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Our understanding of nuclear properties in the vicinity of 190Sn, suggested to be the heaviest doubly
magic nucleus with equal numbers of protons (Z=50) and neutrons (N = 50), has been a long-standing
challenge for experimental and theoretical nuclear physics. Contradictory experimental evidence exists
on the role of nuclear collectivity in this region of the nuclear chart. Using precision laser spectroscopy,
we measured the ground-state electromagnetic moments of indium (Z = 49) isotopes approaching the
N =50 neutron number down to 1%1In, and nuclear charge radii of 1°1~13!n spanning almost the com-
plete range between the two major neutron closed-shells at N=50 and N=82. Our results for both nu-
clear charge radii and quadrupole moments reveal striking parabolic trends as a function of the neutron
number, with a clear reduction toward these two neutron closed-shells, thus supporting a doubly magic
character of 190Sn. Two complementary nuclear many-body frameworks, density functional theory and
ab initio methods, elucidate our findings. A detailed comparison with our experimental results exposes
deficiencies of nuclear models, establishing a benchmark for future theoretical developments.

Introduction - Studying magic nuclei has guided our un-
derstanding of atomic nuclei. In analogy with the filled elec-
tron shells in atomic noble gasses, these nuclear systems
with filled proton or neutron shells exhibit relatively sim-
ple structures with enhanced binding and high energies of
excited statesi ™, The area of the nuclear chart surrounding
the N = Z = 50 isotope '%°Sn is of particular interest as this
isotope has been proposed to be doubly magic with closed
shells of protons and neutrons*>.

The importance of nuclear structure studies approach-
ing '%°Sn has been widely recognized*®'}”. Theoretically,
significant progress has been achieved in describing iso-
topes around '°Sn. Complementary many-body meth-
ods can now calculate ground state properties (binding
energies, radii, and electromagnetic moments) of these
nuclei BIAL0U820 However, despite great interest, the ex-
perimental knowledge of this neutron-deficient region of
the nuclear chart is still incomplete due to low production
yields. In particular, contradictory experimental evidence

exists on the evolution of collective properties when ap-
proaching 007102122 (see Fig [2h).

Here, we report results on the hyperfine structure and iso-
tope shifts from precision laser spectroscopy experiments
performed on neutron-deficient indium (Z = 49) isotopes
down to the neutron number N = 52 and neutron-rich in-
dium isotopes up to N = 82. These data allowed us to
extract the nuclear quadrupole moments, magnetic dipole
moments, and charge radii. This makes it possible to com-
prehensively describe the evolution of nuclear structure to-
wards the N = 50 closed shell. With a single proton hole in
the Z = 50 shell, the electromagnetic properties of indium
isotopes provide a compelling laboratory to study the in-
terplay between single-particle and collective properties of
nuclei between the two major neutron-closed shells N = 50
and N = 82. The study of indium isotopes dates back al-
most 100 years, where investigations of its stable isotopes
provided some of the earliest indications of nuclear defor-

mation?3.
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FIG. 1. Schematic of the CRIS experiment at CERN-ISOLDE: (1) 1.4GeV protons from CERN'’s Proton Synchrotron Booster, (2) nuclear
reactions inside a lanthanum carbide target at the ISOLDE facility, (3) resonant laser ionization with RILIS, (4) magnetic mass selection,
(5) bunching and cooling in ISCOOL, (6) bending into the CRIS beamline, (7) laser port, (8) charge-exchange cell, (9) deflection of ions, (10)
laser-interaction area (~1.2m), (11) bending of resonantly ionized particles of interest, (12) laser port and beam dump for contaminants
(notionized), (13) particle detector for resonantly ionized particles of interest. The plot at the top right shows part of an example spectrum
for the I* =9/2* ground state and I = 1/2~ isomer in 1011 with a fitted theoretical line shape (red line; 30 MHz binning). The inset at
the bottom left shows the first resonant laser excitation transitions used for the ionization at RILIS (left two) and spectroscopy (right two).

See text for details. A color version of the article can be found online.

Experimental and Theoretical Developments — The
101-1311) jsotopes were produced in two separate cam-
paigns at the Isotope Separator On-Line Device (ISOLDE)
at CERN, where a 1.4 GeV proton beam from CERN'’s Proton
Synchrotron Booster induces nuclear reactions in thick
lanthanum (in the case of '°'~15In) or uranium (in the
case of !1371311n; see also Ref?)) carbide targets, with the
latter one employing a proton-to-neutron converter“? to
suppress isobaric contamination. These reactions produce
a multitude of short-lived isotopes of different chemical
elements. Through diffusion by heating the target to
> 2000°C, these nuclides are extracted from the target and
subsequently ionized via multi-step, element-selective,
resonant laser ionization® (see 304nm and 325nm laser
transitions in Fig[l). The ions are then accelerated to
39948(1) eV (in the case of 917115[n) or 40034(1) eV& (in
the case of ''3~131In) and mass-selected for the isotope of
interest using ISOLDE’s separator magnets.

Following cooling and bunching in ISOLDE’s radio-
frequency quadrupole trap<®, the ions are guided into
the Collinear Resonance Ionization Spectroscopy (CRIS)
setup?’. At CRIS, the arriving ion bunch is neutralized
through electron exchange with sodium vapor to be left with
a fast neutral beam“®. This atom beam is overlapped with
lasers both temporally and spatially to induce a multi-step
ionization and finally deflected onto an ion detector, result-
ing in nearly background-free signal detection. The Meth-
ods section in Ref.?? gives more details on the setup.

