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• consistent framework all across nuclear chart 
• based on fundamental principles
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Collinear laser spectroscopy 

J. Papuga et al., PRL 110, 172503 (2013) 

Measure in a model-independent way 4 properties of an exotic isotope/isomer: 
 - the nuclear spin I 
 - the magnetic dipole moment P�
 - the electric quadrupole moment Q (if electronic and nuclear spin J,I>1/2) 
 - the isotope shift Æ nuclear charge radius 
by resonant excitation of hyperfine transitions in an atom or ion. 
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CLS & nuclear charge radii
in mean-square charge radii �hr2i are extracted according to

�⌫A,A0
= M

A0 � A

A · A0 + F �hr2iA,A0
, (1)

where M and F are mass and field shift factor, respectively. For 26g,26mAl, collinear
laser spectroscopy allows the direct measurements of the isomer shift since the hyperfine
structure centroids for both the ground state and the isomer can be determined in a single
hyperfine spectrum. The advantage of this direct determination was clearly demonstrated
for 38K [1] where a previous indirect determination of the isomer shift by the combination
of two data sets, led to large error bars and as a consequence, to the wrong conclusion on
the relative size of the ground state and isomer.
Due to a lack of suitable transitions in Al ions, spectroscopy is performed on atoms which
are formed when Al ions delivered by ISOLDE are neutralized in COLLAPS’ charge
exchange cell which is filled with Na vapour. Based upon our previous work (IS457) on
Ga atoms, which have very similar structure and transitions, we expect that the two states
of the 2P o doublet are populated roughly equally in the charge exchange. Several strong
transitions can be considered (compare also with Fig. 4a). We exclude the transitions
to the 2D doublet at 308 nm and 309 nm, respectively, since the two 2D states are
very close in energy (�E ⇡ 0.2 meV) resulting in mixing of the two transitions [27].
This could lead to anomalies in the optical isotope shifts in analogy to what has been
observed in Sm isotopes [28]. Such complications are naturally avoided in the transitions
to the 2S1/2 singlet at 396 nm and 394 nm, respectively. Due to the finite probability
density of the s-electron at the nuclear site, these transitions are also more sensitive to
the nuclear charge radius. The 2P o

3/2 ! 2S1/2 transition with an Einstein coe�cient

of A = 1.0 · 108/s is stronger than 2P o
1/2 ! 2S1/2 (A = 5.1 · 107/s). Moreover, it is

also sensitive to the quadrupole moments of the investigated Al isotopes (not known for
24,29,30Al) and is hence the preferred transition. Laser light at this wavelength can be
produced by frequency doubling 792 nm provided by a Ti:Sa laser.
As mentioned before, the transition dependent mass and field shift M and F are required
to extract the changes in the mean-square charge radii �hr2iA,A0

from the measured isotope
shift. Corresponding atomic-physics calculations of M and F for the 2P o

3/2 !2 S1/2

transition are currently underway [29]. Finally, the charge radii of the studied Al isotopes
can be determined by comparing �hr2iA,A0

to the root-mean-square charge radius of 27Al
[15], which is known from muonic-atom and electron-scattering measurements.

3 Beam time request

Following our science motivation, we request ISOLDE beams of 24�33Al (see Tab. 1).
27Al will serve as the reference throughout the entire measurement. Two shifts of stable
27Al beam are requested for setup and confirmation of the spectroscopic scheme prior to
the measurements of radioactive nuclides. Operation and use of HRS and the cooler and
buncher ISCOOL will be required from the beginning. Moreover, RILIS will be essential
to increase the yields of the Al isotopes.
To date, all yields for Al isotopes (see Fig. 4b) listed in the ISOLDE yield database as well
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Experimental results.—The isotope shifts with respect to
124Sn are related to changes in the mean-square charge radii
δhr2i124;A by

δν124;Ai ¼ mA −m124

mAm124

Mi þ Fiδhr2i124;A; ð1Þ

with the field-shift factor F and the mass shift factor M of
the respective transition i ¼ SP, PP and the atomic masses
mA. Spectra in the SP transition were fitted using Voigt
profiles with the Lorentzian width fixed to the natural
linewidth, with the exception of 134Sn 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 128;130Sn 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 ΔUacc=Uacc ≈
ΔUoffset=Uoffset ≈ 1.5 × 10−4 of the starting potential Uacc
at ISCOOL and the Doppler tuning voltage Uoffset at the
charge exchange cell. Our isotope shifts for 112−124Sn in the
SP transition are in excellent agreement, i.e., better than
statistically expected, with those reported in Ref. [37].

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 (≈5σ) for 130;132Sn 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 δhr2i can be found in Ref. [28], where a
similar analysis was performed. Here, we obtained field-
shift factors of FSP ¼ 2.42ð48Þ GHz=fm2 and FPP ¼
2.74ð57Þ GHz=fm2 for the SP and PP transition, respec-
tively. The corresponding mass-shift factors are MSP ¼
−494ð402Þ GHz u and MPP ¼ −455ð479Þ GHz u. The
ratio of the field-shift factors is in excellent agreement with
the slope of aKing plot between the two transitions, inwhich
data from the even isotopes 112−134Sn are used. Moreover,
both field-shift factors are in reasonable agreement (within
1σ) with literature values FSP ¼ 2.24ð27Þ GHz=fm2 [37],
FPP ¼ 2.39ð27Þ GHz=fm2 [37], FPP¼2.18ð17ÞGHz=fm2

[27], and FPP ¼ 3.3ð3Þ GHz=fm2 [36], which were
either based on a Dirac-Fock calculation in the Snþ

6s 2S1=2 → 6p 2P3=2 (λ ¼ 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 Snþ [36], or by a similar King-plot
procedure as performed here [27].
Changes in hr2i were determined from both transitions

and are in good agrement with each other as well as with

TABLE I. Isotope shifts δν124;A and changes in mean-square
nuclear charge radii δhr2i124;A for even isotopes with mass
number A in the 5p2 1S0 → 5p6s 1P1 (SP) and the 5p2 3P0 →
5p6s 3P1 (PP) transitions. The numbers in parentheses for δν124;A

show statistical and systematic uncertainties. Total uncertainties
are listed for δhr2i124;A, 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 δν124;ASP (MHz) δν124;APP (MHz) δhr2i124;A (fm2)

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 −1115.3 (19)(69) −1335.6 (62)(58) −0.605 (5)
116 −841.8 (14)(55) −1007.6 (79)(45) −0.461 (4)
118 −585.6 (19)(40) −695.0 (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)
126 147.2 (13)(13) 189.4 (47)(12) 0.089 (4)
128 273.2 (53)(26) 338.9 (49)(21) 0.165 (10)
130 395.9 (65)(37) 486.6 (38)(31) 0.240 (15)
132 497.7 (11)(50) 624.0 (32)(42) 0.307 (21)
134 981.0 (36)(62) 1196.5 (74)(51) 0.533 (10)
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FIG. 1. Optical spectra of even neutron-rich Sn isotopes for the
determination of the isotope shift in the 5p2 1S0 → 5p6s 1P1 (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;130Sn, the contribution of an isomer (dashed, blue line) and the
I ¼ 0 ground state (dotted, olive line) are plotted individually,
with a significantly smaller isomer-to-ground-state ratio in 128Sn.

PHYSICAL REVIEW LETTERS 122, 192502 (2019)

192502-3

• King-plot analysis of stable isotopes 
• atomic theory

G. Gorges et al.,  PRL 122, 192502 (2019)

Absolute charge radii

reference radius of stable isotope

X.F. Yang, S.J. Wang, S.G. Wilkins et al. Progress in Particle and Nuclear Physics 129 (2023) 104005

ωε68,A→

= εA→

↑ ε68. Therefore, from the measured ωεA,A→ , the changes in mean-square charge radii between the reference
isotope A and isotope A→, ω↓r2↔AA→ , can be obtained. Further, the root-mean-square (rms) charge radius of the isotope A→

can be determined from:

RA→

=

)
↓r2↔A→

=

)
ω↓r2↔A,A→

+ ↓r2↔A, (2.22)

Here, ↓r2↔A is the rms charge radius of reference isotope (e.g. 68Zn in Fig. 2.4), which is often the stable isotope and its
charge radius known from other independent experiments, i.e. electron scattering experiments, and/or muonic and X-ray
data [364].

In order to calculate ω↓r2↔AA→ using Eq. (2.21), knowledge of the atomic factors KMS and F is required. In general, there are
two standard approaches to determine these factors: atomic calculations using theoretical models and a calibration using
a King-plot analysis. For elements with less than three stable isotopes, or in those where the charge radii of stable isotopes
are unknown, theoretical calculation of atomic factors is the only possible approach. With advances in state-of-the-art
theoretical atomic methods, the atomic mass- and field-shift factors are now calculable with much-improved accuracy and
precision. These calculations have been widely used in the extraction of the ω↓r2↔ in different mass regions of the nuclear
chart [62,151,199]. For elements that possess more than three stable isotopes whose charge radii are experimentally
known from other techniques, the King-plot analysis [363] can be adopted to calibrate the atomic mass- and field-shift
factors based on Eq. (2.21), as detailed in Ref. [364].

3. Nuclear global properties

Measurements of the basic properties of atomic nuclei allows us to gain critical insights into their structure and the
complex nuclear force that binds them. As was detailed previously in Section 2, multiple fundamental properties of the
atomic nucleus, such as the total angular momentum (nuclear spin), nuclear magnetic dipole moment, electric quadrupole
moment and changes in mean-square charge radii, can be measured from the interaction with its bound electrons in a
nuclear model-independent fashion. In this chapter, we discuss, using examples, how these observables allow us to better
understand the nature of nuclear structure and how it evolves in unstable nuclei. It is becoming increasingly recognized
that the properties of nuclei measured with laser spectroscopy experiments can act as stringent tests of current state-of-
the-art nuclear models. This will be discussed in Section 5 alongside results from laser spectroscopy techniques used to
study exotic nuclei in different mass regions of nuclear chart.

3.1. Nuclear spins and electromagnetic moments

3.1.1. Nuclear spins
The nuclear spin, I , is a quantum number assigned to each nuclear state and represents the total angular momentum

of an atomic nucleus corresponding to the sum of the angular momentum of each of its A nucleons including the orbital
and ‘intrinsic’ spin angular momentum. As a quantum many-body system with Z protons and N neutrons (A nucleons)
governed by short-range (↗fm) nucleon–nucleon interactions, it is energetically favorable for the nucleons to be paired
to give an angular momentum of 0+ for each pair. Therefore, even–even nuclei will always possess a nuclear spin of 0+

in their ground state, while odd-A and odd–odd nuclei have half-integer spin and integer spin, respectively. In a simple
nuclear shell-model picture, it is assumed that the constituent protons and neutrons in a nucleus move within a spherical
mean field and the ground-state spin of the nucleus is defined by the angular momentum j of the orbital in which
the valence nucleon(s) reside. These nuclear shell-model concepts have played an essential role in our understanding
of atomic nuclei since its conception [371,372] and have found particular success in describing nuclear ground-state
spins of many near-magic nuclei. Most atomic nuclei are generally more complex and require models to account for
pairing effects, multi-quasiparticle configurations and collectivity. In unstable nuclei with atypically large or small ratios
of protons to neutrons, a change in magnitude of other features in the nucleon–nucleon interaction, e.g. the tensor
force [373] and three-body force [374], can lead to unexpected and sometimes dramatic changes in the structure of
atomic nuclei. Prominent examples involve nuclear shell evolution [53,55], intruder states [57,100], disappearance of
traditional magic numbers [103] and the appearance of the new regions of magicity [375,376]. Experimentally, assigning
the ground-state spin of odd-A and odd-odd nuclei with other methods often relies upon invoking the conservation of
total angular momentum or selection rules during the nuclear decays or reactions. Although they are of great value for
nuclear structure studies, direct and unambiguous spin assignments are experimentally challenging for these methods.
Laser spectroscopy techniques, as discussed in Section 2, offer a direct means to unambiguously determine the nuclear
spins of ground and long-lived isomeric states, as detailed in Section 2.3. These spin assignments have proven pivotal in
characterizing different nuclear structure phenomena.

