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The changes in the mean-squared charge radius of 209Tlg (N = 128) and 207Tlm (N = 126) relative to 205Tl

have been measured for the first time using the in-source laser resonance-ionization spectroscopy technique

with the Laser Ion Source and Trap (LIST) at ISOLDE (CERN). The application of the LIST suppresses the

dominant background from isobaric francium isotopes and allows access to thallium nuclides with A � 207.

The characteristic kink in the charge radii at the N = 126 neutron shell closure, as well as the odd-even effect

similar to that in the adjacent bismuth, lead, and mercury isotopic chains, have been observed. The self-consistent

theory of finite Fermi systems based on the energy density functional by Fayans et al. reproduces the behavior

of charge radii in these isotopic chains near N = 126. The comparison with calculations in the framework of the

relativistic mean field (RMF) approach is also presented. In the case of the Fayans functional it is a specific form

of pairing interaction with the dependence on the density gradient that is essential to provide agreement with the
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experimental charge radii. In particular, the kink is reproduced without the inversion of g9/2 and i11/2 neutron

single-particle states, which is a prerequisite to correctly describe the kink in the RMF models.

DOI: 10.1103/PhysRevC.110.034315

I. INTRODUCTION

It is well established that the slope of the change in

the mean-squared charge radii (δ〈r2〉) along isotopic chains

increases abruptly when crossing the neutron magic num-

bers (the so-called “kink in charge radii” or “shell effect in

radii” [1,2]). This effect proved to have an universal character

being observed near almost all neutron magic numbers includ-

ing N = 126 [1,2].

Another universal trend in the charge-radii behavior is the

odd-even staggering (OES): in most cases, nuclear charge

radii of odd-N isotopes are smaller than the average of their

even-N neighbors [1,2]. A few exceptions are usually ex-

plained by the influence of the static (quadrupole or octupole)

deformation (see Refs. [3,4] and references therein).

In the vicinity of the N = 126 and Z = 82 shell closures,

well-documented evidence for the kink exists for the mercury

(Z = 80) [5,6], lead (Z = 82) [7], and bismuth (Z = 83) [8]

isotopic chains. This region is especially suitable to compare

of different theoretical approaches for describing the kink and

OES, since the deformation effects which could distort these

δ〈r2〉 trends, are expected to be small. This is in contrast

with, e.g., the situation near N = 82 where rapid growth of

deformation in the close vicinity of the magic number was

observed (see, for example, Fig. 4 in Ref. [9] and experimental

data compilation in Ref. [10]).

Correspondingly, the first aim of the present work is to

fill the Z = 81 gap in the δ〈r2〉 systematics near N = 126 by

measuring δ〈r2〉 for thallium isotopes (Z = 81) with N > 127.

These values are derived from the isotope shifts (IS) of the

atomic optical lines.

Previously, IS and hyperfine structure (hfs) in neutron-

deficient thallium isotopes down to 179Tl were studied [11–13]

using the resonance ionization laser ion source technique [14].

Isotopes with N > 127 remained inaccessible due to the over-

whelming surface-ionized isobaric francium contamination.

The application of the resonance-ionization spectroscopy in

the Laser Ion Source and Trap (LIST) [15–17] in the present

work suppresses this background and provides access to heavy

thallium isotopes.

The determination of the δ〈r2〉 values for thallium isotopes

with N > 126 also probes the possible role that low- j proton

orbitals could play in producing the kink. Indeed, for the bis-

muth isotopic chain above Z = 82, it is the high- j h9/2 proton

orbital that dominates the structure of the ground state, while

the low- j s1/2 orbital is active in ground states of thallium

isotopes.

Historically, considerable theoretical efforts have been di-

rected to the description of the kink in the lead chain around

N = 126. It was found that standard nonrelativistic Hartree-

Fock (NRHF) calculations with Skyrme or Gogny forces were

not able to reproduce the kink [18–20]. Further numerous

attempts to take into account ground-state correlations using

beyond mean-field approaches (random phase approximation,

generator-coordinate method, self-consistent sum rule ap-

proach) fail to reproduce the observed irregularity (see

Refs. [9,19,21,22] and references therein).

The OES also became a benchmark to test the theoretical

models. As in the case of the kink, the first theoretical attempts

tried to account for a reduction of quadrupole vibrations in

odd-N nuclei due to blocking, which can be regarded as a kind

of beyond mean-field approach. However, experimental data

were only qualitatively explained within the corresponding

pairing-plus-quadrupole model for spherical nuclei [23].