The hyperfine spectrum is measured by scanning the
first laser step over the 246.0nm and 246.8 nm transitions
(see the two right magenta laser transitions and the result-
ing '°'In spectrum in Fig[l). Magnetic dipole and electric
quadrupole parameters, Ansand By, as well as isotope shifts
of the I" = 9/2* nuclear ground state and the I = 1/2~

nuclear-excited state (if applicable), were extracted from the
measured spectra (see Methods-{Alfor details).

The results are presented in Tables[[Jand[[] Tab. [[lists the
spectroscopic nuclear quadrupole moments Qg and Tab.
presents the differential mean-square nuclear charge radii
5(r?). The nuclear magnetic moments u presented in Tab.
are calculated following the description in Ref?’, continue
the trend from the same article, and agree with our density
functional theory (DFT) results.

The data collection is described in Ref?Y. Details of the
data analysis for the 1°1~11%In isotopes can be found in the
Methods section[B} and for the ''7~13!In isotopes in Ref2’.

Our experimental results are compared with predic-
tions from two complementary many-body methods, the
valence-space formulation of the ab initio in-medium-
similarity-renormalization-group (VS-IMSRG) and nuclear
DFT. The VS-IMSRG calculations®®? (see Methods{G] for
further details) were performed using two- and three-
nucleon interactions derived from chiral effective field the-
ory*4 and are labeled “1.8/2.0(EM)™" and “AN?LOgo ™.
The former is constrained by properties of two-, three- and
four-nucleon systems and reproduces ground-state ener-
gies across the nuclear chart while underpredicting abso-
lute charge radii'®®?. AN?LOgo was recently developed
to include A-isobar degrees of freedom and is also fit to
reproduce saturation properties of infinite nuclear mat-
ter, thereby improving radii predictions. Converged val-
ues for all observables discussed here were obtained with
a novel storage scheme allowing sufficiently large inclusion
of three-nucleon force matrix elements>. Both interactions
produce similar results for Qg and 5(r?y; hence only the
1.8/2.0(EM) results are presented.

We performed DFT calculations for neutrons using
the Hartree-Fock (HF; labeled "DFT: Sky(HF)") and
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FIG. 2. Evolution of the nuclear deformation between the two magic neutron numbers N = 50 and 82 from measurements in even-N,
ground-state indium isotopes (Z = 49; black circles = literature; red stars = this work; I"=9/2%) in comparison to measurements in even-
N, ground-state tin isotopes (Z = 50; mint = literature; I =0") in the left column, and to nuclear theory (colored lines) in the right column.
The blue spheres at the bottom represent a visual guide for the evolution of nuclear deformation between the two closed shells at N = 50
and 82. A color version of the article can be found online.

- alc) Spectroscopic quadrupole moments Qs with their experimental uncertainties. Indium: Laser spectroscopy results from this work
(red stars; 5p 2Psj, — 9s 2Sy, transition) and literature (black circles; Ref2Ufor N > 74 (same transition) and Ref*? for 54 < N < 74 (different
5p 2P3/, — 65 281/, transition and recalculated based on the latest atomic theory published in Ref3%)) with their experimental uncertainties;
Tin: Numerous B(E2) measurements (mint borderless markers) converted to spectroscopic quadrupole moments Qs using Eq. 6 in?from
RIKEN31, G§1982534) g0 pE3236l Msutsd Tupl4, orNISS4L 1L BNIEZ, TUACYS, KoInl4, GANIT44 and shown with their 2016 average by
NNDC% as a mint one-sigma uncertainty band. Theory: Selected density-functional and ab initio calculations. For details, see the text.
-b/d) Residual differential charge radii 5(r2,) with their experimental (thin) and theory-derived (broad) uncertainties. Indium: Laser
spectroscopy results as a weighted average of both transitions from this work (red stars) and including the two recalculated transitions
from Ref'“? (red circles), if available, (for details, see Methods. Tin: Laser spectroscopy results from literature® in mint square markers.

Theory: Selected density-functional and ab initio calculations. For details, see the text and Methods{E|and[{

Hartree-Fock-Bogoliubov (HFB; labeled "DFT: Sky(HFB)")
approaches, i.e., single-nucleon (HF) or nucleon-hole pair
excitations (HFB) as basis states with HFB introducing
some pairing correlations. For protons, the HF single-hole
configuration was used. Calculations were performed for
the UNEDF1 Skyrme functional®® using the methodology
recently developed in Ref 2>,

We also considered other energy density functionals: a
Skyrme functional SV-min>’ with mixed volume and sur-
face pairing at BCS levelP8 Fy(HFB, ArPd g Fayans func-
tional with additional gradient terms in surface energy
and pairing®” employing full HFB, and Fy(HFB, IVP) as a
Fayans functional in which proton- and neutron-pairing
terms have different strengths (for details, see Methods.
All three parametrizations are fitted to the same pool of

ground-state properties from Ref>’. At the same time, the
two Fayans functionals include differential radii in the cal-
ibration dataset to reproduce the isotopic trends of charge
radii better. In all cases, odd-even isotopes were computed
by blocking the proton K = 9/2* orbital. The statistical un-
certainties stemming from parameter calibration were esti-
mated using linear regression®. To simplify the presenta-
tion, we show the uncertainties only for Fy(HFB, Ar). The
uncertainty bands for the other two cases are compara-
ble. The SV-min approach and UNEDF1 Skyrme function-
als, without a full treatment of pairing, give comparable re-
sults. Hence, only "DFT: Sky(HF)" and "DFT: Sky(HFB)" cal-
culations with UNEDF1 are shown in the figures for clarity.
Both DFT and ab initio calculations were carried out with
bare nucleon charges.
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Results and Discussion — Collective properties of nuclei
around '°°Sn have been the focus of intense interest in nu-
clear physics laboratories worldwide. As the ground states
of even-even tin isotopes have nuclear spin I = 0, the evolu-
tion of their quadrupole collectivity can be studied by mea-
suring the B(E2) rate for exciting their first 2* states. The ex-
perimental results for the tin isotopic chain are summarized
in Fig. [2p) after conversion to spectroscopic quadrupole
moments Q4™° to enable direct comparison with the spec-
troscopic quadrupole moments of indium.