The importance of nuclear spin assignments for the structure study of the exotic nuclei has been demonstrated across
different mass regions of the nuclear chart [53,55,57,100], and will be discussed in Section 5. Here, we will give two
examples, which shed light upon the (re)inversion of single-particle levels and the validation of effective nucleon–nucleon
interactions in which the role of the tensor force is probed. Fig. 3.1 shows the energy of the low-lying states of potassium
(Z = 19) and copper (Z = 29) isotopes. Potassium has 19 protons, with a single-proton hole in the ϑ1d3/2 shell-model
orbital below the Z = 20 magic shell gap (left panel of Fig. 3.1). From a simple single-particle model perspective, a
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Fig. 1.2. The chart of the nuclides. Stable and long-lived isotopes that exist in large quantities on Earth are indicated in black. The dashed line
indicates the region within which bound nuclei are predicted to exist by nuclear theory [65]. Unstable isotopes produced at RIB facilities are shown
in gray (for nuclei with T1/2 > 0.5 ms) and light yellow (for nuclei with T1/2 < 0.5 ms). Around a thousand ground- and long-lived isomeric states
of unstable nuclei have been studied by laser spectroscopy experiments so far, which are indicated with red, blue and green squares, depending on
the technique employed.

2. Nuclear properties from atomic spectroscopy

As the atomic nucleus is not point-like, its basic properties, such as spin, charge and current distribution (magnetic
dipole moment, electric quadrupole moment, and charge radius), affect the electrons that are bound to it. These effects
lead to shifts in the electron energies and/or splittings in them, known as isotope shifts and hyperfine splittings, which
are typically of the order 10→3 → 1 cm→1 (10→7 → 10→4 eV). This is equivalent to a few parts per million relative to the
atomic transition energy. The interaction between the atomic nucleus and its surrounding electrons can be described in
a general form by using an electromagnetic multipole (k) expansion:

Hhf =

)

k

T̂kN · T̂ke (2.1)

where T̂kN and T̂ke are spherical tensor operators of rank k acting on the nucleus and surrounding electrons, respectively.
Here, even values of k correspond to symmetry-conserving electric interactions, and odd ones are for symmetry-
conserving magnetic interactions. Note that the k = 0 electric monopole interaction corresponds to an exactly spherical
nuclear charge distribution and results in a shift in the energy of atomic energy levels. The k = 1 magnetic dipole and the
k = 2 electric quadrupole interactions are the dominant terms responsible for the hyperfine structure. The effect of higher-
k terms (i.e. k = 3 magnetic octupole interaction) are several orders of magnitude smaller than that of k = 1, 2, and are
practically out of the reach of current precision of laser spectroscopy techniques used for the study of radioactive isotopes.
To our knowledge, the effect of k = 3 interaction has only been observed in some stable isotopes [349–352]. Constraining
the parity-, and time reversal-violating electric dipole moment (k = 1), and magnetic quadrupole moments (k = 2), is a
major open topic of research, with profound implications in our understanding of fundamental symmetries [69,353].

Therefore, with the achievable precision of current laser spectroscopy techniques, the majority of experimental studies
at RIB facilities are focused on the investigation of the hyperfine interaction arising from the k = 0, 1, 2 terms in the
expansion [23,24,36]. This enables the routine extraction of nuclear magnetic dipole moments (µ), electric quadrupole
moments (Qs) in addition to the changes in mean-square charge radii (ω↑r2↓). With the aim of probing more subtle
effects, e.g. the k = 3 interaction resulting from the nuclear magnetic octupole moment, efforts are underway to
develop higher-resolution laser spectroscopy methods that maintain a sufficient sensitivity for studying radioactive
species [351,352].

2.1. Magnetic dipole and electric quadrupole hyperfine interactions

In general, the interaction of the magnetic dipole moment µI = gIµNI (I: nuclear spin) of the atomic nucleus with the
magnetic field Be at the location of the nucleus generated by the motion of surrounding electrons can be written as:

Hm = →µI · Be = AI · J (2.2)

5

(Some) Challenges & Opportunities

(apologies for any developments omitted due to time limitations) 

X.F. Yang et al.., Prog. in Part. and Nucl. Phys. 129, 104005 (2023)
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in gray (for nuclei with T1/2 > 0.5 ms) and light yellow (for nuclei with T1/2 < 0.5 ms). Around a thousand ground- and long-lived isomeric states
of unstable nuclei have been studied by laser spectroscopy experiments so far, which are indicated with red, blue and green squares, depending on
the technique employed.
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(Some) Challenges & Opportunities

Access to certain elements
variety in production & RIB facilities  
• CLS @ IGISOL 
• ATLANTIS @ CARIBU 
•  @ FRIB

(apologies for any developments omitted due to time limitations) 

X.F. Yang et al.., Prog. in Part. and Nucl. Phys. 129, 104005 (2023)
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of unstable nuclei have been studied by laser spectroscopy experiments so far, which are indicated with red, blue and green squares, depending on
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at RIB facilities are focused on the investigation of the hyperfine interaction arising from the k = 0, 1, 2 terms in the
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2.1. Magnetic dipole and electric quadrupole hyperfine interactions

In general, the interaction of the magnetic dipole moment µI = gIµNI (I: nuclear spin) of the atomic nucleus with the
magnetic field Be at the location of the nucleus generated by the motion of surrounding electrons can be written as:
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Fig. 1.2. The chart of the nuclides. Stable and long-lived isotopes that exist in large quantities on Earth are indicated in black. The dashed line
indicates the region within which bound nuclei are predicted to exist by nuclear theory [65]. Unstable isotopes produced at RIB facilities are shown
in gray (for nuclei with T1/2 > 0.5 ms) and light yellow (for nuclei with T1/2 < 0.5 ms). Around a thousand ground- and long-lived isomeric states
of unstable nuclei have been studied by laser spectroscopy experiments so far, which are indicated with red, blue and green squares, depending on
the technique employed.

2. Nuclear properties from atomic spectroscopy

As the atomic nucleus is not point-like, its basic properties, such as spin, charge and current distribution (magnetic
dipole moment, electric quadrupole moment, and charge radius), affect the electrons that are bound to it. These effects
lead to shifts in the electron energies and/or splittings in them, known as isotope shifts and hyperfine splittings, which
are typically of the order 10→3 → 1 cm→1 (10→7 → 10→4 eV). This is equivalent to a few parts per million relative to the
atomic transition energy. The interaction between the atomic nucleus and its surrounding electrons can be described in
a general form by using an electromagnetic multipole (k) expansion:

Hhf =
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T̂kN · T̂ke (2.1)

where T̂kN and T̂ke are spherical tensor operators of rank k acting on the nucleus and surrounding electrons, respectively.
Here, even values of k correspond to symmetry-conserving electric interactions, and odd ones are for symmetry-
conserving magnetic interactions. Note that the k = 0 electric monopole interaction corresponds to an exactly spherical
nuclear charge distribution and results in a shift in the energy of atomic energy levels. The k = 1 magnetic dipole and the
k = 2 electric quadrupole interactions are the dominant terms responsible for the hyperfine structure. The effect of higher-
k terms (i.e. k = 3 magnetic octupole interaction) are several orders of magnitude smaller than that of k = 1, 2, and are
practically out of the reach of current precision of laser spectroscopy techniques used for the study of radioactive isotopes.
To our knowledge, the effect of k = 3 interaction has only been observed in some stable isotopes [349–352]. Constraining
the parity-, and time reversal-violating electric dipole moment (k = 1), and magnetic quadrupole moments (k = 2), is a
major open topic of research, with profound implications in our understanding of fundamental symmetries [69,353].

Therefore, with the achievable precision of current laser spectroscopy techniques, the majority of experimental studies
at RIB facilities are focused on the investigation of the hyperfine interaction arising from the k = 0, 1, 2 terms in the
expansion [23,24,36]. This enables the routine extraction of nuclear magnetic dipole moments (µ), electric quadrupole
moments (Qs) in addition to the changes in mean-square charge radii (ω↑r2↓). With the aim of probing more subtle
effects, e.g. the k = 3 interaction resulting from the nuclear magnetic octupole moment, efforts are underway to
develop higher-resolution laser spectroscopy methods that maintain a sufficient sensitivity for studying radioactive
species [351,352].

2.1. Magnetic dipole and electric quadrupole hyperfine interactions

In general, the interaction of the magnetic dipole moment µI = gIµNI (I: nuclear spin) of the atomic nucleus with the
magnetic field Be at the location of the nucleus generated by the motion of surrounding electrons can be written as:

Hm = →µI · Be = AI · J (2.2)
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indicates the region within which bound nuclei are predicted to exist by nuclear theory [65]. Unstable isotopes produced at RIB facilities are shown
in gray (for nuclei with T1/2 > 0.5 ms) and light yellow (for nuclei with T1/2 < 0.5 ms). Around a thousand ground- and long-lived isomeric states
of unstable nuclei have been studied by laser spectroscopy experiments so far, which are indicated with red, blue and green squares, depending on
the technique employed.

2. Nuclear properties from atomic spectroscopy

As the atomic nucleus is not point-like, its basic properties, such as spin, charge and current distribution (magnetic
dipole moment, electric quadrupole moment, and charge radius), affect the electrons that are bound to it. These effects
lead to shifts in the electron energies and/or splittings in them, known as isotope shifts and hyperfine splittings, which
are typically of the order 10→3 → 1 cm→1 (10→7 → 10→4 eV). This is equivalent to a few parts per million relative to the
atomic transition energy. The interaction between the atomic nucleus and its surrounding electrons can be described in
a general form by using an electromagnetic multipole (k) expansion:

Hhf =
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T̂kN · T̂ke (2.1)

where T̂kN and T̂ke are spherical tensor operators of rank k acting on the nucleus and surrounding electrons, respectively.
Here, even values of k correspond to symmetry-conserving electric interactions, and odd ones are for symmetry-
conserving magnetic interactions. Note that the k = 0 electric monopole interaction corresponds to an exactly spherical
nuclear charge distribution and results in a shift in the energy of atomic energy levels. The k = 1 magnetic dipole and the
k = 2 electric quadrupole interactions are the dominant terms responsible for the hyperfine structure. The effect of higher-
k terms (i.e. k = 3 magnetic octupole interaction) are several orders of magnitude smaller than that of k = 1, 2, and are
practically out of the reach of current precision of laser spectroscopy techniques used for the study of radioactive isotopes.
To our knowledge, the effect of k = 3 interaction has only been observed in some stable isotopes [349–352]. Constraining
the parity-, and time reversal-violating electric dipole moment (k = 1), and magnetic quadrupole moments (k = 2), is a
major open topic of research, with profound implications in our understanding of fundamental symmetries [69,353].

Therefore, with the achievable precision of current laser spectroscopy techniques, the majority of experimental studies
at RIB facilities are focused on the investigation of the hyperfine interaction arising from the k = 0, 1, 2 terms in the
expansion [23,24,36]. This enables the routine extraction of nuclear magnetic dipole moments (µ), electric quadrupole
moments (Qs) in addition to the changes in mean-square charge radii (ω↑r2↓). With the aim of probing more subtle
effects, e.g. the k = 3 interaction resulting from the nuclear magnetic octupole moment, efforts are underway to
develop higher-resolution laser spectroscopy methods that maintain a sufficient sensitivity for studying radioactive
species [351,352].