The failure of the beyond Hartree-Fock attempts to ex-

plain the kink and OES, indicates that a correct description

of IS (at least in the NRHF calculations) is not deter-

mined by the higher-order correlations and a solution should

be searched for through the modification of the effective

forces themselves [19]. In particular, it was shown that the

experimental kink and OES can be reproduced in the frame-

work of the Skyrme-Hartree-Fock (SHF) approach with a

density-dependent parametrization of the pairing part of the

interaction [19,24] or with the modification of the spin-orbit

interaction, see Refs. [20,25–29]. However, it was shown that

it remains difficult to reproduce both the masses and the kink

accurately within one SHF framework with the generalization

of the spin-orbit interaction [30]. In the case of the pairing

modification it also remains unclear whether the modified

functionals provide an accurate global description of nuclear

masses.

At the same time, both kink and OES are well repro-

duced in the framework of the relativistic mean field (RMF)

approach without introducing new functional members or ad-

justing parameters ([18,31], see also comprehensive reviews

which covers nearly the whole nuclide chart [32,33]). How-

ever, this success is achieved at the expense of the inversion

of the νi11/2 and νg9/2 neutron single-particle states position

in contradiction with experiment [5,6,32].

In contrast with the theoretical approaches discussed

above, in the self-consistent finite Fermi systems theory

(TFFS) [34] based on the generalized energy density func-

tional (EDF) by Fayans et al. [21,35–38], nuclear radii in

the vicinity of the neutron shell closures are directly in-

cluded in the optimization protocol. Two recent versions of the

Fayans-type functional (DF3-a [37] and Fy(�r, HFB) [38])

successfully describe the shell effect in radii and OES for

K [39,40], Ca [38,41], Cu [42,43], Sn [44], Ca-Zn [45], and

some other isotopic chains. In contrast with the RMF calcu-

lation, in the TFFS-Fayans framework the kink is reproduced

without the inversion of the νi11/2 and νg9/2 states. Thus, we

have two main competitive approaches for describing the kink

and OES: RMF and nonrelativistic Fayans-functional theo-

ries [46]. It is important that both approaches describe these

peculiarities of the δ〈r2〉 behavior without loss of accuracy in

the reproduction of the nuclear masses in contrast with the

majority of the (modified) NRHF approaches [38,47]. In the

case of the Fayans functional it is a specific form of pairing
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interaction with the dependence on the density gradient that is

essential to provide agreement with the experimental charge

radii [35,44], whereas the kink and OES are already present

in the RMF calculations without pairing [5,6].

This contradiction encourages a more detailed comparison

between these theories for the kink and OES. Such an analysis

is the second aim of the present work whereby we used the

advanced RMF approaches summarized in Ref. [33] with the

PC-L3R [48], PC-X [49], DD-MEX [49], and DD-PCX [50]

interactions. The calculations with (modified) DF3-a Fayans-

type functional were made specifically for the present work.

II. EXPERIMENTAL DETAILS

The data presented in this work originate from the same

experiment as described in Ref. [51], and therefore only the

most relevant details will be given here.

Radioactive thallium isotopes were produced in spalla-

tion reactions by a 1.4-GeV proton beam (intensity up to

2 µA) from the CERN proton synchrotron booster bombard-

ing a 50 g/cm2 UCx target. The reaction products diffused

through the target material (T ≈ 2000–2200 ◦C), and effused

into the hot cavity of the target-ion source device as neutral

atoms. At the masses of interest (A = 207–209), strong iso-

baric contamination from surface-ionized francium is present,

which prevented extensions of earlier experiments with thal-

lium [11–13] to heavier masses.

To overcome this problem, the LIST device was

used [15–17]. In our experiment, the francium ions were

suppressed by a factor of ≈104. At the same time, the laser-

ionized thallium isotopes were suppressed by a factor of

≈20, relative to normal laser ion source operation without the

LIST [14]. The improved signal-to-background ratio due to

the suppression of the surface-ionized francium (see details in

Ref. [51]) was the key condition which allowed us to perform

our measurements.