Similar to the nuclear quadrupole moments of indium?“?,
a reduction of the B(E2) values in tin towards N = 82 in-
dicates a reduction in collectivity?®, thus providing evi-
dence for the doubly magic character of 32Sn(Z = 50, N =
82). However, the large uncertainties of B(E2) values for
neutron-deficient tin isotopes do not allow an unambigu-
ous conclusion toward N = 50. See also results of recent life-
time measurements in odd- N systems in the region®s. Our
new high-precision Qs results in indium establish a clear re-
duction in collective properties towards N = 50 for the first
time, thus strongly supporting the doubly magic character
of 1%8n(Z = N = 50). In fact, the indium Qs at N = 50 + 2
and N = 82-2 agree well within one combined standard de-
viation, thereby suggesting a similar proton and a vanishing
neutron core polarization at N = 50 and N = 822% the F2-
level signature of a doubly magic shell closure®3'¢4,

While differential charge radii 6(r?) generally increase
on average with increasing neutron number, an additional
small parabolic trend found between shell closures also
provides sensitivity to nuclear deformation®%2%,  This
parabolic trend can be emphasized by subtracting the over-
all linear reference. The resulting "residual" differences
5(rrzes), shown in Fig. ), were obtained by fitting the ex-
perimental data set with a parabolic function and removing
the linear trend between the fit'’s values at N = 50 and N = 82
(see also Methods{E|and[F|for details).

In both indium and tin, the reduction in residual differen-
tial radii 8(rZ,) towards N = 82 indicates a decrease in col-
lectivity, thus providing evidence for the established doubly
magic character of 132Sn(Z = 50, N = 82)°. However, while
the extent of existing precision tin radii (limited to N > 58)
and indium radii (limited to N = 562 prevented a con-
clusion toward N = 50, our new high-precision results for
8(r2) in indium down to °!In(IN = 52) present a clear re-
duction towards N = 50 for the first time. Well-aligned with
our conclusions for Qg, this reduction in 6(rf‘es) also strongly
supports the doubly magic character of 1°°Sn(Z = N = 50).

The experimental results are compared with the theoret-
ical predictions in Fig. 2k) for quadrupole moments, and
Fig.[2[d) for residual differential charge radii. Both the DFT
and VS-IMSRG calculations predict parabolic trends for the
quadrupole moments. However, the magnitude of Qg is
significantly underestimated by the VS-IMSRG calculations.
This underestimation is observed in all ab initio calcula-
tions based on spherical references and results from ne-
glected many-particle, many-hole excitations when trun-
cated at the two- or three-body levels®’. We note, however,
that quadrupole collectivity is well reproduced by meth-

ods based on deformed references®®. The difference in the
DFT predictions for quadrupole moments is closely related
to pairing strength differences. While Skyrme-functional-
based calculations without a full treatment of pairing re-
produce the Qs trend well, the Fayans with a full ("Fy(HFB,
Ar)") and enhanced ("Fy(HFB, IVP)") pairing strength show
a clear decrease in quadrupole moments with increasing
pairing strength. This decrease in Qs results from pair-
ing driving the nucleus towards a spherical shape against
the increase of other deformation effects at the mid-shell°?,
Thus, in contrast to the charge radii results discussed next,
adding a full treatment of pairing does not improve the
agreement with experiment.

All theories generally reproduce the dominating linear
trend in the differential charge radii (a plot of the trend
can be found, for completion, in Methods. However, the
parabolic behavior (Fig.[2ld) between the closed shells is re-
produced by the VS-IMSRG results (although somewhat un-
derestimated), while only the DFT-Fayans calculations with
a full treatment of pairing closely approach the observed
trend. DFT-Skyrme-based calculations without full pairing
underestimate the curvature.

In conclusion, both the radii and quadrupole mo-
ments indicate that quadrupole deformation dominates the
ground states in the indium isotopes in the neutron mid-
shell region, similar to what has been indicated for Sn iso-
topes™. However, the inverse DFT behavior between Qg
and 5(rZ,) in the prediction of nuclear deformation with
an increase in pairing strength highlights missing nucleus-
deforming effects (e.g., quadrupole vibrations) in state-of-
the-art DFT functionals. Extensive correlation studies be-
tween Qs and 5(r?) for different DFT parametrizations, de-
scribed in more detail in Methods{l} confirm this conclu-
sion. Meanwhile, the use of nucleon-hole pair excitations
(HFB) over single-nucleon (HF) basis states in DFT, recently
found to be crucial in describing nuclear magnetic mo-
ments when approaching a shell closure?’, seems to have
a negligible effect on both Qg and 6(rrzes) (green lines in
Figs.[2k) and d).

Outlook - Compelling evidence for the doubly magic
character of 19°Sn (Z = N = 50) has been provided by the
first precision determination of the nuclear quadrupole mo-
ments and differential charge radii of neutron-deficient in-
dium (Z = 49) isotopes down to '°'In. Just one proton be-
low tin (Z = 50), the examined odd-A 1°1~131[n nuclei have
provided key insights into the evolution of collective nuclear
properties towards the neutron number N =50 around Z =
50. The extracted parabolic trends exhibit a clear reduction
toward the neutron numbers N = 50 and N = 82, in agree-
ment with a reduction of collective properties expected at
magic neutron numbers.