2.1. Magnetic dipole and electric quadrupole hyperfine interactions

In general, the interaction of the magnetic dipole moment µI = gIµNI (I: nuclear spin) of the atomic nucleus with the
magnetic field Be at the location of the nucleus generated by the motion of surrounding electrons can be written as:

Hm = →µI · Be = AI · J (2.2)
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indicates the region within which bound nuclei are predicted to exist by nuclear theory [65]. Unstable isotopes produced at RIB facilities are shown
in gray (for nuclei with T1/2 > 0.5 ms) and light yellow (for nuclei with T1/2 < 0.5 ms). Around a thousand ground- and long-lived isomeric states
of unstable nuclei have been studied by laser spectroscopy experiments so far, which are indicated with red, blue and green squares, depending on
the technique employed.

2. Nuclear properties from atomic spectroscopy

As the atomic nucleus is not point-like, its basic properties, such as spin, charge and current distribution (magnetic
dipole moment, electric quadrupole moment, and charge radius), affect the electrons that are bound to it. These effects
lead to shifts in the electron energies and/or splittings in them, known as isotope shifts and hyperfine splittings, which
are typically of the order 10→3 → 1 cm→1 (10→7 → 10→4 eV). This is equivalent to a few parts per million relative to the
atomic transition energy. The interaction between the atomic nucleus and its surrounding electrons can be described in
a general form by using an electromagnetic multipole (k) expansion:

Hhf =

)

k

T̂kN · T̂ke (2.1)

where T̂kN and T̂ke are spherical tensor operators of rank k acting on the nucleus and surrounding electrons, respectively.
Here, even values of k correspond to symmetry-conserving electric interactions, and odd ones are for symmetry-
conserving magnetic interactions. Note that the k = 0 electric monopole interaction corresponds to an exactly spherical
nuclear charge distribution and results in a shift in the energy of atomic energy levels. The k = 1 magnetic dipole and the
k = 2 electric quadrupole interactions are the dominant terms responsible for the hyperfine structure. The effect of higher-
k terms (i.e. k = 3 magnetic octupole interaction) are several orders of magnitude smaller than that of k = 1, 2, and are
practically out of the reach of current precision of laser spectroscopy techniques used for the study of radioactive isotopes.
To our knowledge, the effect of k = 3 interaction has only been observed in some stable isotopes [349–352]. Constraining
the parity-, and time reversal-violating electric dipole moment (k = 1), and magnetic quadrupole moments (k = 2), is a
major open topic of research, with profound implications in our understanding of fundamental symmetries [69,353].

Therefore, with the achievable precision of current laser spectroscopy techniques, the majority of experimental studies
at RIB facilities are focused on the investigation of the hyperfine interaction arising from the k = 0, 1, 2 terms in the
expansion [23,24,36]. This enables the routine extraction of nuclear magnetic dipole moments (µ), electric quadrupole
moments (Qs) in addition to the changes in mean-square charge radii (ω↑r2↓). With the aim of probing more subtle
effects, e.g. the k = 3 interaction resulting from the nuclear magnetic octupole moment, efforts are underway to
develop higher-resolution laser spectroscopy methods that maintain a sufficient sensitivity for studying radioactive
species [351,352].

2.1. Magnetic dipole and electric quadrupole hyperfine interactions

In general, the interaction of the magnetic dipole moment µI = gIµNI (I: nuclear spin) of the atomic nucleus with the
magnetic field Be at the location of the nucleus generated by the motion of surrounding electrons can be written as:

Hm = →µI · Be = AI · J (2.2)
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Fig. 3.4. Changes in mean-square charge radii in the calcium (Z = 20), nickel (Z = 28), tin (Z = 50) regions, as a function of the neutron number N ,
with respect to the reference isotope with a magic neutron number. A clear ‘‘kink’’ is commonly observed at neutron magic numbers. Interestingly,
the charge radii of neutron-rich nuclei after these neutron magic numbers increase with a similar slope gradient for all proton numbers. This is in
contrast to neutron-deficient isotopes, for which the charge radii exhibit a strong dependence upon the proton number.

3.2. Mean-square nuclear charge radii

The mean-square nuclear charge radius, →r2↑, is defined as:

→r2↑ =

)
r2ωch(r)dV)
ωch(r)dV

. (3.9)

Here, ωch(r) is the nuclear charge density distribution function, which can be determined from the nuclear form factor
(F (q)) provided by electron scattering experiments:

F (q) =
4ε
qZ

[
↓

0
ωch(r) sin(qr)rdr, (3.10)

with

4ε
[

ωch(r)rdr = Z . (3.11)

In the above expression, F (q) is the Fourier transform of ωch(r) in the Born approximation. For low momentum transfer
(q) in electron scattering experiments, Eq. (3.10) can be written as the expansions

F (q) = 1 ↔
1
3!

q2→r2↑ +
1
5!

q4→r4↑. (3.12)

Therefore, electron scattering experiments also provide an independent means to access the mean-square charge
radius and also offers the possibility to access the fourth radial moment →r4↑ [366], an observable that can provide
complementary information related to the nuclear surface [381]. From extensive studies of stable nuclei with electron
scattering experiments [364], the charge density was found to be nearly constant within the nuclear volume. The trend
of mean-square charge radii of stable nuclei was shown to approximately have the form

→r2↑ =
3
5
(r0A1/3)2. (3.13)

From this, the rms charge radius R =
]

→r2↑ of stable nuclei was seen to scale with the nuclear mass number as A1/3. It was
found soon afterwards that this relation does not hold for radioactive isotopes, following the application of experimental
methods which determined rms charge radii of unstable nuclei.

3.2.1. Nuclear charge radii trends
The variations of rms charge radii of unstable nuclei in a given isotope chain behave very differently from Eq. (3.13).

Nuclear charge radii for different isotopic chains in the following regions of the nuclear chart are shown in Fig. 3.4: calcium
(Z = 20), nickel (Z = 28) and tin (Z = 50). Here, the changes in mean-square charge radii are defined as:

ϑ→r2↑A,A↗

= →r2↑A
↗

↔ →r2↑A (3.14)
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general and independent of local microscopic phenomena.
As such, measurements of kinks and OES provide a
particularly stringent benchmark for nuclear theory [4–9].
Historically, the majority of the discussion pertaining to

the effect of shell closures on charge radii focused on the
kink in the lead isotopic chain across N ¼ 126 [4–6,10,11],
which is shown in the inset of Fig. 1. A variety of
theoretical approaches have been employed to investigate
this kink. Relativistic mean field studies have described it
with varying degrees of success [5,12]. By contrast,
calculations in nonrelativistic density functional theories
(NR-DFTs) based on conventional functionals were unable
to reproduce the kink [4,8]. The differences between the
descriptions in these theoretical frameworks are related to
the relative occupations of the neutron ν1i11=2 and ν2g9=2
orbitals (located above the N ¼ 126 shell closure), with the
magnitude of the kink being driven by the occupation of the
ν1i11=2 orbital [11]. The extension of nonrelativistic func-
tionals, by the addition of gradient terms into the pairing
interaction, has been demonstrated as a possible way to
improve their description of OES and the kink [6,8]. An
alternative approach is the inclusion of a density

dependence in the spin-orbit interaction [7,13,14], derived
from the chiral three-nucleon interaction by Kohno [15].
The optimal method of quantifying the kink at N ¼ 126

considers isotopes with N ¼ 124, 126, and 128 to avoid
contributions from either OES or possible deformation in
isotopes further from the shell closure. However, in contrast
to the regions near N ¼ 50 and N ¼ 82 [1], there are
limited experimental data on charge radii behavior across
N ¼ 126 (specifically for N ¼ 128), with corresponding
measurements available only for Z ¼ 82 [18] and
Z ¼ 83 [19].
In this Letter, we report the first study of charge radii

across N ¼ 126 in the mercury (Z ¼ 80) isotopic chain,
thus enabling the Z dependence of the kink at N ¼ 126 to
be probed and providing the first benchmark for theory in
the region below the Z ¼ 82 proton shell closure. These
new data motivated us to undertake a comparative theo-
retical investigation of the kinks and OES in lead and
mercury charge radii across N ¼ 126. By applying both
spherical relativistic Hartree-Bogoliubov (RHB) [20] and
spherical nonrelativistic Hartree-Fock-Bogoliubov (NR-
HFB) [21] approaches, we explore whether an alternative
explanation of the kink and OES is possible. This Letter is
also the first study of OES within a relativistic framework.
The experimental data originate from the same meas-

urement campaign as described in Refs. [17,22], where
neutron-deficient mercury isotopes were also studied
(Fig. 1). Therefore, only a brief experimental overview
is included here. Mercury isotopes were produced at the
CERN-ISOLDE facility [23] by impinging a 1.4-GeV
proton beam from the Proton Synchrotron Booster onto
a molten-lead target. The neutral reaction products effused
into the anode cavity of a Versatile Arc Discharge and Laser
Ion Source (VADLIS) [24]. Laser light from the ISOLDE
Resonance Ionization Laser Ion Source (RILIS) complex
[25] was used to excite three sequential atomic transitions
for the resonance ionization of the mercury isotopes [26].
The photoions were extracted and mass separated by the
ISOLDE general-purpose separator and then directed to
either a Faraday cup for direct photoion detection or to the
ISOLTRAP Paul trap [27] and multireflection time-of-
flight mass spectrometer (MR-ToF MS) [28] for single-ion
counting and discrimination from isobaric contamination.
The first of the three atomic transitions (5d106s2 1S0 →

5d106s6p 3P°
1, 253.65 nm) was probed by scanning a

frequency-tripled titanium-sapphire laser (full-width-at-
half-maximum bandwidth of less than 1 GHz before
tripling) [29]. Isotope shifts (IS), δνA;A

0 ¼ νA − νA
0
, in

the frequency of this transition were measured for mercury
nuclei with A ¼ 202, 203, 206, 207, and 208 relative to the
stable reference isotope with A0 ¼ 198. Sample spectra are
presented in Fig. 2. Details of the scanning and fitting
procedures can be found in Refs. [22,30] and Refs. [22,31],
respectively, with further information on the data analysis
in Refs. [32,33]. The relative changes in the mean-square

FIG. 1. Systematics of the difference in mercury ground state
(g.s.) and isomer mean-square charge radii. Data from the present
Letter are shown by red symbols; earlier data are taken from
Refs. [16] (black) and [17] (blue). The inset highlights the kink at
N ¼ 126 and the neighboring OES in both the mercury and lead
[18] isotopic chains. The lead isotopes are arbitrarily displaced
from those of mercury for clarity. The dashed lines through
N ¼ 124 and 126 in the inset are added to highlight the kinks.
Statistical uncertainties are smaller than the data points.
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e.g. p-n pairing

reducing the scattering of pairs. As less bound orbitals
naturally have a larger spacial extent, hr2ci of odd N or Z
nuclei are consistently found to be smaller than the average
of their even neighbors. In the case of isotopic OES, an
increase in neutron orbital correlations translates into a
change in charge radius either by a global broadening of
the proton distribution in mean-field calculations or via a
direct enhancement of the scattering of valence ππ pairs.
Although such pairing arguments are typically employed
when considering pairs of protons or neutrons, charge
independence of the nucleon-nucleon interaction effec-
tively results in the possibility of πν pairing correlations.
Indeed, in 38K, it would appear that, for the T ¼ 1 isomer,
the πν pair coupled to I ¼ 0 is free to scatter into a range of
orbitals. Conversely, the πν pair making up the T ¼ 0,
Iπ ¼ 3þ ground state is heavily restricted in the number of
states with which it can mix, significantly reducing the
proton occupancy in the fp shell.

