density-dependent spin-orbit
and pairing terms, do. Experimentally, the element with the
lowest Z for which nuclear charge radii across the N = 82
shell closure are available is tellurium (Z = 52) [16].
However, here the difference of the slope before and after
the kink appears to be significantly decreased compared to
the heavier element xenon (Z = 54) [26,27]. The question
then arises whether this apparent reduction of the N = 82
kink with a decreasing proton number persists in Z = 50 Sn
isotopes, producing no kink like the DFT calculations
suggest, or will a rather strong kink appear as suggested by
Fayans functional predictions for tin [20,22] and the
neighboring Cd chain [28].

The neutron-rich '3?Sn is a prototypical doubly magic
nucleus, which exhibits many structural similarities to
208pp [29]. A strong N = 82 shell gap in the tin isotopes
compared with the neighboring elements [30] has already
been established in both mass [31,32] and particle-transfer
[29] measurements beyond the magic neutron number
N = 82. The latest data from HIE-ISOLDE [33] and
RIKEN [34] gave additional insight into the structure of
1328n, supporting further its doubly magic character. Laser
spectroscopic and muonic measurements of nuclear charge
radii have previously been performed from '%Sn to '*?Sn
[35-39], however, partially with lower resolution [39].

Recently, a new quantified energy density functional of
the Fayans type has been developed [40] by including
information about differential charge radii in the parameter-
optimization process, especially those of the heavier
calcium isotopes determined in Ref. [25]. The resulting
model was found not only to reproduce the charge radii in
the calcium isotopes but also to provide an excellent
prediction for the iron radii at the N = 28 shell closure
[41], the very light calcium isotopes down to **Ca [42] and,
remarkably, also for the much heavier Cd isotopes from
19¢Cd to 139Cd [28].

Motivated by the recent experimental and theoretical
developments, we present here new data on charge radii for
the even-even '%-134Sn isotopes based on high-precision
laser spectroscopic measurements, crossing for the first
time the doubly magic N = 82 shell closure in the tin
isotopic chain. The results are discussed in terms of the
Fayans and Skyrme models augmented by a statistical
multiple correlation analysis for '*?Sn and 2®Pb to help
understanding the microscopic origin of the kink in charge
radii at magic neutron numbers.

Experiment.—Collinear laser spectroscopy was per-
formed on neutron-rich tin isotopes using the atomic
transitions 5p* 'S, — 5p6s'P, (“SP,” 452.5 nm) and

5p*3Py, — 5p6s3P, (“PP” 286.3 nm) at the COLLAPS
experiment situated at ISOLDE/CERN. Details of the setup
are described elsewhere [3,43]. In brief, protons from the
proton synchrotron booster with an energy of 1.4 GeV and
beam currents of up to 2 yA hit a neutron converter [44]
in close proximity to a uranium carbide (UC,) target.
Neutron-induced fission provides an efficient production of
tin isotopes that were subsequently ionized using resonant
laser ionization [45] while at the same time reducing the
number of unwanted contaminants. The tin ions were
accelerated to an energy of either 40 (SP) or 50 keV
(PP), mass separated, and transported to the radio fre-
quency quadrupole cooler and buncher ISCOOL [46],
where they were accumulated, cooled, and ejected towards
the COLLAPS beam line as ion bunches of typically 5 us
pulse length. At COLLAPS, the ion bunches were over-
lapped with a copropagating single-frequency laser beam.
Charge exchange on sodium vapor was performed to
populate the lower level of the respective transition. By
applying a “Doppler-tuning” potential at the charge-
exchange region, the laser frequency in the rest frame of
the atoms is varied by the change of velocity. Linearly
polarized light was generated by a Sirah Matisse-2 ring
laser either in the titanium-sapphire (SP) or in the dye
configuration (PP) and frequency doubled in an external
cavity (Spectra Physics Wavetrain). The laser was long-
term stabilized (< 10 MHz/h) to a wavelength meter
(HighFinesse WSU) that has been regularly calibrated
using a stabilized helium-neon laser. Reference scans of
1245 were carried out regularly between the other isotopes.
Optical detection of the PP transition was based directly on
the fluorescence at 286 nm, while the SP transition was
detected by the dominant decay via the 5p6s'P, —
5p?'D, transition at 326 nm. Figure 1 presents spectra
of the neutron-rich even isotopes in the SP transition, with
the x axis converted into frequencies relative to the
reference isotope '?*Sn. The signature of the kink at N =
82 is immediately visible, since the shift of the resonance
frequency of !3*Sn with respect to '3?Sn is considerably
larger than the very regular differences for AA = 2 along
the isotopes '24~132Sn.