State-of-the-art ab initio and density-functional calcu-
lations describe the experimental findings well. Although
these calculations describe the overall experimental trends,
they fall short of capturing the local variations of the nu-
clear quadrupole moments and charge radii trends. In-
cluding many-body correlations sufficient to fully capture
quadrupole collectivity remains a challenge for ab initio ap-
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TABLE I. Magnetic dipole and electric quadrupole hyperfine parameters, Ay and By,¢, spectroscopic nuclear quadrupole moments Qs (us-
ing the calculated electric-field gradient 52V /522 = 57,600(400) e-fm2/MHz) from Ref3Y), and nuclear magnetic moments (see Methods
for details) for I = 9/2% ground states and I = 1/2~ excited states (if available) of odd-A indium (Z = 49) isotopes using 246.0nm (5p
2Py, — 85 2Sy),) and 246.8nm (5p 2Pz, — 9s 281;,) transitions. The results are compared to literature values2? in italic font measured with
the 451 nm (5p 2P3, — 65 2Sy,) transition. Experimental uncertainties are in parenthesis, and theory-derived ones are in brackets.

Alnle Ant (MHz) (N) Bns (MHz) Q (e-fm?)
5p %P3, 9s 281, 5p 2Py, 8s 281, thiswork literature 5p 2Ps, 5p %P3,  5p 2P, (lit.)

101 52 Y2t 255(4) 137(3) 2413(4) 260(2) 5.861(10) nla 280(10) 48.6(16) (3] nla
o= -52(27) -28(24) -418(19) -45(4) -0.113(5) nla

103| 54 Yor |  252(2) 136(2) 2372(1) 253(2) 5.760(3) nla 387(10) 67.1(17)[4] nla
I~ -55(5) -29(13) -458(17) -49(2) -0.125(4) nla

105| 56 Yor | 248(1) 134(2) 2334(1) 250(1) 5.667(2) 5.675(5) 437(8) 76.0(13)[5] 79.9(49)[6]
2~ -63(9) -34(15) -534(6) -57(1) -0.144(1) nla

107! 58 Yo+ 244(5) 133(4) 2304(1) 247(2) 5.594(2) 5.585(8) 455(12) 79.0(20)[5] 77.8(50)[5]
2] -66(13) -35(24) -569(42) -61(1) -0.154(3) nla

109! 60 Yo+ 242(4) 132(2) 2279(1) 244(1) 5.533(2) 5.538(4) 479(8) 83.2(14)[5] 81.1(26)[6]
1/2- -60(4) -33(12) -634(3) -68(1) -0.171(1) nla

111! 62 Yo+ 240(5) 129(3) 2269(1) 243(1) 5.508(3) 5.503(7) 443(19) 76.9(33)[5] 77.4(21)[5]
12-1 -61(18) -33(22) -686(4) -73(1) -0.185(1) nla

1131 64 Yo+ 241(1) 131(1) 2278(1) 243(1) 5.530(4) 5.528902) 446(11) 77.5(18)[5] 77.0(1)[5]
12~ -82(6) -44(4) -784(5) -84(1) -0.211(1) -0.210742)

1151 66 92+ 241.9(3) 130.5(4) 2282(1) 244(1) 5.541(2) 5.540802) 452.4(2.9) | 78.5(5)[5] 78.0(1)[5]
12~ -79(9) -43(17) -0.20(2) -0.24398(5)

TABLE II. Isotope shifts (IS) and resulting differential mean square nuclear charge radii 5(r2) with respect to the centroid of the stable
W51p for [T =9/2* ground states of odd- A indium (Z = 49) isotopes for the 246.0nm (5p 2p,,, —8s2Sy;,) and 246.8nm (5p 2P3/, — 95 2Sy/,)

transitions (using the calculated field and mass shifts from Ref 70

| and the atomic mass values from RefY). Our results are compared to

literature values=? in italic font measured with the 451 nm (5p 2Ps/, — 6s 281,,) transition. Experimental uncertainties are in parenthesis,

and theory-derived ones are in brackets.

Al Nl IS (MHz) &(r? (fm?)

246.8nm 246.0 nm 246.8 nm 246.0 nm 451 nm (lit.)
101| 52 | 92| -2401(7) -2417(10) | -1.274(5)[57] -1.326(6)[41] nla
103| 54 | 92*| -1936(13) -1933(9) -1.019(8)[48] -1.054(6)[35] nla
105| 56 | 92*| -1524(13) -1512(8) -0.795(8)[39] -0.820(5)[28]  -0.816(15)[33]
107| 58 | 92| -1168(18) -1133(19) | -0.607(11)[31] -0.610(12)[22] -0.640(11)[26]
109| 60 | 92| -838(10) -840(5) -0.433(7)[23] -0.453(3)[16] -0.457(7)[19]
111 62 | 92| -538(19) -550(7) -0.277(12)[15]  -0.297(5)[11]  -0.289(11)[13]
113| 64 | 92" | -264(10) -271(25) -0.136(6)[8] -0.146(15)[5] -0.143(0)[6]
115| 66 | 92* 0 0 0 0 0
113]| 64 | 927| -278(5) -265(5) -0.145(3)[8] -0.142(3)[5] -0.143(0)[6]
115| 66 | 92* 0 0 0 0 0
117]| 68 | 927 265(3) 243(5) 0.137(2)[7] 0.130(3)[5] 0.131(3)[6]
119| 70 | 92| 475(3) n/a 0.241(2)[13] n/a 0.248(3)[11]
121 72 | 927 654(2) n/a 0.326(1)[20] n/a 0.344(3)[17]
123| 74 | 927 756(3) n/a 0.363(2)[26] n/a 0.433(3)[22]
125| 76 | 927 941(4) n/a 0.453(3)[32] n/a 0.508(6)[27]
127| 78 | 92+ 1129(4) 1115(5) 0.546(3)[38] 0.576(3)[27] 0.570(7)[32]
129| 80 | 92" 1251(2) 1254(5) 0.598(1)[43] 0.646(3)[31] nla
131| 82 | 92| 1364(4) n/a 0.645(3)[49] n/a nla

proaches based on spherical references, such as the VS-
IMSRG presented here. Our findings also highlight missing
effects to capture nuclear deformation in the latest density
functionals of great importance in guiding these theoretical
developments.