In this blocking picture, it is readily apparent that the
isomer shift should be larger than the normal isotopic OES.
As the even N37;39K isotopes have proton distributions
which remain blocked by the single πd−13=2, the scale of the
OES remains somewhat smaller than in the neighboring
even Z isotopic chains. The formation of an I ¼ 0 πν pair in
38Km effectively removes this blocking, thus, enhancing the
πfp occupancy. Under the assumption of charge inde-
pendence, this πν pair should be free to scatter on an equal
basis to ππ, νν pairs removing the OES along the line of
N ¼ Z. Precisely this behavior is observed in the exper-
imental δhr2ciA;A

0
presented in Fig. 3.

As the observed radii differences can be understood with
a simple intuitive model, it remains to investigate how the
previous detailed theoretical calculation failed to predict
both the sign and magnitude of the isomer shift. It was
shown by Caurier et al. [28] that the isotope shifts in Ca
could be reproduced with a reasonable accuracy if one
calculates the occupancy of the πfp shell as a function of
A. In this work, the expression

δhr2ciA;A
0 ¼ 1

Z
ΔnπfpðA; A0Þb2; ð2Þ

was used, where b is the oscillator parameter and nπfp refers
to the number of protons lifted across the Z ¼ 20 shell
closure. The choice of oscillator parameter b remains a
subject of much interest. While a number of approaches
exist within the literature [30–33], it should be noted that all
produce values of b within a few percent of each other. In
the following, we assume b2ð38KÞ ¼ 3.944 fm2 as deter-
mined by the equation of Duflo and Zuker [32]. With this
value and Eq. (2), it is immediately obvious that, for a
successful reproduction of the isomer shift, one would
require the isomer to have an average πfp orbital occu-
pancy, nπfp, of the order of 0.48 protons larger than the
corresponding ground state occupancy.
To test the validity of this conclusion, shell model

calculations were performed in the model space comprising
1s1=2; 1d3=2; 0f7=2; 1p3=2 orbitals for neutrons and protons,
with the ZBM2 interaction from Ref. [28]. Full space
diagonalization in this model space has been achieved
using the shell model code ANTOINE [34]. The results of
the calculations are reported in Table II, where the summed

TABLE II. Proton occupancies of the f7=2p3=2 orbitals, and the
difference in charge radii between 0þ isomer and 3þ ground state,
calculated within the shell model. See text for details.

nπfpð38mÞ nπfpð38gÞ δhr2ci38g;38m (fm2)

ZBM2 0.86 0.50 0.075
ZBM2 modified 0.82 0.41 0.085
Experiment 0.100(6)
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The main contribution to the radius shift is from the M1

term. The isovector effective charge e1 has been determined
by comparing E2 transition in the mirror nuclei 51Fe and
51Mn [55]. The result obtained in [55] with KB3G is
A1 ¼ 5.86 fm2, and e1 ¼ 1–2eð1Þpol ¼ 0.37ð8Þ (eð1Þpol is the
parameter used in Ref. [55]). We have reanalyzed those
data with GPFX1A and obtain A1 ¼ 4.56 fm2 and e1 ¼
0.47 with the harmonic-oscillator parameter used in
Ref. [55], and with our oscillator parameter we obtain A1 ¼
4.85 fm and e1 ¼ 0.44ð10Þ. The e1 is reduced from its free-
nucleon value of one, due to coupling of the fp nucleons to
the isovector giant-quadrupole resonance. Based on these
results we adopt a value and uncertainty of e1 ¼ 0.44ð10Þ,
resulting in ep ¼ 1.22 and en ¼ 0.78.
The results for 54Fe are BðE2Þ ¼ 690ð90Þ and

630ð80Þ e2 fm4 for GPFX1A and KB3G, respectively, to
be compared to the experimental value of 640ð23Þ e2 fm4

[56]. The theoretical errors are dominated by the error in e0.
For a given value of M1, we can use the experimental
MpðexpÞ ¼ 25.3ð5Þ e fm2 [56] to constrain M0 by
M0 ¼ MpðexpÞ −M1. The results for the 54Fe β values
are ½βp; βn; βm% ¼ ½0.186ð4Þ; 0.147ð7Þ; 0.166ð5Þ%. The
results for 54Ni are 460ð40Þ e2 fm4 and [0.147(7), 0.186
(4), 0.166(5)]. The difference in these results between
GPFX1A and KB3G is very small since the A1 values are
almost the same. The predicted BðE2Þ for 54Ni should be
verified experimentally. The resulting contribution to ΔRch
is −0.0131ð17Þ fm. The error in ΔRch is dominated by the
error e1.
The quadrupole correlations are explicitly contained in

the CHFBþ 5DCH calculations using the D1S
Hamiltonian given in Refs. [57,58]. They obtain
ΔRchðdefÞ ¼ 0.058 fm that goes with L ¼ 22.3 MeV
[47] for D1S. Their BðE2Þ values are 1310 and
1580 e2 fm2 for 54Fe and 54Ni, respectively. This does
not agree with experiment or the shell-model calculations,
presumably because the 56Ni core is too soft compared to
experiment and the shell model.
Discussion.—The resulting quadrupole correction for

ΔRch is added to the Skyrme and CODF calculations
performed in the spherical basis. The results are shown in
Fig. 2 by the colored points. The color indicates the neutron
skin of 208Pb: 0.12 fm (red), 0.16 fm (orange), 0.20 fm
(green), and 0.24 fm (blue) for Skyrme calculations. The
results of the CODF calculations are shown in crosses.
The theoretical uncertainties in the correction for ΔRch are
shown using dashed lines.
The Skyrme and CODF calculations show consistent

agreement in the correlation between ΔRch and L. In
comparison to these calculations, the experimental one-
sigma error band shown in Fig. 2 in gray implies a value of
L in the range of 21–88 MeV. In the top panel of Fig. 2 we
compare the present result with the range for L of
11–65 MeV deduced from GW170817 [59], to which

our result is consistent, suggesting a relatively soft neutron
matter EOS. The present result is also compared against
the recent PREX-2 result of ΔRnp ¼ 0.283ð71Þ fm [10]
that implies L ¼ 106ð37Þ MeV [60]. Our result is barely
consistent within 1σ error bands with the PREX-2, which
indicates rather stiff EOS. It is noted that our previous
results on the mirror pair 36Ca-36S indicates the range of
L ¼ 5–70 MeV [32], which is consistent with the present
results. However, the A ¼ 36 result does not include the
quadrupole correlation and has an ambiguity in the form of
spin orbit force. Once the experimental BðE2Þ for the A ¼
36 pair become available, the range from the A ¼ 36will be
updated. In order to make the comparison on the same
footing, the A ¼ 36 result is not shown in Fig. 2.
Finally the correlation between ΔRch and ΔRnpð48CaÞ is

shown in Fig. 3. Our ΔRch restricts the ΔRnpð48CaÞ to the
interval of 0.15–0.21 fm. The connection to 48Ca is timely
given that the Calcium Radius EXperiment (CREX) has
been completed [61], where experimental error of about
'0.02 fm is expected, which is comparable to the error
obtained here. It is of particular interest whether CREX will
confirm the soft EOS or reveal a larger ΔRnp as the
PREX-2.
Summary.—The ΔRch between mirror nuclei 54Ni-54Fe

was evaluated, and compared with the Skyrme EDFs and
the CODF theories. The ΔRch and L correlation implies a
range of L ¼ 21–88 MeV, and is consistent with the L from

This work
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FIG. 2. ΔRch as a function of L at ρ0. The experimental result is
shown as a horizontal gray band. The solid circles are results of
Skyrme EDF and the crosses are for the CODF calculations. The
dashed lines indicate theoretical error bounds. The upper figure
shows comparison with the GW170817 and the PREX-2.
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values available in Ref. [27]. The weighted averages from
the two transitions are listed in Table I. Uncertainties were
taken as the minimum from the two transitions but not
further reduced. In 134Sn, 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
hr2i1=2μe ¼ Rμ

kα=V2 ¼ 4.675ð1Þ fm of 124Sn [27]. Below
132Sn, the trend is almost linear, with a small curvature.
A clear kink is seen atN ¼ 82 that is indicative of a neutron
shell closure and compared with the kink at 208Pb 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 FyðΔr;HFBÞ recently developed in Ref. [42] is the
Fayans functional involving gradient terms in surface and
pairing energies [20,52]. Both parametrizations, SV-min
and FyðΔr;HFBÞ, 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

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: Δð3Þ
kn OðZ;NÞ≡

1
2 ½OðZ;N þ kÞ − 2OðZ;NÞ þOðZ;N − kÞ&, where the
odd-even staggering in O corresponds to k ¼ 1 while
the curvature (or kink) parameter is given by k ¼ 2. In
the case of charge radii (O ¼ r), the staggeringΔð3Þ

1n rðZ;NÞ
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 Δð3Þ

1n 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 theN ' 2

neighbors, resulting in a distinct kink Δð3Þ
2n rðZ;NÞ > 0.

The results of SV-min and FyðΔr;HFBÞ 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 (Δð3Þ

2n r ¼ 0.0014 fm), while
FyðΔr;HFBÞ predicts a kink of 0.0119 fm for 132Sn 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 ¼ 82 shell
closure, which is visible in the experimental data, almost
absent in SV-min, and overexpressed in FyðΔr;HFBÞ.
Figure 2 compares experimental data for the kinks in

132Sn and 208Pb (inset) with our SV-min and FyðΔr;HFBÞ
predictions. It is seen that also in this case SV-min
(Δð3Þ

2n r ¼ 0.0021 fm2) significantly underestimates the kink
(experiment, 0.0043 fm2) while FyðΔr;HFBÞ slightly
overestimates it (0.0075 fm2). This result is consistent
with our working hypothesis about the nature of the kink
and the systematic analysis of Ref. [40]: Δð3Þ

1n rðZ;NÞ 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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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 FyðΔr;HFBÞ (dots)
functionals. The experimental and predicted charge radii at the
kink at 208Pb are shown in the inset. Experimental data for
204−212Pb are taken from Ref. [27].
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values available in Ref. [27]. The weighted averages from
the two transitions are listed in Table I. Uncertainties were
taken as the minimum from the two transitions but not
further reduced. In 134Sn, 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
hr2i1=2μe ¼ Rμ

kα=V2 ¼ 4.675ð1Þ fm of 124Sn [27]. Below
132Sn, the trend is almost linear, with a small curvature.
A clear kink is seen atN ¼ 82 that is indicative of a neutron
shell closure and compared with the kink at 208Pb 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 FyðΔr;HFBÞ recently developed in Ref. [42] is the
Fayans functional involving gradient terms in surface and
pairing energies [20,52]. Both parametrizations, SV-min
and FyðΔr;HFBÞ, 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

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: Δð3Þ
kn OðZ;NÞ≡

1
2 ½OðZ;N þ kÞ − 2OðZ;NÞ þOðZ;N − kÞ&, where the
odd-even staggering in O corresponds to k ¼ 1 while
the curvature (or kink) parameter is given by k ¼ 2. In
the case of charge radii (O ¼ r), the staggeringΔð3Þ

1n rðZ;NÞ
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 Δð3Þ

1n 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 theN ' 2

neighbors, resulting in a distinct kink Δð3Þ
2n rðZ;NÞ > 0.

The results of SV-min and FyðΔr;HFBÞ 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 (Δð3Þ

2n r ¼ 0.0014 fm), while
FyðΔr;HFBÞ predicts a kink of 0.0119 fm for 132Sn 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 ¼ 82 shell
closure, which is visible in the experimental data, almost
absent in SV-min, and overexpressed in FyðΔr;HFBÞ.
Figure 2 compares experimental data for the kinks in

132Sn and 208Pb (inset) with our SV-min and FyðΔr;HFBÞ
predictions. It is seen that also in this case SV-min
(Δð3Þ

2n r ¼ 0.0021 fm2) significantly underestimates the kink
(experiment, 0.0043 fm2) while FyðΔr;HFBÞ slightly
overestimates it (0.0075 fm2). This result is consistent
with our working hypothesis about the nature of the kink
and the systematic analysis of Ref. [40]: Δð3Þ

1n rðZ;NÞ 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.