Spectra of the even isotopes ''?~134Sn were obtained
for both transitions, while °%:11Sn were observed only in
the PP transition. The laser power was reduced until
saturation broadening disappeared. Only the spectrum of
134Sn was recorded with higher power to increase the
signal strength, which explains the larger width of the
resonance in Fig. 1. In this case, reference spectra of '>Sn
were recorded under identical conditions. No systematic
shift of '?4Sn with respect to its spectra at a reduced
laser power was observed. The larger number of spectra
taken in the SP transition provided better statistics
compared to the PP transition, which explains the larger
statistical uncertainties of the PP isotope shifts that are
listed in Table I.
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FIG. 1. Optical spectra of even neutron-rich Sn isotopes for the
determination of the isotope shift in the 5p? 1S, — 5p6s 'P, (SP)
transition. The number of photomultiplier events is plotted as a
function of the Doppler-tuned frequency relative to the resonance
center of 124Sn. The red line represents the fitted Voigt profile. For
128.1308 | the contribution of an isomer (dashed, blue line) and the
I =0 ground state (dotted, olive line) are plotted individually,
with a significantly smaller isomer-to-ground-state ratio in '23Sn.

Experimental results.—The isotope shifts with respect to

124Sn are related to changes in the mean-square charge radii
5(r2)1244 by

51/324.,4 _Mma — Moy M+ F,~5(r2>124'A, (1)
MpM o4

with the field-shift factor F* and the mass shift factor M of
the respective transition i = SP, PP and the atomic masses
my. Spectra in the SP transition were fitted using Voigt
profiles with the Lorentzian width fixed to the natural
linewidth, with the exception of '*Sn for which it was a
free parameter. The FWHM obtained from fitting is below
100 MHz for all isotopes. Resonances in the PP transition
had larger width (~200 MHz) and were fitted with a free
Lorentzian width. Typical hints of asymmetric profiles due
to the charge exchange processes [3,48] were not observed.
The spectra of '?8139Sn are afflicted with an underlying
partially resolved structure of an isomer. The additional
uncertainty caused by insufficient knowledge of the sign of
the hyperfine B factor has been estimated by fitting with
both possibilities and adding the shift of about 3 MHz to the
statistical error. Further details on the fitting routine,
especially on combined fitting of the isomers in the two
transitions, will be reported in a forthcoming publication.

The largest systematic uncertainty on the isotope shift
arises from the relative voltage uncertainties AU,/ U, &
AU ggpeer/ Uogteer = 1.5 x 107 of the starting potential U,
at ISCOOL and the Doppler tuning voltage U . at the
charge exchange cell. Our isotope shifts for '2=124Sn in the
SP transition are in excellent agreement, i.e., better than
statistically expected, with those reported in Ref. [37].

TABLE 1. Isotope shifts 64 and changes in mean-square

nuclear charge radii §(r?)'**4 for even isotopes with mass
number A in the 5p? 'S, = 5p6s'P, (SP) and the 5p*3P, —
5p6s3P; (PP) transitions. The numbers in parentheses for sv/!2+4
show statistical and systematic uncertainties. Total uncertainties
are listed for §(r?)!?*4, arising primarily from the field-shift-
factor uncertainty, since the voltage-induced systematic uncer-
tainty of the isotope shift largely cancels in the King-plot
procedure [47].