Efforts to produce even more exotic neutron-deficient
tin and indium isotopes are ongoing at ISOLDE. Moreover,
the next-generation RIB facilities now in operation, such as
FRIB in the U.S., RIKEN in Japan, and SPIRAL2 in France,
will enable the study of '°°Sn and its immediate neighbors.
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Methods

A | Hyperfine Spectrum from Raw Data — The raw time-
of-flight information per resonantly ionized ion was
recorded on a MagneTOF™detector by ETP Electron Mul-
tipliers Pty. Ltd. and correlated with a Doppler-shift cor-
rected wavemeter readout of the scanning laser frequency
(see the right two magenta transitions in Fig.[1) in the rest
frame of the ion at Vy = 39948(1) eV (in the case of 1017115p)
or 40034(1) V¥ (in the case of 11371311n). The time-of-flight
distribution was used to remove isobaric contamination
and trigger noise from the ion signal at its mass-dependent

time of flight ¢; = % with the elementary charge e. The
pure hyperfine spectrum was then plotted as counts per fre-
quency bin at the 5 MHz minimal resolution limited by the
wavemeter. While the minimal bin width was typically used
for fitting the spectra, studies using different bin widths up
to 50 MHz were performed and used as the basis for the sys-

tematic fit uncertainty.

B | Hyperfine Parameter and Centroid Frequencies —
This section focuses on the analysis of 1°1~115In. Details on
the ''7~1311n isotopes can be found in Ref?,

The hyperfine parameters, Aps and By, as well as the
centroid frequency, vy, were determined through Bayesian
analysis by use of binned maximum likelihood estimation.
An independent analysis using the SATLAS package’® was
used to confirm the validity of the new code.

Due to the complex nature of the cumulative distribu-
tion function of the Voigt profile required for binned max-
imum likelihood estimation, the peak shape was estimated
with a pseudo-Voigt profile using the parameters published
in Ref”?, Extensive Monte-Carlo studies were performed
to verify the validity of this approximation, and deviations
were found to be well within one standard deviation of the
statistical uncertainty of the fit.

From all 80+ individual measurements of isotopes rang-
ing from '°1~115In, the weighted average was calculated for
the hyperfine parameters per individual isotope and tran-
sition (labeled “i”). From this data, the magnetic moments

L Anii o _ __ Bnii
Hi = " A Mret and quadrupole moments Q; = —=37

were calculated using the nuclear spin I and the nuclear E-
field gradient 5°V/5z> = 57,600(400) e-fm?/MHz*". In our
case, the weighted average for the stable and highly abun-
dant ''5In was used as a reference isotope (labeled “ref”) to
minimize systematic uncertainties from our measurement.
In the case of the magnetic moments, the weighted average
with the weighted standard deviation as its uncertainty of
the four resulting values per isotope from the two studied
transitions was calculated using per = 5.5408(2)un’®. All
values are presented in Tab.

C | Atomic Calculations - The differential charge radii

§(r?) = gl — A—F4 . % were calculated from the isotope
shift Av; = v; — v, the mass numbers A with Ager = 115,
the mass shift constant M = (Ksys + Kyps) and the field
shift constant F. We have improved calculations of iso-
tope shift constants over our previous results’® by consid-

ering single, double, and triple excitation approximations

Y  This work DFT: Fy(HFB, An
®

This work + lit. DFT: Fy(HFB, IVP)
DFT: Sky(HF) VS-IMSRG: EM1.8/2.0
DFT: Sky(HFB)
CRIS Indium (Z=49, I"=3+)
1.0 1 -
0.5 1 -6 ©° * X
o e ®
g 0.0 .,/.
o o
x -0.51 <
=) (6)
-1.01 *
*
-1.51

50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82
Neutron Number N

FIG. 3. Differential charge radii (r?) of odd indium I = 9/2*
ground states with respect to the charge radius of 15 as a
weighted average of both transitions from this work (red stars) and
including the two recalculated transitions from Ref?? (red circles),
if available, (for details, see Methods{F) with experimental (thin)
and theory-derived (thick) uncertainties compared to theoretical
calculations (colored lines). A color version of the article can be
found online.

in the analytical response coupled-cluster (AR-RCC) the-
ory. In addition, we have included atomic orbitals belong-
ing up to orbital angular momentum / = 6 in contrast to
our previous work where orbitals up to [ = 4 value were
only considered. Corrections from the Breit and lower-
order quantum electrodynamics interactions are also ac-
counted for, improving the accuracy of the calculations. De-
tailed discussions on these improvements can be found in
Ref.  As a result, we have obtained M = 325(71) GHz/u
and F = 1.577(15)GHz for the 5p2P3/2—>9SZS1/2 transi-
tion, M = 216(51) GHz/nucleon and F = 1.626(15) GHz for
the 5pPi;,—8s%Sy, transition, M = —92(74) GHz/nucleon
and F = 1.889(16) GHz for the 5p2P3/2%65281/2 transition
from Ref?? and M = —158(55)GHz/nucleon and F =
1.913(16) GHz for the 5p?P1/,—6s%Sy, transition from Ref's?,