108 112 116 120 124 128 132 136
4.50

4.55

4.60

4.65

4.70

4.75

204 206 208 210 212

5.48

5.50

5.52

5.54

5.56

58 62 66 70 74 78 82 86
Neutron number N

N
uc

le
ar

ch
ar

ge
ra

di
us

R
rm

s
(fm

)

Mass number A

Exp
SV-min
Fy(∆r, HFB)

Pb

122 124 126 128 130

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 FyðΔr;HFBÞ (dots)
functionals. The experimental and predicted charge radii at the
kink at 208Pb are shown in the inset. Experimental data for
204−212Pb are taken from Ref. [27].
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forces [45,49]. On the other hand, a comprehensive assess-
ment of uncertainties due to a many-body method itself
remains a challenge. Employing the same nuclear inter-
action in conjunction with different many-body methods is
one way to evaluate many-body uncertainties. As shown in
Figs. 2(a) and 2(b), the results of SCGF, VS-IMSRG, and
coupled-cluster theory, all utilizing NNLOsat, agree with
each other within the theoretical uncertainties, thus provid-
ing strong evidence for the accuracy of the methods. Small
differences can be seen for 56Ni, where uncertainties of
SCGF and VS-IMSRG do not overlap. Note that the error
bars in VS-IMSRG account for model-space uncertainties
only. We have confirmed that the latter are consistent in size
across different methods.
With respect to nuclear charge radii, the Fayans func-

tional has been very successful in describing an odd-even
staggering as well as characteristic kinks typically found at

shell closures [12,13,15–17]. In contrast, DFT utilizing
Skyrme functionals such as SV-min generally fails to
reproduce both. However, compared to the large odd-even
staggering in Ca [12,13] or the sizeable kink at N ¼ 82 in
Sn [17], charge radii along the measured Ni isotopes do not
exhibit these features very prominently. Interestingly, the
SV-min follows in this case the experimental trend more
closely compared to FyðΔr;HFBÞ, see Fig. 2(d). On closer
inspection, analogous conclusions for the midshell region
also hold for the charge radii of Cu [15] and Sn isotopes
[17]. A potential deficiency of the present Fayans func-
tional could be its lack of an isovector component in its
pairing part [91]. Hence, future efforts in Fayans-based
DFT will focus on pinning down the (presently unused)
isovector term in the pairing functional, see Ref. [92].
Summary.—Collinear laser spectroscopy of short-lived

nickel isotopes 58−68;70Ni was performed. The extracted
nuclear mean-square charge radii Rc benchmark theoretical
work applying density functional theory as well as three
ab initiomethods. When the same chiral EFT-based nuclear
potential NNLOsat is utilized in all ab initio calculations,
their results show excellent consistency and they agree well
with experiment. Calculations exploiting other nuclear
interactions perform equally well for δhr2ci, but struggle
in reproducing the absolute radii. Interestingly, in the
absence of prominent features such as unusually large
odd-even staggering or kinks in Rc, which have been
successfully described by Fayans-based functionals,
Skyrme-based DFT yields results closer to experiment.
Overall, this comparative work combining experiment,
density functional theory, and ab initio calculations estab-
lishes a theoretical accuracy of ∼1% for the description of
nuclear charge radii in the Ni region.
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FIG. 2. Nuclear charge radii Rc (a,c) and differentials
δhr2ci60;A (b,d) of Ni isotopes with respect to 60Ni as reference.
Experimental data are compared to theoretical results. See text for
details.
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1:106 effect. These isotope shifts, while small, were extracted from 
the data and were used to determine the changes in the mean-
squared charge radius (see Methods for more details).

Using this sequence of techniques, we could extend our knowl-
edge of the charge radii of the copper isotopes by another three neu-
tron numbers, up to 78Cu (N = 49). Our new data thus represent 
an important step towards understanding the nuclear sizes in close 
proximity to the very neutron-rich doubly magic system of 78Ni (ref. 
11). The high efficiency and selectivity of the CRIS technique allows 
the observation of signals with detection rates of less than 0.05 ions 
s–1 on resonance (Fig. 1). Thanks to the ultra-low background rates 
inherent to the method, these detection rates were sufficient for a 
successful measurement of the charge radius of 78Cu in less than one 
day, while other isotopes typically only require a few hours of beam 
time. The signal-to-background ratio obtained is similar to those 
achieved in the state-of-the-art in-source measurements12, but with 
much narrower linewidths of <100 MHz, typical for conventional 
fast-beam collinear laser spectroscopy techniques, thus demonstrat-
ing a best-of-both-worlds performance.

The changes in the mean-squared charge radii extracted from 
the hyperfine structure spectra are plotted in the bottom panel of 
Fig. 1 (white dots), complemented by literature values for 58−62,67Cu 
(ref. 9) (white diamonds). The radii of the isomeric states are shown 
with black markers. The shaded area shows the uncertainty due to 

the atomic parameters (see Methods for more details). While these 
atomic uncertainties influence the slope of the charge radii curve, 
smaller-scale effects such as the odd–even staggering (OES) of the 
charge radii are largely unaffected. Values of the three-point OES 
parameter of the radii Δð3Þ

r
I

, defined as

Δð3Þ
r ¼ 1

2
rAþ1 % 2rA þ rA%1ð Þ; ð1Þ

Fig. 1 | Overview of the experimental results. Top: ion rate obtained during 
the laser scan of 78Cu as a function of resonant laser frequency relative to 
the hyperfine structure centroid. Error bars show the statistical uncertainty 
(one standard deviation). The solid line shows the best-fitting set of Voigt 
profiles centred at the resonance locations (see Methods). Bottom: values 
of δ r2

! "

I
 for 63−66,68−78Cu (relative to 65Cu) from this work as a function of 

neutron number N, alongside the literature values for 58−62,67Cu (ref. 9). 
The inset shows the OES of the radii defined by equation (1). Error bars 
are statistical (one standard deviation). In the main plot, these errors are 
too small to be seen except for 78Cu. The blue shaded area represents the 
systematic uncertainty due to the atomic parameters.
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and nuclear theory predictions. a–c, The data are plotted as a function 
of neutron number N (bottom axis) and mass number A (top axis). 
Experimental values are shown with white circles (error bars representing 
statistical uncertainties are too small to be visible). For the DFT 
calculations, green squares are used for the Fy(std) functional and blue 
diamonds for the Fy(Δr) functional, while the VS-IMSRG calculations are 
displayed using red squares for the PWA interaction and orange diamonds 
for the EM1.8/2.0 interaction. Panel a compares to experimental squared 
charge radii, b to binding energies28,29 per nucleon and c to differential 
squared charge radii. For clarity, only Fy(Δr) and EM1.8/2.0 results are 
shown in b and c.
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values available in Ref. [27]. The weighted averages from
the two transitions are listed in Table I. Uncertainties were
taken as the minimum from the two transitions but not
further reduced. In 134Sn, 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
hr2i1=2μe ¼ Rμ

kα=V2 ¼ 4.675ð1Þ fm of 124Sn [27]. Below
132Sn, the trend is almost linear, with a small curvature.
A clear kink is seen atN ¼ 82 that is indicative of a neutron
shell closure and compared with the kink at 208Pb 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 FyðΔr;HFBÞ recently developed in Ref. [42] is the
Fayans functional involving gradient terms in surface and
pairing energies [20,52]. Both parametrizations, SV-min
and FyðΔr;HFBÞ, 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

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: Δð3Þ
kn OðZ;NÞ≡

1
2 ½OðZ;N þ kÞ − 2OðZ;NÞ þOðZ;N − kÞ&, where the
odd-even staggering in O corresponds to k ¼ 1 while
the curvature (or kink) parameter is given by k ¼ 2. In
the case of charge radii (O ¼ r), the staggeringΔð3Þ

1n rðZ;NÞ
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 Δð3Þ

1n 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 theN ' 2

neighbors, resulting in a distinct kink Δð3Þ
2n rðZ;NÞ > 0.

The results of SV-min and FyðΔr;HFBÞ 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 (Δð3Þ

2n r ¼ 0.0014 fm), while
FyðΔr;HFBÞ predicts a kink of 0.0119 fm for 132Sn 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 ¼ 82 shell
closure, which is visible in the experimental data, almost
absent in SV-min, and overexpressed in FyðΔr;HFBÞ.
Figure 2 compares experimental data for the kinks in

132Sn and 208Pb (inset) with our SV-min and FyðΔr;HFBÞ
predictions. It is seen that also in this case SV-min
(Δð3Þ

2n r ¼ 0.0021 fm2) significantly underestimates the kink
(experiment, 0.0043 fm2) while FyðΔr;HFBÞ slightly
overestimates it (0.0075 fm2). This result is consistent
with our working hypothesis about the nature of the kink
and the systematic analysis of Ref. [40]: Δð3Þ

1n rðZ;NÞ 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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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 FyðΔr;HFBÞ (dots)
functionals. The experimental and predicted charge radii at the
kink at 208Pb are shown in the inset. Experimental data for
204−212Pb are taken from Ref. [27].

PHYSICAL REVIEW LETTERS 122, 192502 (2019)

192502-4

G. Gorges et al.,  PRL 122, 192502 (2019)

Sn (Z=50)

Ni (Z=28)

S. M.-E. et al.,  PRL 128, 022502 (2022)

Nature Physics, 20, 1719 (2024)  
Physics Letters B, 856, 138867 (2024) 



forces [45,49]. On the other hand, a comprehensive assess-
ment of uncertainties due to a many-body method itself
remains a challenge. Employing the same nuclear inter-
action in conjunction with different many-body methods is
one way to evaluate many-body uncertainties. As shown in
Figs. 2(a) and 2(b), the results of SCGF, VS-IMSRG, and
coupled-cluster theory, all utilizing NNLOsat, agree with
each other within the theoretical uncertainties, thus provid-
ing strong evidence for the accuracy of the methods. Small
differences can be seen for 56Ni, where uncertainties of
SCGF and VS-IMSRG do not overlap. Note that the error
bars in VS-IMSRG account for model-space uncertainties
only. We have confirmed that the latter are consistent in size
across different methods.
With respect to nuclear charge radii, the Fayans func-

tional has been very successful in describing an odd-even
staggering as well as characteristic kinks typically found at

shell closures [12,13,15–17]. In contrast, DFT utilizing
Skyrme functionals such as SV-min generally fails to
reproduce both. However, compared to the large odd-even
staggering in Ca [12,13] or the sizeable kink at N ¼ 82 in
Sn [17], charge radii along the measured Ni isotopes do not
exhibit these features very prominently. Interestingly, the
SV-min follows in this case the experimental trend more
closely compared to FyðΔr;HFBÞ, see Fig. 2(d). On closer
inspection, analogous conclusions for the midshell region
also hold for the charge radii of Cu [15] and Sn isotopes
[17]. A potential deficiency of the present Fayans func-
tional could be its lack of an isovector component in its
pairing part [91]. Hence, future efforts in Fayans-based
DFT will focus on pinning down the (presently unused)
isovector term in the pairing functional, see Ref. [92].
Summary.—Collinear laser spectroscopy of short-lived

nickel isotopes 58−68;70Ni was performed. The extracted
nuclear mean-square charge radii Rc benchmark theoretical
work applying density functional theory as well as three
ab initiomethods. When the same chiral EFT-based nuclear
potential NNLOsat is utilized in all ab initio calculations,
their results show excellent consistency and they agree well
with experiment. Calculations exploiting other nuclear
interactions perform equally well for δhr2ci, but struggle
in reproducing the absolute radii. Interestingly, in the
absence of prominent features such as unusually large
odd-even staggering or kinks in Rc, which have been
successfully described by Fayans-based functionals,
Skyrme-based DFT yields results closer to experiment.
Overall, this comparative work combining experiment,
density functional theory, and ab initio calculations estab-
lishes a theoretical accuracy of ∼1% for the description of
nuclear charge radii in the Ni region.
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FIG. 2. Nuclear charge radii Rc (a,c) and differentials
δhr2ci60;A (b,d) of Ni isotopes with respect to 60Ni as reference.
Experimental data are compared to theoretical results. See text for
details.