A s MHz) syt MHz)  8(r2)'24 (fm?)

108 —2416.3 (94)98) —1.081 (18)
110 —2014.9 (75)84) —0.907 (11)
112 —1383.3 (22)(84) —1652.1 (56)(71) —0.747 (7)
114 —11153 (19)69) —1335.6 (62)(58) —0.605 (5)
116 —841.8 (14)(55) —1007.6 (79)45) —0461 (4)
118 —585.6 (19)40) —6950 (67)(33) —0.324 (5)
120 —360.5 (13)27) —448.6 (80)(22) —0.206 (5)
122 —167.3 (16)(13) —=206.3 (75)(10) —0.097 (3)
126 1472 (13)(13)  189.4 (47)(12)  0.089 (4)
128 2732 (53)26) 3389 (49)21)  0.165 (10)
130 3959 (65)37) 486.6 (3%)31)  0.240 (15)
132 497.7 (11)(50)  624.0 (32)42) 0307 (1)
134 981.0 (36)(62) 11965 (74)(51)  0.533 (10)

For the PP transition, we agree statistically sound with
values in Ref. [36], but we have a considerable discrepancy
on the order of 70 MHz (x5¢) for 13%1328n with Ref. [39].

The commonly used King-plot analysis (see, e.g.,
Ref. [49]) was performed for both transitions to determine
the atomic factors M and F. Therefore, we used muonic
data as well as V factors from electron elastic scattering
provided in Ref. [27] and our isotope shifts of the stable
isotopes. A detailed description of the procedure for the
determination of 5(r?) can be found in Ref. [28], where a
similar analysis was performed. Here, we obtained field-
shift factors of Fgp = 2.42(48) GHz/fm?> and Fpp =
2.74(57) GHz/fm? for the SP and PP transition, respec-
tively. The corresponding mass-shift factors are Mqp =
—494(402) GHzu and Mpp = —455(479) GHzu. The
ratio of the field-shift factors is in excellent agreement with
the slope of a King plot between the two transitions, in which
data from the even isotopes ''>7134Sn are used. Moreover,
both field-shift factors are in reasonable agreement (within
lo) with literature values Fgp = 2.24(27) GHz/fm? [37],
Fpp = 2.39(27) GHz/fm? [37], Fpp=2.18(17) GHz/fm?
[27], and Fpp = 3.3(3) GHz/fm?> [36], which were
either based on a Dirac-Fock calculation in the Sn*
65251/, = 6p2P3/, (A= 645.6 nm) transition, projected
onto the respective transitions in neutral Sn with a King-
plot procedure [37], by the analysis of the hyperfine splitting
in the 645.6 nm line in Sn* [36], or by a similar King-plot
procedure as performed here [27].

Changes in (r?) were determined from both transitions
and are in good agrement with each other as well as with
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values available in Ref. [27]. The weighted averages from
the two transitions are listed in Table 1. Uncertainties were
taken as the minimum from the two transitions but not
further reduced. In '3*Sn, the error has been increased by
20% to incorporate a small difference in the resulting
charge radii.

The evolution of the nuclear charge radii of the even tin
isotopes is shown in Fig. 2, based on the reference value of
(P2 =R JV, = 4.675(1) fm of '%Sn [27]. Below
1328n, the trend is almost linear, with a small curvature.
A clear kink is seen at N = 82 that is indicative of a neutron
shell closure and compared with the kink at 2°Pb shown in
the inset.