Inside the LIST, thallium atoms were resonantly ionized

using the two-step thallium ionization scheme [11–13,51]. For

IS measurement the first step 277-nm 6p 2P1/2 → 6d 2D3/2

atomic transition was scanned by a frequency-doubled tunable

dye laser (LIOP-TEC LiopStar) beam with a linewidth of

≈3 GHz. The subsequent ionization step was provided by a

frequency doubled Nd : YVO4 laser (Lumera Blaze, funda-

mental frequency of 532 nm).

After ionization, the thallium ions were extracted and

accelerated by a 50-kV electrostatic potential, and mass-

separated by the ISOLDE general purpose separator. The

ions were then delivered to either a Faraday cup (FC) or the

ISOLDE Decay Station (IDS) [52] for ion counting. The ion

current of the stable isotopes 203,205Tl from a dedicated oven,

as well as abundantly produced 207Tlg, were directly measured

by the FC. 205Tl was used as the reference isotope for the IS

measurements.

III. DATA ANALYSIS AND RESULTS

A. Fitting of the hyperfine-structure spectra

Examples of the hfs spectra are shown in Fig. 1. This

figure is modified from Fig. 1 of Ref. [51] by adding the

FIG. 1. Examples of the hfs spectra of studied thallium isotopes.

The solid red lines are Voigt profile fits of the data. Vertical dotted

lines mark centers of gravity of the corresponding hfs. The nuclear

spin and photoion detection method (FC or IDS), as well as γ -ray

energies in the case of decay-based detection at IDS, are displayed

for each isotope. The zero point on the frequency scale corresponds

to a wave number of 36117.92 cm−1.

208Tl hfs. The data analysis procedure was the same as in

our previous studies of the neutron-deficient thallium iso-

topes [12,13]. The positions of the hyperfine components in

the hfs spectra are determined by the standard relation [12]

with five parameters: nuclear spin (I), isotope shift relative to

the stable 205Tl (δνA,205
277nm), magnetic hfs constants (a1 and a2)

for the first and the second level of the ionization scheme, and

the electric quadrupole hfs constant b2 for the second level.

Note that b1 ≡ 0, since the first level in our ionization scheme

has electronic angular momentum J = 1/2.

Voigt profiles were fitted to the experimental hfs spec-

tra using a fixed a2/a1 = −0.002013(19) ratio taken from

the value for the stable isotopes 205Tl [53], and I values

from [54]. For 208Tl, the constant a1 taken from Ref. [55], was

fixed.

For 207Tl
m

with I = 11/2, the possible quadrupole splitting

of the upper level 6d 2D3/2 of the scanned transition was
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TABLE I. Isotope shifts for the 277-nm transition (δνA,205) and

changes in mean-squared charge radius (δ〈r2〉A,205) of thallium iso-

topes with A > 200. The statistical experimental uncertainties are

given in parentheses. The values in curly brackets are the systematic

errors which stem from the uncertainty of the F and kMS factors.

Where available, literature values are shown in italic in a second line

for each isotope.

A Iπ δνA,205(MHz) δ〈r2〉A,205(fm2)

203 1/2+ −1026(104) −0.107(11){3}

−1038.5(1) [53] −0.10840(3){220} [56]

207 1/2+ 1023(175) 0.107(19){3}

1030(240) [12] 0.1100(2){22} [56]

207m 11/2− 1030(290) 0.108(31){3}

208 5+ 2118(190) 0.223(21){6}

0.192(13){4} [56]

0.201(14)a

209 1/2+ 3130(220) 0.330(23){8}

aWeighted mean for δ〈r2〉208,205 between our result and that from

Ref. [56].

taken into account using advanced atomic calculations of the

electric field gradient produced by the electrons at the site of

the nucleus [51].

B. Changes in mean-squared charge radii

The δ〈r2〉 values were deduced using the standard

parametrization of the isotope shift δνA′,A = νA′

− νA [57]:

δνA′,A = kMS

(

1

MA′
−

1

MA

)

+ Fδ〈r2〉A′,A. (1)

Here, kMS and F are the mass- and field-shift constants, re-

spectively, MA and MA′

are the atomic masses of isotopes with

mass number A and A′, and δ〈r2〉A′,A = 〈r2〉A′

− 〈r2〉A is the

difference between their nuclear mean-squared charge radii.

In this work, we have used F = 9.32(23) GHz/fm2, kMS =

−575(71) GHz u, which were recently calculated in Ref. [56]

accounting for relativistic and high-order electronic correla-

tion effects.