D | Gaussian Process Interpolation - We employed a
Gaussian process interpolation algorithm for the isotope
shifts to establish a continuous time evolution of the refer-
ence centroid frequencies Vvt also at the point in times of
the measurement of an ion of interest v;. This step is neces-
sary to avoid systematic shifts in the isotope shifts since the
individual frequency measurements using the wavemeter
are dependent on environmental conditions such as room
temperature. Moving to Gaussian processes for this interpo-
lation has recently led to success across a broad spectrum of
physics’. Most importantly, this technique removes all pri-
ors with respect to the choice of the temporal distribution
of the frequencies and provides a statistical uncertainty for
the reference isotope at the median time of the measure-
ment of the ion of interest, which can be carried forward to
the calculation of the differential charge radii 5(r?). The fi-
nal isotope shift values are in Tab.
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E | Residual Differential Charge Radii - We isolated the
parabolic trend of the measured differential charge radii
with N by subtracting the linear component of the §(r?)
trend to study the subtle effects of the nuclear deformation
and pairing. These “residual” changes 5(r2) were obtained
by fitting the experimental data for the isotopic chains of
indium and tin, each with a parabolic function fit(N) =
5(r¥) n=go+b- (N—82)+c- (N —50)- (N —82) (see Fig.. This
function was fixed to the experimental differential charge
radii at N = 82, 5(r2)y=g2. The linear trends between the
fit'’s values at N = 50 and N = 82 (using the mean values for
F and M from Ref/%) were then subtracted from all differ-
ential charge radii per isotope.

Please note that due to slight systematic shifts observed
between the calculated charge radii of different transitions
as described in Methods-{F| the weighted average of all exist-
ing transitions in indium (the two from this work (red stars
in Fig. [3) and in addition, the two recalculated transitions
from Ref?” (red circles in Figs. [§b using the latest atomic
theory (see Methods and Ref™), if available, and their
weighted variance as experimental uncertainty were used
for these shell-to-shell fits and thus for all presented 5(r?)
and 8(r2,) values in the figures of this article.

The theoretical uncertainty of this fit contains two con-
tributions. First, a Monte-Carlo simulation was performed
using 10000 random pairs of F and M from a uniform dis-
tribution within the ranges of the values’ theoretical uncer-
tainties. For each random pair of F and M values, a new set
of 5(r?) was calculated from the measured isotope shifts per
transition and fitted with the same parabolic function. Next,
the linear trend between N =50 and N = 82 of each fit was
used to calculate a new set of 5(rZ) per transition.

Finally, the standard deviation over all 10000 sets of
8(r2,) for each isotope was calculated. This quantity al-
lowed us to determine the uncorrelated contribution of the
highly correlated theoretical uncertainties on F and M. This
correlation is reflected in a primary rotation of the trend
in (6r2) when F and M values change for the same exper-
imental isotope shifts of a single transition. Hence, when
subtracting the linear components for two sets of F and M,
their slope would change, but the residual parabola would
remain except for a minuscule change in curvature. In other
words, the large theoretical uncertainties from the F and M
values are mostly removed when calculating (rZ,) due to
their highly correlated nature.

This effect is captured in our Monte Carlo studies, in
which we primarily find a (small) standard deviation in
8(r2) at the central data points (= change in curvature) and
a vanishing standard deviation toward the closed shells (=
fixed in the process to 5(r2) = 0).

The second uncertainty contribution captures the fact
that there is no isotope shift measurement for N = 50 yet;
thus, this value is interpolated with this parabolic fit. This
uncertainty is numerically propagated from the Jacobi ma-
trix of the parabolic fit of the differential charge radii (using
the mean values for F and M as published in RefY) using
their experimental uncertainties. This fit uncertainty is fi-
nally inflated by the square root of the reduced chi-square

*
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FIG. 4. a) Differential charge radii for tin (green square markers;
Ref™ for N < 58 and Ref for N > 56) with respect to the charge
radius of 118Sn(N = 66) and indium with respect to the charge
radius of 11°In(N = 66)72 as a weighted average of both transi-
tions from this work (red stars) and including the two recalculated
transitions from Ref?? (red circles), if available, (for details, see
Methods{F). The parabolic fits were fixed to the differential charge
radii at N = 82 and shown with their MC-based one-standard-
deviation uncertainty bands. b) Residual differential charge radii
after subtraction of the linear trend between the fit results in a)
at N =50 and N = 82 shown with their experimental (thin; based
on the weighted variance in case of indium; see Methods{F) and
theoretical/MC-based (wide) error bars. A color version of the ar-
ticle can be found online.

v/ )(fe 4 Of this fit to account for the imperfect representation
of our data by this simple parabolic model. This uncertainty
is carried forward to calculating §(r2). Finally, both uncer-
tainty contributions were added in quadrature.

For theoretical calculation, these so-called “residual” dif-
ferential charge radii 6(rr2es) were derived from the individ-
ual linear trends spanning between N =50 and N = 82.

F | Differential Charge Radii Comparison with Litera-
ture — Globally speaking, atomic theory has made tremen-
dous progress in recent years to allow for comparisons of
differential charge radii of different transitions’’'®, In the
case of indium I = 9/2* ground states, results for four dif-
ferent transitions are now available and agree well within
their combined uncertainties (see Fig.[5p).
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With a closer look at Fig. [Bb), a slight global systematic
shift can be found between different transitions. This sys-
tematic shift, in principle, is covered by sizeable theoretical
uncertainties but highlights the need for further theoretical
advances, particularly for the most exotic isotopes, as the
deviations grow.