Theoretical analysis.—To understand the experimental
findings, we employed nuclear DFT [50] at a spherical
Hartree-Fock-Bogoliubov (HFB) level as in Ref. [42].
Calculations were carried out using two different energy
functionals. The parametrization SV-min [51] is based on
the widely used Skyrme functional [50], while the func-
tional Fy(Ar, HFB) recently developed in Ref. [42] is the
Fayans functional involving gradient terms in surface and
pairing energies [20,52]. Both parametrizations, SV-min
and Fy(Ar,HFB), were fitted to the same large set of
ground-state data achieving the same high quality in
reproducing them. As discussed in Refs. [19,20,40], the
density-dependent Fayans pairing functional involving the
gradient term explains the odd-even staggering effect in
charge radii by producing a direct coupling between the
proton density and the neutron pair density. The blocking
effect [53,54] in an odd-N nucleus yields a reduced neutron
pairing density, which in turn impacts the proton density
and, hence, the charge radius. This argument does not apply

Neutron number N
58 62 66 70 74 78 82 86
T T

4754 |—e—Exp
—a—8V-min
—o— Fy(ar, HFB)

(fm)

rms

4.70 +

4.65

4.60

Nuclear charge radius R

4.55 +

Fo

204 206 208 210 212

T T T T T T T
108 112 116 120 124 128 132 136
Mass number A

FIG. 2. Evolution of the nuclear charge radii along the tin
isotopic chain from the experiment (circles) and from DFT
calculations using the SV-min (triangles) and Fy(Ar, HFB) (dots)
functionals. The experimental and predicted charge radii at the
kink at 2%Pb are shown in the inset. Experimental data for
204-212pp gre taken from Ref. [27].

to open-shell systems, in which deformation effects on odd-
N nuclei can be dramatic, as is observed, e.g., in the
mercury chain [55-57].

To facilitate the discussion, we introduce the three-
point indicator of an observable O: A,(jl)O(Z, N)=
1O(Z.N + k) =20(Z,N) + O(Z.N — k)], where the
odd-even staggering in O corresponds to k =1 while
the curvature (or kink) parameter is given by k = 2. In

the case of charge radii (O = r), the staggering A(l?r(Z, N)
is usually negative for even-N semimagic systems; i.e., the
charge radii of odd-N proton-magic nuclei are usually
smaller than the average of their even-N neighbors. Since
in the Fayans model the magnitude of A(li) r is explained by
the reduced neutron pairing in odd-N nuclei, this suggests a
simple explanation of the kink in charge radii at magic
numbers. Indeed, for the magic neutron number N, the
neutron pairing is absent, while it is significant for the N £ 2
neighbors, resulting in a distinct kink Ag)r(Z ,N) > 0.
The results of SV-min and Fy(Ar, HFB) for the charge
radii along the tin isotopic chain are shown in Fig. 2; there

is a significant difference between the two models. Namely,

SV-min produces a flat trend (A(zi)r = 0.0014 fm), while
Fy(Ar,HFB) predicts a kink of 0.0119 fm for '32Sn in
accordance with the experiment (0.0078 fm) and earlier
Fayans-model predictions [20,22]. This is similar for the
parabolic behavior of the radii below the N = 82 shell
closure, which is visible in the experimental data, almost
absent in SV-min, and overexpressed in Fy(Ar, HFB).
Figure 2 compares experimental data for the kinks in
132Sn and 2%*Pb (inset) with our SV-min and Fy(Ar, HFB)
predictions. It is seen that also in this case SV-min

(AP r = 0.0021 fm?) significantly underestimates the kink
(experiment, 0.0043 fm?) while Fy(Ar,HFB) slightly
overestimates it (0.0075 fm?). This result is consistent
with our working hypothesis about the nature of the kink
and the systematic analysis of Ref. [40]: Aﬁgr(z, N) is
primarily driven by the gradient term in the Fayans pairing
functional.