In Table I, the IS for the 277-nm transition and δ〈r2〉 for

the studied thallium isotopes are shown, along with values

from literature. Our results for 203,207Tlg agree with the lit-

erature data. For 208Tl our value differs from the literature by

1.2σ and the weighted mean of the literature data and that

from our measurements is used below. Figure 2 shows the

δ〈r2〉 values for thallium nuclei near N = 126. As seen in

Table I, the radii for 207Tlg (I = 1/2) and 207Tl
m

(I = 11/2)

are the same within uncertainties, and would be indistin-

guishable in Fig. 2, therefore only the δ〈r2〉 for 207Tl
g

is

shown.

The behavior of charge radii in Hg, Tl, Pb, and Bi isotopic

chains near N = 126 is strikingly similar as seen in Fig. 3.

(See also the discussion on the kink indicator in Sec. V.)

In contrast to the kink at N = 82 (see Fig. 4 in Ref. [9],

for example), the kink at N = 126 has no clear Z depen-

dence, at least within the limits of the current experimental

uncertainties. Thus, there is no notable difference between

FIG. 2. The δ〈r2〉 values for thallium isotopes near N = 126. The

red triangles are results from the present work, and the black squares

are literature values taken from [56]. The values for even-N nuclei

are connected by the dashed line to guide the eyes. The uncertainties

include both statistical and systematic ones.

the cases where valence protons occupy low- j orbitals, such

as in thallium (s1/2), and high- j ones as in bismuth (h9/2).

The independence of the kink on the orbital occupied by the

valence proton is supported by the negligible isomer shift for
207Tl

m
(I = 11/2, πh11/2) relative to 207Tlg (I = 1/2, πs1/2)

(see Table I).

FIG. 3. The δ〈r2〉 values for the isotopic chains with Z close to

Z = 82 in the vicinity of N = 126. Only even-N isotopes are shown

for more distinct kink presentation.
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FIG. 4. Comparison of the TFFS-Fayans calculations for δ〈r2〉 values with the experiment for the 80Hg, 81Tl, 82Pb, and 83Bi isotopic chains

near N = 126. Experimental data are taken from (a) Refs. [3,5,6]; (b) Ref. [56] and present work; (c) Ref. [7]; (d) Refs. [8,58].

IV. THEORETICAL CALCULATIONS

The experimental data were compared with calculations in

the framework of the finite Fermi system theory, based on the

generalized EDF method implemented with the DF3-a func-

tional by Fayans et al. [21,36,59]. Compared to the Skyrme

or Gogny EDF it has a more complex (a fractional-linear)

dependence on the particle densities.

The anomalous part of the Fayans functionals (see defi-

nitions in [21]) involves the attractive term accounting for

pairing in the nuclear exterior and two repulsive surface terms

depending on the particle densities and their gradients. The

density-gradient dependent term is crucial for explaining the

kink and OES effects in charge radii [21,35,36,44]. It is this

term that made it possible to ensure in [21] that the 40Ca and
48Ca radii are approximately equal already at the mean-field

level. A comparison with the results obtained in [60] confirms

the fact that this gradient term effectively takes into account

the phonon coupling effect on the charge-density distribution.

The effective density-dependent contact pairing with a

cutoff at EFermi used in our calculations, is non-universal,

therefore, a number of (A, Z-dependent) pairing parametriza-

tions exists reflecting a complexity of interplay between

the aforementioned terms. For the present kink and OES

calculations, the functional parameters in the pairing sector

were readjusted using the available neutron separation en-

ergies (Sn) and charge radii in mercury, thallium, lead, and

bismuth isotopes. For a better simultaneous description of the

Sn and kink data, the following parameter set was found: f ξ =

−1.05, hξ = 0.78, f
ξ

∇
= 1.25 (designation of parameters was

taken from [21]). This adjustment maintains a good descrip-

tion of binding energies and charge radii of spherical nuclei in

the calcium, nickel and lead regions, to which the parameters

of the DF3 and DF3-a functionals were fitted. In general, the

global performance of the functional is comparable with the

DF3-a pairing functional set [21,36].