Moreover, a > 1o deviation at N = 74 and N = 76 was
found between the experimental values from the two transi-
tions from Ref?? and our new results. While a new measure-
ment has to be performed to clarify this deviation between
measurements, we decided to present instead the weighted
average between all four transitions (the two presented here
and the two, where available, from Ref%?) to compare our
results in indium with ones in tin and theoretical calcula-
tions in indium. As experimental uncertainty, we display the
square root of the weighted variance to account for the de-
viation between the measurements, in particular at N = 74
and N = 76. This procedure was used in Figs.[3|and[4|for the
differential charge radii 5(r?y, as well as in Figs. and for
the residual differential charge radii 5(r2) explained in the
previous Methods{E|

Please note that while the linear behavior subtracted
for the residual differential charge radii was derived from
the parabolic fit of the weighted average of the differential
charge radii in indium, the Monte-Carlo-derived theoretical
uncertainty was calculated from the mean standard devia-
tion of the individual transitions since the simulation was
distributed over the transition-dependent F and M values,
as described in more details in the previous Methods{E}

G | Valence-space in-medium similarity renormaliza-
tion group — The valence-space in-medium similarity
renormalization group (VS-IMSRG)*"™ is an ab initio
many-body method starting from two-plus-three-nucleon
interactions expressed within the harmonic oscillator ba-
sis. In particular, we use two state-of-the-art interactions
derived within the context of chiral effective field theory, la-
beled "1.8/2.0 (EM) "% and "AN?LOgo "L,

The calculations were performed in the 15 major HO
shells with frequency iw = 16 MeV. For three-nucleon ma-
trix elements, an additional truncation E3nax defined as the
sum of the three-body HO quanta needs to be introduced,
and sufficiently large Esmax = 24 was used with recently
introduced storage scheme®?. After transforming to the
spherical Hartree-Fock basis, we solve the VS-IMSRG flow
equation at the two-body level of approximation, IMSRG(2),
and obtain an approximate unitary transformation®! such
that a targeted valence space is decoupled from the full
many-body space. We furthermore use ensemble normal
ordering to capture the effects of three-nucleon forces be-
tween valence particles?®. The same unitary transformation
is applied for the radius, magnetic dipole, and electric
quadrupole operators to compute the radius and electro-
magnetic moments consistently®. We note that while mag-
netic moments are generally well reproduced, albeit with ef-
fects of two-body currents still neglected. However within a
spherical reference, many-body correlations at the two- or
even three-body level are typically insufficient to fully cap-
ture quadrupole collectivity® /63,

* 5p 21:’3/2 >9s 25!/2 ¢ 5p 2PS/2 ->6s 25!/2 (RC)
® 5p?Py,>8s2S,, ¢ 5p 2Py ->6s %Sy, (RC)
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FIG. 5. a) Differential charge radii for different transitions of I =
9/2% indium ground states (red stars and hexagons for this work;
black circles and diamonds for re-calculated isotope shifts from
Ref2? based on atomic theory from Ref'Y). b) Relative differen-
tial charge radii for the same transitions after subtraction of this
work’s 5p2 P/, —9s2S), transition for improved visibility of the sys-
tematic shift. Please note that the markers are slightly shifted to-
ward each other for improved visibility. Experimental uncertain-
ties (thin) and theory-derived uncertainties (thick error bars) are
shown. A color version of the article can be found online.

In this work, we use the multi-shell VS-IMSRG&
to decouple the {1pi;2,1p3/2,0f5/2,089/2} and neutron
{281/2,1d3/2,1d5/2,087/2,0Rh11/2} valence space above the
"8Ni core, the same space as used in the previous work
for neutron-rich indium isotopes®”. The two- and three-
nucleon HO matrix elements were computed with the
NuHamil code®, the VS-IMSRG step was performed with
the imsrg++ code®®, and the subsequent valence-space
problem was exactly solved with the KSHELL code®’.

H | The Fayans functional Fy(HFB, IVP) - The most
widely used non-relativistic DFT calculations use the
Skyrme functional®. An interesting extension is the Fayans
functional, which was proposed in Refs.%*2 and received
renewed attention®?"3. It differs from the Skyrme functional
in three aspects: density dependence in terms of rational
approximations rather than power-law; an additional gradi-
ent term in the surface energy; and a gradient term in the
pairing functional. The latter two terms provide increased
flexibility for describing isotopic differences in charge radii.
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The Fayans parametrization Fy(HFB, Ar) was presented in
Ref®. The parametrization Fy(HFB, IVP) presented here
goes one step further by making proton and neutron pair-
ing terms different. Below, we briefly provide the functional
and its parameters.

The kinetic energy and Coulomb Hartree terms of Fayans
EDF are exactly the same as in the Skyrme model. The
Fayans interaction functional is usually written in terms of
dimensionless densities

Pt
X = —

= ) (H1)
Psat

where t € {+,—} and psy is a scaling parameter of the
Fayans functional, which characterizes the saturation den-
sity of the symmetric nuclear matter with Fermi energy
er = (91/8)?*h?/2mr? and the Wigner-Seitz radius g
(3/47mpsar)'’3. Note that we have to distinguish between the
parameter pg,, which is a fixed input to the model, and the
equilibrium density peq, which is the result of the calibra-
tion process and characterizes the Fayans functional (see
below).

The Fayans functional, in a similar fashion to the Skyrme
functional, is expressed in terms of the local densities p. =
Pp * Pn, kinetic densities 7., spin-orbit densities /., and
pairing densities §,/,. We use it in the form of FaNDF° of
Ref”! starting from the total energy as

E = B+ f d*réiy(p,7,], 1)
+Eclpcl — Ecm (H2a)
h? n?
_ 3
Ein = fd r %TerZmnTn (H2b)
_ (o)) (surf) as) (7
Ery = & () +E5 " (D) + &) (0, )
+65% (p, p) (H2¢)
1-hy, x?
el _ 2.0 v 1+%+ 2
Fy 3€FP0 a+1+h‘2’+x$ *
1-hY_x,
+al — AT 2 H2d
a‘1+h§7x+ _] ( :
as r2(Vx,)?
g,lgsurt) _ %6017)00[ . +00 S+2 - (H2e)
v 1+ hs x{ + hyrg (V)
g}glyS) = cMpV-j+cMp_V-J_, (H2f)

& (pair)

2¢0
F ~ <
N = S U 0O+ U -0,

(BT v ) 5] o

2/3 2 1/3
& = (9_”) LA (3_”p0) .
8 2 8

H2h
2mr, ( )
Following the

original FaNDF’ definitions?!,

0
use  h%/2m, 20.749811 MeVim?,  h?/2m,
20.721249 MeV fm?, e? 1.43996448 MeVfm, psa
0.16fm™3, Y = 2/3, and o = 1/3. The Coulomb energy

we

TABLE III. Parameters of the Fayans functional Fy(HFB, IVP) as
given formally in Egs. (H2).