PHYSICAL REVIEW LETTERS 128, 022502 (2022)

022502-5

9

Towards a ‘universal’ description of charge radii

LETTERSNATURE PHYSICS

1:106 effect. These isotope shifts, while small, were extracted from 
the data and were used to determine the changes in the mean-
squared charge radius (see Methods for more details).

Using this sequence of techniques, we could extend our knowl-
edge of the charge radii of the copper isotopes by another three neu-
tron numbers, up to 78Cu (N = 49). Our new data thus represent 
an important step towards understanding the nuclear sizes in close 
proximity to the very neutron-rich doubly magic system of 78Ni (ref. 
11). The high efficiency and selectivity of the CRIS technique allows 
the observation of signals with detection rates of less than 0.05 ions 
s–1 on resonance (Fig. 1). Thanks to the ultra-low background rates 
inherent to the method, these detection rates were sufficient for a 
successful measurement of the charge radius of 78Cu in less than one 
day, while other isotopes typically only require a few hours of beam 
time. The signal-to-background ratio obtained is similar to those 
achieved in the state-of-the-art in-source measurements12, but with 
much narrower linewidths of <100 MHz, typical for conventional 
fast-beam collinear laser spectroscopy techniques, thus demonstrat-
ing a best-of-both-worlds performance.

The changes in the mean-squared charge radii extracted from 
the hyperfine structure spectra are plotted in the bottom panel of 
Fig. 1 (white dots), complemented by literature values for 58−62,67Cu 
(ref. 9) (white diamonds). The radii of the isomeric states are shown 
with black markers. The shaded area shows the uncertainty due to 

the atomic parameters (see Methods for more details). While these 
atomic uncertainties influence the slope of the charge radii curve, 
smaller-scale effects such as the odd–even staggering (OES) of the 
charge radii are largely unaffected. Values of the three-point OES 
parameter of the radii Δð3Þ

r
I

, defined as

Δð3Þ
r ¼ 1

2
rAþ1 % 2rA þ rA%1ð Þ; ð1Þ

Fig. 1 | Overview of the experimental results. Top: ion rate obtained during 
the laser scan of 78Cu as a function of resonant laser frequency relative to 
the hyperfine structure centroid. Error bars show the statistical uncertainty 
(one standard deviation). The solid line shows the best-fitting set of Voigt 
profiles centred at the resonance locations (see Methods). Bottom: values 
of δ r2

! "

I
 for 63−66,68−78Cu (relative to 65Cu) from this work as a function of 

neutron number N, alongside the literature values for 58−62,67Cu (ref. 9). 
The inset shows the OES of the radii defined by equation (1). Error bars 
are statistical (one standard deviation). In the main plot, these errors are 
too small to be seen except for 78Cu. The blue shaded area represents the 
systematic uncertainty due to the atomic parameters.
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Fig. 2 | Comparison of selected experimental data ( r2
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)  

and nuclear theory predictions. a–c, The data are plotted as a function 
of neutron number N (bottom axis) and mass number A (top axis). 
Experimental values are shown with white circles (error bars representing 
statistical uncertainties are too small to be visible). For the DFT 
calculations, green squares are used for the Fy(std) functional and blue 
diamonds for the Fy(Δr) functional, while the VS-IMSRG calculations are 
displayed using red squares for the PWA interaction and orange diamonds 
for the EM1.8/2.0 interaction. Panel a compares to experimental squared 
charge radii, b to binding energies28,29 per nucleon and c to differential 
squared charge radii. For clarity, only Fy(Δr) and EM1.8/2.0 results are 
shown in b and c.
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values available in Ref. [27]. The weighted averages from
the two transitions are listed in Table I. Uncertainties were
taken as the minimum from the two transitions but not
further reduced. In 134Sn, 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
hr2i1=2μe ¼ Rμ

kα=V2 ¼ 4.675ð1Þ fm of 124Sn [27]. Below
132Sn, the trend is almost linear, with a small curvature.
A clear kink is seen atN ¼ 82 that is indicative of a neutron
shell closure and compared with the kink at 208Pb 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 FyðΔr;HFBÞ recently developed in Ref. [42] is the
Fayans functional involving gradient terms in surface and
pairing energies [20,52]. Both parametrizations, SV-min
and FyðΔr;HFBÞ, 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

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: Δð3Þ
kn OðZ;NÞ≡

1
2 ½OðZ;N þ kÞ − 2OðZ;NÞ þOðZ;N − kÞ&, where the
odd-even staggering in O corresponds to k ¼ 1 while
the curvature (or kink) parameter is given by k ¼ 2. In
the case of charge radii (O ¼ r), the staggeringΔð3Þ

1n rðZ;NÞ
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 Δð3Þ

1n 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 theN ' 2

neighbors, resulting in a distinct kink Δð3Þ
2n rðZ;NÞ > 0.

The results of SV-min and FyðΔr;HFBÞ 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 (Δð3Þ

2n r ¼ 0.0014 fm), while
FyðΔr;HFBÞ predicts a kink of 0.0119 fm for 132Sn 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 ¼ 82 shell
closure, which is visible in the experimental data, almost
absent in SV-min, and overexpressed in FyðΔr;HFBÞ.
Figure 2 compares experimental data for the kinks in

132Sn and 208Pb (inset) with our SV-min and FyðΔr;HFBÞ
predictions. It is seen that also in this case SV-min
(Δð3Þ

2n r ¼ 0.0021 fm2) significantly underestimates the kink
(experiment, 0.0043 fm2) while FyðΔr;HFBÞ slightly
overestimates it (0.0075 fm2). This result is consistent
with our working hypothesis about the nature of the kink
and the systematic analysis of Ref. [40]: Δð3Þ

1n rðZ;NÞ 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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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 FyðΔr;HFBÞ (dots)
functionals. The experimental and predicted charge radii at the
kink at 208Pb are shown in the inset. Experimental data for
204−212Pb are taken from Ref. [27].
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forces [45,49]. On the other hand, a comprehensive assess-
ment of uncertainties due to a many-body method itself
remains a challenge. Employing the same nuclear inter-
action in conjunction with different many-body methods is
one way to evaluate many-body uncertainties. As shown in
Figs. 2(a) and 2(b), the results of SCGF, VS-IMSRG, and
coupled-cluster theory, all utilizing NNLOsat, agree with
each other within the theoretical uncertainties, thus provid-
ing strong evidence for the accuracy of the methods. Small
differences can be seen for 56Ni, where uncertainties of
SCGF and VS-IMSRG do not overlap. Note that the error
bars in VS-IMSRG account for model-space uncertainties
only. We have confirmed that the latter are consistent in size
across different methods.
With respect to nuclear charge radii, the Fayans func-

tional has been very successful in describing an odd-even
staggering as well as characteristic kinks typically found at

shell closures [12,13,15–17]. In contrast, DFT utilizing
Skyrme functionals such as SV-min generally fails to
reproduce both. However, compared to the large odd-even
staggering in Ca [12,13] or the sizeable kink at N ¼ 82 in
Sn [17], charge radii along the measured Ni isotopes do not
exhibit these features very prominently. Interestingly, the
SV-min follows in this case the experimental trend more
closely compared to FyðΔr;HFBÞ, see Fig. 2(d). On closer
inspection, analogous conclusions for the midshell region
also hold for the charge radii of Cu [15] and Sn isotopes
[17]. A potential deficiency of the present Fayans func-
tional could be its lack of an isovector component in its
pairing part [91]. Hence, future efforts in Fayans-based
DFT will focus on pinning down the (presently unused)
isovector term in the pairing functional, see Ref. [92].
Summary.—Collinear laser spectroscopy of short-lived

nickel isotopes 58−68;70Ni was performed. The extracted
nuclear mean-square charge radii Rc benchmark theoretical
work applying density functional theory as well as three
ab initiomethods. When the same chiral EFT-based nuclear
potential NNLOsat is utilized in all ab initio calculations,
their results show excellent consistency and they agree well
with experiment. Calculations exploiting other nuclear
interactions perform equally well for δhr2ci, but struggle
in reproducing the absolute radii. Interestingly, in the
absence of prominent features such as unusually large
odd-even staggering or kinks in Rc, which have been
successfully described by Fayans-based functionals,
Skyrme-based DFT yields results closer to experiment.
Overall, this comparative work combining experiment,
density functional theory, and ab initio calculations estab-
lishes a theoretical accuracy of ∼1% for the description of
nuclear charge radii in the Ni region.
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FIG. 2. Nuclear charge radii Rc (a,c) and differentials
δhr2ci60;A (b,d) of Ni isotopes with respect to 60Ni as reference.
Experimental data are compared to theoretical results. See text for
details.
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forces [45,49]. On the other hand, a comprehensive assess-
ment of uncertainties due to a many-body method itself
remains a challenge. Employing the same nuclear inter-
action in conjunction with different many-body methods is
one way to evaluate many-body uncertainties. As shown in
Figs. 2(a) and 2(b), the results of SCGF, VS-IMSRG, and
coupled-cluster theory, all utilizing NNLOsat, agree with
each other within the theoretical uncertainties, thus provid-
ing strong evidence for the accuracy of the methods. Small
differences can be seen for 56Ni, where uncertainties of
SCGF and VS-IMSRG do not overlap. Note that the error
bars in VS-IMSRG account for model-space uncertainties
only. We have confirmed that the latter are consistent in size
across different methods.
With respect to nuclear charge radii, the Fayans func-

tional has been very successful in describing an odd-even
staggering as well as characteristic kinks typically found at

shell closures [12,13,15–17]. In contrast, DFT utilizing
Skyrme functionals such as SV-min generally fails to
reproduce both. However, compared to the large odd-even
staggering in Ca [12,13] or the sizeable kink at N ¼ 82 in
Sn [17], charge radii along the measured Ni isotopes do not
exhibit these features very prominently. Interestingly, the
SV-min follows in this case the experimental trend more
closely compared to FyðΔr;HFBÞ, see Fig. 2(d). On closer
inspection, analogous conclusions for the midshell region
also hold for the charge radii of Cu [15] and Sn isotopes
[17]. A potential deficiency of the present Fayans func-
tional could be its lack of an isovector component in its
pairing part [91]. Hence, future efforts in Fayans-based
DFT will focus on pinning down the (presently unused)
isovector term in the pairing functional, see Ref. [92].
Summary.—Collinear laser spectroscopy of short-lived

nickel isotopes 58−68;70Ni was performed. The extracted
nuclear mean-square charge radii Rc benchmark theoretical
work applying density functional theory as well as three
ab initiomethods. When the same chiral EFT-based nuclear
potential NNLOsat is utilized in all ab initio calculations,
their results show excellent consistency and they agree well
with experiment. Calculations exploiting other nuclear
interactions perform equally well for δhr2ci, but struggle
in reproducing the absolute radii. Interestingly, in the
absence of prominent features such as unusually large
odd-even staggering or kinks in Rc, which have been
successfully described by Fayans-based functionals,
Skyrme-based DFT yields results closer to experiment.
Overall, this comparative work combining experiment,
density functional theory, and ab initio calculations estab-
lishes a theoretical accuracy of ∼1% for the description of
nuclear charge radii in the Ni region.
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FIG. 2. Nuclear charge radii Rc (a,c) and differentials
δhr2ci60;A (b,d) of Ni isotopes with respect to 60Ni as reference.
Experimental data are compared to theoretical results. See text for
details.
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207 Fayans functionals are designed to be more flexible in
208 tuning radius trends than other functionals [10,53]. For
209 other nuclear properties, their performance is parallel to
210 other well-calibrated DFT models, see Ref. [30]. The Fy
211 (IVP) functional here provides a further improved descrip-
212 tion of the radii trend and the absolute radii compared to its
213 former variant FyðΔr;HFBÞ employed in Ref. [10] for