V. DISCUSSION

As seen in Fig. 4, the TFFS calculations with the modified

DF3-a functional satisfactorily describe the δ〈r2〉 behav-

ior in thallium isotopes (mean deviation is 0.03 fm2). The

theoretical results for adjacent 80Hg, 82Pb, and 83Bi chains

demonstrate the similar agreement with experiment (see

Fig. 4). It is important that the change of the pairing parame-

ters does not worsen the description of the neutron separation

energy as shown, e.g., for Pb and Tl chains in Fig. 5.
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FIG. 5. Comparison of the TFFS-Fayans calculations of the neu-

tron separation energy Sn with the experimental data for the 81Tl and

82Pb isotopic chains. Experimental data were taken from Ref. [61].

In order to quantitatively compare the magnitude of the

kink and OES in different theoretical approaches, the kink (ξ )

and staggering (γN ) indicators were introduced:

ξ =
δ〈r2〉128,126

δ〈r2〉126,124
, (2)

γN =
2δ〈r2〉N−1,N

δ〈r2〉N−1,N+1
. (3)

Superscript indices point to the neutron numbers. These in-

dicators are independent of the uncertainties in the atomic F

factor (usually 5–10% in the lead region). The choice of the

even-N isotope nearest to the neutron magic numbers for the

kink indicator, helps to avoid mixing of the shell effect with

other effects which might contribute to the observed δ〈r2〉

value.

In Fig. 6 the experimental kink indicators for mercury,

thallium, lead and bismuth isotopic chains are compared with

theoretical results obtained within the RMF (PC-L3R, PC-

X, DD-MEX, and DD-PCX functionals; see Ref. [33]) and

Fayans-type (with improved DF3-a functional) approaches.

The TFFS (DF3-a) calculations with modified pairing, excel-

lently reproduce the experimental data, whereas the PC-L3R,

PC-X, and DD-PCX functionals markedly overestimate the

shell effect in radii and the DD-MEX functional predicts a

noticeable Z dependence of the kink indicator which is not

observed experimentally. However, one should keep in mind

FIG. 6. Kink indicator for the isotopic chains near Z = 82. Ex-

perimental data are taken from Refs. [7] (Pb isotopes); [3,5,6] (Hg

isotopes); [8,58] (Bi isotopes); [56] and present work (Tl isotopes).

Theoretical values (RMF with different functionals) are derived from

the calculation in Ref. [33].

that accounting for the center-of-mass corrections give sizable

impacts on the charge radius and can improve description of

kink in the RMF model [62].

It should be noted that the single-particle spectrum of

neutrons in 208Pb extracted from the excitation spectra of the

neighboring odd isotopes 207Pb and 209Pb, is well reproduced

in the TFFS-Fayans calculations (see Fig. 1 in Ref. [37]),

whereas the RMF approach fails to reproduce the order of

the neutron single-particle states near N = 126. In particular,

in the RMF calculations the νi11/2 state is lower in energy

than the νg9/2 state in contradiction with experiment [5,6,32].

In contrast with the RMF calculation, in the TFFS-Fayans

approach the kink is reproduced without the inversion of the

νi11/2 and νg9/2 states.

The contradiction of the RMF approach with experi-

ment (inverted position of νg9/2 and νi11/2) is eliminated for

odd-N nuclei by taking into account the coupling of single-

particle motion with phonons (particle-vibration coupling)

(see [63,64]). At the same time, in the RMF framework the

ground states of the even-N isotopes at N > 126 are deter-

mined by the filling of the lower lying νi11/2 shell [5] in

contradiction to the numerous shell-model calculations where

the νg9/2 orbital is fixed below the νi11/2 one by 779 keV

(see, for example, Refs. [65–67] and references therein). It

should be noted, that these shell-model calculations quite

successfully describe spectra and transition probabilities for

the majority of the even-N nuclei in the vicinity of the shell

closures at N = 126 and Z = 82. Evidently, the TFFS cal-

culations with the Fayans functionals are free from these

problems.