Parameters of the Fayans functional

al 9713904136 [ a’ 39.50667361
hY, 0.6169508407 | hY_ -0.6023073454
hy, 0.2050299401| hy_  50.90229444
a$. 0.5334324600

1S, 0

hS 03580477000
C(()%) 0.1822808000
() _4.606138500
¥ 4.609019500

h® 2283529600

¢ 0.0575660850
5©) -0.1795859000

TABLE IV. Nuclear matter properties of Fy(HFB, IVP).

Nuclear matter parameters

binding energy E/ A -15.827 MeV
equilibrium density peq  0.16483 fm™3
incompressibility K 210.97 MeV

effective mass m*/m 1
symmetry energy J 27.684 MeV
slope of symm. energy L ~ 43.343 MeV

sum rule enhancement K Trg 0

E¢ consists out of the direct (Hartree) term with the charge
density pc and exchange treated in Slater approximation
employing p,. The center-of-mass correction is subtracted
a posteriori with E.p = (ﬁ§m>/(2m) using an average nu-
cleon mass m. The model parameters for Fy(HFB, IVP) are
given in Tab. and the nuclear matter properties of this
functional are shown in Tab. [[V] The latter quantifies the
physical volume properties of the functional and is useful
for comparison with other nuclear models.

Pairing deserves special attention because the pairing
functional alone does not fully determine the results.
The size of the pairing space also plays a role. We employ a
soft single-particle (s.p.) energy cutoff

1

Ea—(€Fp+eEcur)
1+exp( et /10 )

(cut) _

Wy

(H3)

including all s.p. states a up to about ey = 15 MeV above
the Fermi energy er. The s.p. pairing gap is modified as
Ag — Aqw' to turn off the contributions from all s.p.
states above the pairing band. A further problem is that
nuclear pairing is generally weak and often approaches the
critical point of the pairing phase transition. This holds par-
ticularly for the parametrization Fy(HFB, IVP). The proton
number Z =49 of In isotopes is next to the magic number at
Z =50, aggravating the phase transition problem. Thus we
use pairing stabilization as described in Ref®# with a stabi-
lizing lower bound of pairing energy of 0.3 MeV. The param-
eters in Tables[[Ill and [Viwere fitted in connection with that
particular pairing treatment.
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FIG. 6. Typical correlation between Qs and §(r) for different DET
parametrizations shown as "error ellipses" and compared to ex-
perimental results (vertical and horizontal black lines with gray
bars as their uncertainties). For details, see text. A color version
of the article can be found online.

I | Correlation Studies for Different DFT Parametriza-
tions - In order to improve the description of nuclear
charge radii, new DFT parametrizations with a full treat-
ment of pairing were developed in this work (see Methods-
[Hifor details). When comparing these results labeled "DFT:
Fy" in Fig. ) and d) with DFT results without a full treat-
ment of pairing, labeled "DFT: Sky", we observe an inverse
trend. While the "DFT: Fy" results improve the description
of nuclear charge radii, they worsen in the description of the
quadrupole moments with increased pairing strength.

In order to study this behavior systematically, we de-
termined the correlation between the nuclear quadrupole
moments and charge radii for three DFT parametrizations.

These "error ellipses", shown in Fig. @ indicate the statis-
tical variants of the y2-fits for each parametrization. The
respective systematic errors from the approximate angular
momentum projection are added to the extent of the el-
lipses. The colored dots represent the actual results of the
best fit for each parametrization, which are compared to the
experimental results (represented by black vertical and hor-
izontal lines with gray bars as their uncertainties).

If a parametrization were to describe the experiment per-
fectly, the colored dot would sit at the intersection of the
black vertical and horizontal lines. A totally uncorrelated
parametrization would result in a perfect circle, while an
ellipse approaching a line would correspond to maximally
correlated observables.

We observe in this study across many indium isotopes
that the correlation and absolute results in comparison
to the experimental data vary with the neutron number
and parametrization, and no simple generic trend can be
found. However, in particular, the "DFT: Fy(IVE, HFB)"-
labeled parametrization with maximal pairing strength was
found to show the strongest correlation between Qs and
5(r?) (see Fig.@]for a typical result). Moreover, since none of
the parametrization ellipses directly agrees with the experi-
ment, these studies highlight the urgent need to include fur-
ther nuclear effects (such as quadrupole vibrations) in state-
of-the-art nuclear density functionals for a full description
of both nuclear quadrupole moments and charge radii.

J | Data and Code Availability - The full dataset of the
101=-1151y jsotopes is available in Ref, and of the '3-131In
isotopes in Ref%®. The repositories contain Python scripts
to read the raw data, which can be analyzed using code de-
scribed in detail in Ref“®?. An example spectrum for the
previously unmeasured °'In isotope, most relevant to this
work, is included in Fig. [1] of this article. Data analysis used
NumPygg, SciPygg, Pandast10l and iMinuitt0e103) Figures
were produced using Matplotlib!%4,
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