As mentioned above, several mechanisms responsible
for the kink in charge radii have been proposed. A
comprehensive analysis requires the control of all ingre-
dients to a nuclear model simultaneously, which can be
achieved in a systematic fashion by statistical linear least-
square regression analysis [58]. Specifically, we look at the
statistical correlations between the kinks in radii and model
parameters as well as between the kinks and selected
observables. However, in view of 13—-14 model parameters,
it is more efficient to look at multiple correlation coef-
ficients (MCCs) of a kink with groups of model parameters
[59]. Here, we closely follow the methodology laid out in
Ref. [60]. The MCCs range from 0 to 1, where 0 implies
that the kink is uncorrelated with the group of parameters or
observables and the value of 1 means total correlation.
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The statistical analysis has been performed for four
groups of parameters: P (pairing, all parameters defining
the pairing functional); S (surface, all parameters pertaining
to terms with gradients of density); LS (spin-orbit, iso-
scalar, and isovector spin-orbit coupling constants); and SE
(symmetry energy J, slope of symmetry energy L). These
groups are chosen because they either show large MCC or
had been previously discussed in the context of the kinks in
radii. We do not discuss volume parameters, which have
been found to have a rather small impact on the kinks. We
recall that both parametrizations SV-min and Fy(Ar, HFB)
are fitted to basically the same dataset; hence, differences
between their results are primarily related to the form of
underlying functionals. Details on the two energy func-
tionals are provided in Supplemental Material [61].

Figure 3 displays the results of our statistical analysis.
The first four panels show the MCCs of the radius kinks in
1328n and 2%%Pb with the groups of model parameters. For
both SV-min and Fy(Ar, HFB), pairing and surface groups
are the primary drivers. The common MCC (P + §) is
smaller than the sum of the separate MCCs, which indicates
the expected strong intercorrelations between pairing
and surface parameters. Spin-orbit and symmetry-energy
groups are less important, especially for ASBr(zOSPb) in
Fy(Ar, HFB). Altogether, the MCCs with model parame-
ters quantitatively confirm our scenario that the pairing
functional plays a leading role in producing the kinks.

The last two panels in Fig. 3 show the MCCs of the kinks

. . 3
with the groups of odd-even staggering observables AE 'E

and A(13)r calculated for neutrons and protons. It becomes
clear that the kinks in charge radii in magic nuclei are
statistically correlated with odd-even staggering of radii

0 SV-min Fy(Ar,HFB) SV-min  Fy(Ar,HFB)
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FIG. 3. Multiple correlation coefficient of the radius kinks AS} r

in '32Sn and 2%Pb with groups of model parameters Eleft) and
groups of odd-even staggerings in binding energy, A13 E, and
charge radii, Ar, (right) calculated with SV-min and
Fy(Ar,HFB). For details, see Supplemental Material [61].

and odd-even staggering of binding energies, both signi-
ficantly impacted by nucleonic pairing. It should be
emphasized that Fy(Ar, HFB) provides binding energies
(S, and §,,) along the Sn chain comparably well as SV-min.

Conclusions.—The changes in the mean-square nuclear
charge radius of the even tin isotopic chain '°-134Sn have
been determined by means of collinear laser spectroscopy.
With the first charge-radius measurement of a neutron-
rich Sn isotope beyond N = 82 and corrected values for
130.1325 1y we revealed a characteristic kink at '32Sn of similar
strength as in tellurium. Nuclear density functional theory
calculations using the Fayans functional Fy(Ar, HFB) pro-
duce this kink, as well as the kink at 2%Pb, in reasonable
agreement with data without the additional tuning of param-
eters, contrary to the conventional Skyrme functional SV-
min, which grossly underestimates the kink’s magnitude.

A multiple-correlation analysis shows that the common
mechanism primarily responsible for producing odd-even
staggering of charge radii in semimagic isotopic chains and
the kinks at magic numbers is the reduction of pairing in odd-
N and magic nuclei. The magnitude of this effect is vastly
different for SV-min and Fy(Ar, HFB). In this respect, the
gradient coupling term in the Fayans functional is essential
to provide agreement with the experiment [19,20,22,40,42].
It is quite remarkable that the Fy(Ar, HFB) has now been
successful in describing radii trends from calcium up into the
Sn and even Pb regions. Clearly, new data on charge radii in
exotic nuclei will continue to be extremely valuable for
developing better pairing functionals.
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