In Fig. 7 the experimental staggering indicator values for

different isotopic chains are shown. The theoretical values are

given only for the lead and thallium isotopes not to overburden

the figure. Results for the other chains are similar to those

for lead and thallium isotopes. As in the case of the kink,

one can see the striking similarity in the staggering indicators

034315-6
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FIG. 7. Staggering indicator for the isotopic chains near Z = 82

and N = 126. Experimental data are taken from Refs. [7] (Pb iso-

topes); [3,5,6] (Hg isotopes); [8,58] (Bi isotopes); [56] and present

work (Tl isotopes).

for Z = 80, 81, 82, 83. In particular, for each chain there is a

clear dependence of γN on the shell occupied by the valence

neutron (ν f5/2, νp1/2, νg9/2). The self-consistent TFFS calcu-

lations reproduce staggering indicator and its neutron-number

dependence with the exception of the values at N > 126 when

the νg9/2 shell is filling. As it was shown in Ref. [41], the

fluctuating contribution due to the quasiparticle-phonon inter-

action can be important for N > Nmagic.

In the RMF calculations two different procedures labeled

as “LES” and “EGS” were used for the blocking in odd-

A nuclei [5,6]. In the LES procedure, the lowest-energy

configuration was used, which is similar to the TFFS-

Fayans calculations of OES [21,38]. In the EGS procedure,

the configuration with the spin and parity of the blocked

state corresponding to those of the experimental ground

state is employed, although it is not necessarily the lowest

in energy.

It was found that in the RMF approach the OES is

described reasonably well when the EGS procedure is ap-

plied. With the LES procedure, the experimental OES is

significantly underestimated [5,6]. At the same time, in the

TFFS-Fayans calculations there are no additional conditions

for the choice of the blocked state in the odd-N nuclei due to

the good reproduction of the neutron single-particle spectrum

in contrast with the RMF theory.

VI. CONCLUSION

The δ〈r2〉 values for 207Tlm (Iπ = 11/2−) and 209Tlg (Iπ =

1/2+) have been measured for the first time, using laser

resonance-ionization spectroscopy in the LIST ion source at

ISOLDE (CERN). The characteristic kink in the ground-state

thallium charge radii at the N = 126 shell closure has been

observed. It was found that the kink indicator for thallium

coincides within the limit of uncertainties with that for the

neighboring mercury, lead, and bismuth isotopic chains. Thus,

there is no notable difference between the cases where valence

protons occupy low- j orbitals, such as in thallium (s1/2), and

high- j ones as in bismuth (h9/2). The independence of the kink

on the orbital occupied by the valence proton is supported

by the negligible isomer shift for 207Tlm (I = 11/2, πh11/2)

relative to 207Tlg (I = 1/2, πs1/2) (see Table I).

Measurement of the IS for 209Tl also enabled us to com-

plete the systematics in the OES in the considered region. As

in the case of the kink, the OES for thallium isotopes near

N = 126 coincides in the limits of uncertainties with that for

the neighboring isotopic chains.

The detailed comparison of the complete set of the ex-

perimental δ〈r2〉 data near N = 126, Z = 82 and the theory

was made. Calculations using the DF3-a functional by Fayans

et al. [21,36,37] with adjustment of parameters in the pairing

sector demonstrate a good agreement with the experimental

data for the Sn, kink and OES values in the mercury, thallium,

lead, and bismuth chains with the exception of the OES at N >

126. The latter deficiency can be connected with neglecting

the phonon coupling, which has an impact in this region [41].

The recent advanced RMF functionals (PC-L3R, PC-X,

DD-MEX, and DD-PCX; see Ref. [33]) overestimate the kink-

indicator value and show its Z dependence which is absent

in experimental data. The very presence of the kink in the

RMF theory is determined by the inversion of the position

of the νg9/2 and νi11/2 neutron shells. In the TFFS-Fayans

calculations the order of the single-particle neutron states near

N = 126 corresponds well with the experimental data and

there is no inversion of the νg9/2 and νi11/2 states. Further

theoretical and experimental efforts are required in order to

elucidate the influence of the neutron single-particle spectrum

on the charge radius evolution. It should be noted that in

contrast with our TFFS-Fayans calculations, the RMF func-

tionals were not adjusted to provide the kink description in

this specific mass region.

The complete set of data on charge radii in the close

vicinity of magic Z = 82 and N = 126 helps to further elu-

cidate the pairing part of the Fayans functional which would

enable a better description of the kink and OES. Note, that

other nuclear observables reveal more weak dependence on

the gradient pairing strength [21]. The search for a universal

parametrization in the pairing sector which would keep the

global performance of the Fayans functional along with a

good simultaneous description of the isotopic behavior for

both geometric (δ〈r2〉) and energetic (Sn) differential observ-

ables throughout the nuclide chart is the aim of future work.
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