214even-even tin isotopes, particularly in the neutron-rich
215region and across the kink at the N ¼ 82 shell closure.
216In Fig. 1(b) differential mean-square charge radii relative
217to 124Sn are shown. They show an archlike trend towards
218the known kink at the 132Sn doubly magic shell closure.
219This general behavior superimposed on a linear increase is
220overall well described by both the DFT and VS-IMSRG
221calculations. The good agreement with a spherical Hartree-
222Fock (HF) calculation using the equal-filling approxima-
223tion (labeled by “1.8=2.0 (EM) sph-HF” and discussed
224below) indicates that this is primarily driven by the bulk
225radial increase, whereas the correlations included in the
226VS-IMSRG calculations become important below N ¼ 66.
227The collective ground-state correlations become sizable
228in the DFT calculations in the same region, and they move
229the result closer to experiment (as indicated with a light
230yellow band).
231Finally, we study the odd-even staggering Δð3Þ

R ¼
2321=2ðRAþ1 þ RA−1 − 2RAÞ in Fig. 1(c). The addition of
233individual neutrons to the nucleus results in appreciable
234changes to its charge distribution due to pairing and
235deformation effects [43]. In our data, we observe an
236increased staggering as we approach the N ¼ 50 and
237N ¼ 82 shell closures. In between these shell closures,
238we note that the staggering appears more irregular in
239comparison to that of neutron separation energies, as also
240seen along the copper chain [43], which we attribute to
241the sensitivity of the charge radius to the occupation of
242different neutron orbitals with varying spatial extent and
243polarizability. In addition, our new measurement of the
244charge radius of 133Sn reveals a discontinuity in the odd-
245even staggering at N ¼ 82, similar to that observed at other
246major shell closures such as in Ca (N ¼ 28) and Pb
247(N ¼ 126) [24]. The radius of 133Sn suggests that a kink
248occurs at N ¼ 82, which was previously identified for the
249even-even isotopes [10].
250The VS-IMSRG calculations for Δð3Þ

R show improved
251agreement near these shell closures, although they tend
252to underestimate the staggering in the midshell where a
253greater collectivity is expected. The Fy(IVP) calculations
254accurately predict the inversion across N ¼ 82 but system-
255atically overestimate the staggering throughout the entire
256chain due to a slightly too large proton pairing predicted in
257midshell tin isotopes. It is to be noted that the estimated
258uncertainty in the radii below N ¼ 60 in Fy(IVP) is greater
259than the staggering magnitude; therefore, the results for
260these isotopes are omitted in Fig. 1(c).
261To gauge the impact of cross-shell excitation [54] across
262N; Z ¼ 50, we extended our 1.8=2.0ðEMÞ VS-IMSRG
263calculations to a valence space based on the 80Zr core.
264This model space did, however, not include the h11=2 orbit,
265which is known to be crucial for capturing the nuclear
266structure effects for isotopes with N ≳ 64 [55]. Therefore,
267calculations with a 80Zr core were performed from N ¼ 50
268up to N ¼ 66 only. The two choices of core should yield

(a)

(b)

(c)

F1:1 FIG. 1. (a) The absolute root-mean-square radii obtained using
F1:2 Rcð124SnÞ ¼ 4.675ð1Þ fm [38]. (b) Differential mean-square
F1:3 charge radii of tin isotopes with respect to 124Sn. (c) The odd-
F1:4 even staggering Δð3Þ

R ¼ 1=2ðRAþ1 þ RA−1 − 2RAÞ. Experimental
F1:5 results are compared to VS-IMSRG and DFT results (for details
F1:6 see text). The statistical uncertainties for Fy(IVP) are indicated by
F1:7 dark yellow bands and the systematic uncertainties (mainly
F1:8 ground-state correlations) by light yellow bands.
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211 (IVP) functional here provides a further improved descrip-
212 tion of the radii trend and the absolute radii compared to its
213 former variant FyðΔr;HFBÞ employed in Ref. [10] for

214even-even tin isotopes, particularly in the neutron-rich
215region and across the kink at the N ¼ 82 shell closure.
216In Fig. 1(b) differential mean-square charge radii relative
217to 124Sn are shown. They show an archlike trend towards
218the known kink at the 132Sn doubly magic shell closure.
219This general behavior superimposed on a linear increase is
220overall well described by both the DFT and VS-IMSRG
221calculations. The good agreement with a spherical Hartree-
222Fock (HF) calculation using the equal-filling approxima-
223tion (labeled by “1.8=2.0 (EM) sph-HF” and discussed
224below) indicates that this is primarily driven by the bulk
225radial increase, whereas the correlations included in the
226VS-IMSRG calculations become important below N ¼ 66.
227The collective ground-state correlations become sizable
228in the DFT calculations in the same region, and they move
229the result closer to experiment (as indicated with a light
230yellow band).
231Finally, we study the odd-even staggering Δð3Þ

R ¼
2321=2ðRAþ1 þ RA−1 − 2RAÞ in Fig. 1(c). The addition of
233individual neutrons to the nucleus results in appreciable
234changes to its charge distribution due to pairing and
235deformation effects [43]. In our data, we observe an
236increased staggering as we approach the N ¼ 50 and
237N ¼ 82 shell closures. In between these shell closures,
238we note that the staggering appears more irregular in
239comparison to that of neutron separation energies, as also
240seen along the copper chain [43], which we attribute to
241the sensitivity of the charge radius to the occupation of
242different neutron orbitals with varying spatial extent and
243polarizability. In addition, our new measurement of the
244charge radius of 133Sn reveals a discontinuity in the odd-
245even staggering at N ¼ 82, similar to that observed at other
246major shell closures such as in Ca (N ¼ 28) and Pb
247(N ¼ 126) [24]. The radius of 133Sn suggests that a kink
248occurs at N ¼ 82, which was previously identified for the
249even-even isotopes [10].
250The VS-IMSRG calculations for Δð3Þ

R show improved
251agreement near these shell closures, although they tend
252to underestimate the staggering in the midshell where a
253greater collectivity is expected. The Fy(IVP) calculations
254accurately predict the inversion across N ¼ 82 but system-
255atically overestimate the staggering throughout the entire
256chain due to a slightly too large proton pairing predicted in
257midshell tin isotopes. It is to be noted that the estimated
258uncertainty in the radii below N ¼ 60 in Fy(IVP) is greater
259than the staggering magnitude; therefore, the results for
260these isotopes are omitted in Fig. 1(c).
261To gauge the impact of cross-shell excitation [54] across
262N; Z ¼ 50, we extended our 1.8=2.0ðEMÞ VS-IMSRG
263calculations to a valence space based on the 80Zr core.
264This model space did, however, not include the h11=2 orbit,
265which is known to be crucial for capturing the nuclear
266structure effects for isotopes with N ≳ 64 [55]. Therefore,
267calculations with a 80Zr core were performed from N ¼ 50
268up to N ¼ 66 only. The two choices of core should yield

(a)

(b)

(c)

F1:1 FIG. 1. (a) The absolute root-mean-square radii obtained using
F1:2 Rcð124SnÞ ¼ 4.675ð1Þ fm [38]. (b) Differential mean-square
F1:3 charge radii of tin isotopes with respect to 124Sn. (c) The odd-
F1:4 even staggering Δð3Þ

R ¼ 1=2ðRAþ1 þ RA−1 − 2RAÞ. Experimental
F1:5 results are compared to VS-IMSRG and DFT results (for details
F1:6 see text). The statistical uncertainties for Fy(IVP) are indicated by
F1:7 dark yellow bands and the systematic uncertainties (mainly
F1:8 ground-state correlations) by light yellow bands.

PHYSICAL REVIEW LETTERS VOL..XX, 000000 (XXXX)

4

Sn (Z=50)



forces [45,49]. On the other hand, a comprehensive assess-
ment of uncertainties due to a many-body method itself
remains a challenge. Employing the same nuclear inter-
action in conjunction with different many-body methods is
one way to evaluate many-body uncertainties. As shown in
Figs. 2(a) and 2(b), the results of SCGF, VS-IMSRG, and
coupled-cluster theory, all utilizing NNLOsat, agree with
each other within the theoretical uncertainties, thus provid-
ing strong evidence for the accuracy of the methods. Small
differences can be seen for 56Ni, where uncertainties of
SCGF and VS-IMSRG do not overlap. Note that the error
bars in VS-IMSRG account for model-space uncertainties
only. We have confirmed that the latter are consistent in size
across different methods.
With respect to nuclear charge radii, the Fayans func-

tional has been very successful in describing an odd-even
staggering as well as characteristic kinks typically found at

shell closures [12,13,15–17]. In contrast, DFT utilizing
Skyrme functionals such as SV-min generally fails to
reproduce both. However, compared to the large odd-even
staggering in Ca [12,13] or the sizeable kink at N ¼ 82 in
Sn [17], charge radii along the measured Ni isotopes do not
exhibit these features very prominently. Interestingly, the
SV-min follows in this case the experimental trend more
closely compared to FyðΔr;HFBÞ, see Fig. 2(d). On closer
inspection, analogous conclusions for the midshell region
also hold for the charge radii of Cu [15] and Sn isotopes
[17]. A potential deficiency of the present Fayans func-
tional could be its lack of an isovector component in its
pairing part [91]. Hence, future efforts in Fayans-based
DFT will focus on pinning down the (presently unused)
isovector term in the pairing functional, see Ref. [92].
Summary.—Collinear laser spectroscopy of short-lived

nickel isotopes 58−68;70Ni was performed. The extracted
nuclear mean-square charge radii Rc benchmark theoretical
work applying density functional theory as well as three
ab initiomethods. When the same chiral EFT-based nuclear
potential NNLOsat is utilized in all ab initio calculations,
their results show excellent consistency and they agree well
with experiment. Calculations exploiting other nuclear
interactions perform equally well for δhr2ci, but struggle
in reproducing the absolute radii. Interestingly, in the
absence of prominent features such as unusually large
odd-even staggering or kinks in Rc, which have been
successfully described by Fayans-based functionals,
Skyrme-based DFT yields results closer to experiment.
Overall, this comparative work combining experiment,
density functional theory, and ab initio calculations estab-
lishes a theoretical accuracy of ∼1% for the description of
nuclear charge radii in the Ni region.
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FIG. 2. Nuclear charge radii Rc (a,c) and differentials
δhr2ci60;A (b,d) of Ni isotopes with respect to 60Ni as reference.
Experimental data are compared to theoretical results. See text for
details.
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• agreement within ab initio methods ⇒ accuracy check 
• importance of used nuclear potential: needs to 
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⇒ new benchmarks in mid-shell / deformed  regions 

207 Fayans functionals are designed to be more flexible in
208 tuning radius trends than other functionals [10,53]. For
209 other nuclear properties, their performance is parallel to
210 other well-calibrated DFT models, see Ref. [30]. The Fy
211 (IVP) functional here provides a further improved descrip-
212 tion of the radii trend and the absolute radii compared to its
213 former variant FyðΔr;HFBÞ employed in Ref. [10] for

214even-even tin isotopes, particularly in the neutron-rich
215region and across the kink at the N ¼ 82 shell closure.
216In Fig. 1(b) differential mean-square charge radii relative
217to 124Sn are shown. They show an archlike trend towards
218the known kink at the 132Sn doubly magic shell closure.
219This general behavior superimposed on a linear increase is
220overall well described by both the DFT and VS-IMSRG
221calculations. The good agreement with a spherical Hartree-
222Fock (HF) calculation using the equal-filling approxima-
223tion (labeled by “1.8=2.0 (EM) sph-HF” and discussed
224below) indicates that this is primarily driven by the bulk
225radial increase, whereas the correlations included in the
226VS-IMSRG calculations become important below N ¼ 66.
227The collective ground-state correlations become sizable
228in the DFT calculations in the same region, and they move
229the result closer to experiment (as indicated with a light
230yellow band).
231Finally, we study the odd-even staggering Δð3Þ

R ¼
2321=2ðRAþ1 þ RA−1 − 2RAÞ in Fig. 1(c). The addition of
233individual neutrons to the nucleus results in appreciable
234changes to its charge distribution due to pairing and
235deformation effects [43]. In our data, we observe an
236increased staggering as we approach the N ¼ 50 and
237N ¼ 82 shell closures. In between these shell closures,
238we note that the staggering appears more irregular in
239comparison to that of neutron separation energies, as also
240seen along the copper chain [43], which we attribute to
241the sensitivity of the charge radius to the occupation of
242different neutron orbitals with varying spatial extent and
243polarizability. In addition, our new measurement of the
244charge radius of 133Sn reveals a discontinuity in the odd-
245even staggering at N ¼ 82, similar to that observed at other
246major shell closures such as in Ca (N ¼ 28) and Pb
247(N ¼ 126) [24]. The radius of 133Sn suggests that a kink
248occurs at N ¼ 82, which was previously identified for the
249even-even isotopes [10].
250The VS-IMSRG calculations for Δð3Þ

R show improved
251agreement near these shell closures, although they tend
252to underestimate the staggering in the midshell where a
253greater collectivity is expected. The Fy(IVP) calculations
254accurately predict the inversion across N ¼ 82 but system-
255atically overestimate the staggering throughout the entire
256chain due to a slightly too large proton pairing predicted in
257midshell tin isotopes. It is to be noted that the estimated
258uncertainty in the radii below N ¼ 60 in Fy(IVP) is greater
259than the staggering magnitude; therefore, the results for
260these isotopes are omitted in Fig. 1(c).
261To gauge the impact of cross-shell excitation [54] across
262N; Z ¼ 50, we extended our 1.8=2.0ðEMÞ VS-IMSRG
263calculations to a valence space based on the 80Zr core.
264This model space did, however, not include the h11=2 orbit,
265which is known to be crucial for capturing the nuclear
266structure effects for isotopes with N ≳ 64 [55]. Therefore,
267calculations with a 80Zr core were performed from N ¼ 50
268up to N ¼ 66 only. The two choices of core should yield
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RC: new benchmarks… 
….for Fayans DFT 
• kink at N=82? 
• curvature ⇔ isovector term in DFT

… for ab inito in deformed region 

D. T. Yordanov et al., Phys. Rev. Lett. 108, 042504  (2012)

• island of inversion around 32Mg 
• shell evaluation  
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Fig. 5. Isotopes in and near the island of inversion: intruder dominant ground
states (red), normal ground states (yellow) and mixed configurations (rose).
Isotopes with yet unknown configurations are in light grey and the unknown
isotopes from the initially defined island in dark grey. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this Letter.)

netic moment µ = (+)2.156(16)µN is much larger than the
values calculated with the most recent large-scale shell model
interactions. This has two causes: the magnetic moment is ex-
tremely sensitive to mixing with intruder configurations in the
wave function (related to the N = 20 shell gap), but also to the
occupation of the ν1p3/2 orbital (related to the N = 28 shell
gap). Contrary to earlier studies suggesting that Al isotopes
have a normal ground state across the N = 20 region, this result
establishes a large mixing of at least 50% of intruder configura-
tions in the 34Al ground state. Furthermore, the subtle interplay
between the effect of reduced N = 20 and N = 28 shell gaps at
Z = 13 observed through the g factor, will provide a severe test
for a further improved effective shell model interaction. This is
indispensable information, that cannot be deduced from bind-
ing energies or from decay and level scheme studies.
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T1/2 of accessible radionuclides: 
5 ms to seconds

effective use for CLS 
100s of ns to a few μs

can one use exotic nuclides even more efficiently ??



13

the Multi Ion Reflection Apparatus for 
Collinear Laser Spectroscopy

trap ⇒ long observation time ⇒ higher sensitivity ⇒ more exotic nuclides accessible
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MR-ToF operation: 10-15 keV 
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F. Maier et al., Nuclear Instrum. Meth. A, 1056, 168545 (2023) 
F. Maier et al., Nuclear Instrum. Meth. A 1075, 170365 (2025)
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CLS for Electron Affinity
The Sensitivity Gap

Very low cross section around threshold
Tiny fraction of ions are photodetached, large quantities needed = low sensitivity!

Laser Photodetachment Threshold (LPT) probes the energy to dismantle the negative ion:
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The Electron Affinity Landscape

~1/3 of EAs in the Periodic Table are unknown

0.015 eV 3.613 eV
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Modified from www.webelements.com

Unknown

Missing opportunities on: 

Radioprotection 
Nuclear medicine
F-block chemistry

Fundamental atomic physics: 
SHE and Actinides: highly-correlated systems,
relativistic effects very pronounced

Fundamental & applied chemistry:

4

EA: energy needed to remove an electron from a negative ion
“how much an element is prone to form chemical bonds by sharing electrons”

~1/3 of EAs in the Periodic Table are unknown
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Eph < EA Eph > EA
exploited for radionuclides by

S. Rothe et al., J. Phys. G: Nucl. Part.Phys. 44, 104003 (2017)
D. Leimbach et al., Nature Communications 11, 3824 (2020)

Laser: probes the energy needed to dismantle the negative ion

CLS for Electron Affinity
EA: energy needed to remove an electron from a negative ion
“how much an element is prone to form chemical bonds by sharing electrons”
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EA studies with 

F. Maier et al., Nature Communications, 16, 9576 (2025)

long exposure time ⇒ less particles for same signal ⇒ gain in sensitivity
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Figure 1. Schematic of the experimental setup. a) A continuous beam of Cl→ anions produced by an ion source is

accumulated in a He-filled Paul trap, from where anions are sent downstream in low-emittance bunches. After kinetic energy

adjustment and isotope selection by time-of-flight, 35Cl→ anions are stored in an MR-ToF device, where they can be illuminated

by a collinear laser beam. Atoms produced by neutralization processes leave the MR-ToF instrument and are registered by a

detector. b) The cumulative signal of neutral particles impinging on the detector grows with storage time. By measuring the

di!erence (yellow band) between the cumulated neutral atom counts per cycle with (red circles) and without (green squares)

laser illumination, the laser-induced photodetachment signal is determined. Error bars represent 1ω uncertainty and lines are

guiding the eye.

background, originating from detector dark counts and photoelectrons that are emitted when laser (stray) light hits146

the detector, accounts for about 3% of the total counts per cycle. The detector dark counts amount to → 0.4 counts147

per cycle and the laser-induced background counts are → 0.2 counts per cycle for each milliwatt of laser power.148

As evident in Fig.1(b), the cumulative neutral atom counts per cycle grow with longer anion storage times, indi-149

cating a significant improvement in experimental sensitivity with longer laser exposure. Eventually, the growth rate150

diminishes as the population of anions is depleted due to neutralization. To determine the fraction of the integrated151

counts per cycle due to laser-induced photodetachment, measurements with laser illumination are interleaved by iden-152

tical measurements with the laser o!. As described in detail in the Methods section, the photodetachment signal is153

then defined as S = Non ↑N int
o! , where Non is the number of counts of neutral atoms per cycle detected with lasers154

on, and N int
o! is the interpolated (int) counts of atoms detected between the two interleaving measurements with laser155

o!. To properly compare measurements taken at distinct laser powers and total stored anion content, we employ156

EA studies with 

F. Maier et al., Nature Communications, 16, 9576 (2025)

fixed laser frequency

long exposure time ⇒ less particles for same signal ⇒ gain in sensitivity
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EA sensitivity gain with 10

Trainham et al.
(1987)

Hanstorp et al.
(1993)

Berzinsh et al.
(1995)

This work

Figure 3. Electron a!nity EA of the chlorine atom as reported from several previous experiments37,53,54(gray circles)

compared to the value obtained in the present work (red star). Error bars represent 1ω total uncertainties while the pink

band denotes the 1ω statistical contribution to the uncertainty in our work. The systematic uncertainty is almost entirely due

to a blueshift depletion when exploiting our MIRACLS scheme in collinear geometry but would be absent in an anticollinear

measurement configuration. See text for details.

in which S = Non → N int
o! is the photodetachment signal introduced above, Nanion is the number of initially stored217

anions per cycle, ! is the photon flux (expressed as number of photons per second), and ω is the photodetachment218

cross section at the employed photon energy E above the threshold.219

In Fig. 4, we show ” for all measured points above the threshold in our experiment. Nanion is determined indepen-220

dently from the integrated counts/cycle of collision-induced neutralizations N int
o! (see Methods section) and averages221

to 6100(800) anions/cycle initially stored in the MR-ToF device. ! = P/E is obtained from the photon energy E and222

laser power P in each measurement, typically around 2 mW. The values for ω are taken from Ref.13.223

Our signal-sensitivity values are compared to those calculated from the data of two LPT experiments employing224

conventional single-pass approaches: on chlorine from Ref.53 and on iodine from Ref.31. Here, Nanion, Non and N int
o! are225

given as the measured anion or atom number per second. As no dedicated background measurements were conducted,226

for N int
o! the average number of detected neutral atoms for laser energies significantly below the photodetachment227

threshold was taken. As evident in Fig. 4, the signal sensitivity ” for those measurements are compatible to each228

other. In contrast, our results represent an improvement of more than three orders of magnitude over single-passage229

experiments.230

Our enhancement significantly advances LPT techniques, bringing them remarkably close to the capability of231

probing rare samples produced at the one-atom-at-a-time level. Ideally, such an LPT measurement should be able to232

F. Maier et al., Nature Communications, 16, 9576 (2025)

150,000x less anions

Results:
• (improved EA of Cl)
• same precision with ≈105 fewer anions

Opportunities:
• further improvements to be implemented
   ⇒ atom-at-a-time sensitivity 
• EA isotope shifts 
• EA measurements of (super)heavy elements
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150,000x less anions

MIRACLS Proof-of-Principle MR-TOF was sent to LBNL to seed the new infrastructure

Towards AETHER...

13

MIRACLS low-energy system sent to 
LBNL to seed the new infrastructure

Advanced Electrostatic Trap for Heavy Element 
Research (AETHER) @ BGS / 88” cyclotron

Results:
• (improved EA of Cl)
• same precision with ≈105 fewer anions

Opportunities:
• further improvements to be implemented
   ⇒ atom-at-a-time sensitivity 
• EA isotope shifts 
• EA measurements of (super)heavy elements



22

Summary & Conclusions
• collinear laser spectroscopy (CLS) powerful tool  

to access nuclear ground-state properties

➡ novel ion-trap system for highly sensitive CLS  
➡ successful online measurements of Mg and Cd 
➡ highly-sensitive EA measurements: towards (super-)heavies 
➡ new opportunities, e.g., for RIB purification 

CLS@IGISOL

➡ towards a ‘universal’ description of charge radii 
➡ DFT Fayans: odd-even staggering + kinks at shell closures 
➡ ab initio:  1 % accuracy in Ni 
➡ importance of new experimental data 

CFBS@TRIUMF

ATLANTIS

LASAGN 

REBEL 
… CLaSsy 

new CLS beamlines 

• charge radii: excellent benchmarks for nuclear theory

• sensitivity challenge:
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