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Abstract

Investigation into the properties and structure of unstable nuclei far from stability is a key avenue of research in modern

nuclear physics. These efforts are motivated by the continual observation of unexpected structure phenomena in nuclei with

unusual proton-to-neutron ratios. In recent decades, laser spectroscopy techniques have made significant contributions

in our understanding of exotic nuclei in different mass regions encompassing almost the entire nuclear chart. This is

achieved through determining multiple fundamental properties of nuclear ground and isomeric states, such as nuclear

spins, magnetic dipole and electric quadrupole moments and charge radii, via the measurement of hyperfine structures

and isotope shifts in the atomic or ionic spectra of the nuclei of interest. These properties offer prominent tests of

recently developed state-of-the-art nuclear theory and help to stimulate new developments in improving the many-body

methods and nucleon-nucleon interactions at the core of these models. With the aim of exploring more exotic short-

lived nuclei located ever closer to the proton and neutron driplines, laser spectroscopy techniques, with their continuous

technological developments towards higher resolution and higher sensitivity, are extensively employed at current- and

next-generation radioactive ion beam facilities worldwide. Ongoing efforts in parallel promise to improve the availability

of these even more exotic species at next-generation facilities. Very recently, an innovative application of laser spectroscopy

on molecules containing short-lived nuclei has been demonstrated offering additional opportunities for several fields of

research, e.g. fundamental symmetry studies and astrophysics. In this review, the basic nuclear properties measurable

with laser spectroscopy will be introduced. How these observables are associated with nuclear structure and nucleon-

nucleon interactions will be discussed. Following this, a general overview of different laser spectroscopy methods will

be given with particular emphasis on technical advancements reported in recent years. The main focus of this article

is to review the numerous highlights that have resulted from studying exotic nuclei in different mass regions with laser

spectroscopy techniques since the last edition in this series. Finally, the challenges facing the field in addition to future

opportunities will be discussed.

Keywords: Nuclear properties, hyperfine structure, isotope shifts, laser spectroscopy, exotic nuclei, radioactive

molecules.

∗Corresponding authors
Email addresses: xiaofei.yang@pku.edu.cn (X.F. Yang), wilkinss@mit.edu (S.G. Wilkins), rgarciar@mit.edu (R.F. Garcia Ruiz)

Preprint submitted to Progress in Particle and Nuclear Physics November 17, 2022

ar
X

iv
:2

20
9.

15
22

8v
2 

 [
nu

cl
-e

x]
  1

6 
N

ov
 2

02
2



Contents

1 Introduction 3

2 Nuclear properties from atomic spectroscopy 10

2.1 Magnetic dipole and electric quadrupole hyperfine interactions . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2 Isotope shifts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3 Extraction of nuclear observables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3 Nuclear global properties 19

3.1 Nuclear spins and electromagnetic moments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.1.1 Nuclear spins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.1.2 Nuclear magnetic moments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.1.3 Nuclear quadrupole moments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.2 Mean-square nuclear charge radii . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.2.1 Nuclear charge radii trends . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.2.2 For nuclear structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.2.3 Constraining properties of nuclear matter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.2.4 Isotope shifts for new physics searches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4 Laser spectroscopy techniques 29

4.1 Collinear laser spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.1.1 Collinear laser spectroscopy with LIF detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.1.2 Collinear resonance ionization spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.2 In-source resonance ionization for spectroscopy and ion production . . . . . . . . . . . . . . . . . . . . . . 38

4.2.1 Resonance ionization laser ion sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.2.2 Hot-cavity in-source resonance ionization spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.2.3 In-gas-cell resonance ionization spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.2.4 In-gas-jet resonance ionization spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.2.5 Radiation detected resonance ionization spectroscopy (RADRIS) . . . . . . . . . . . . . . . . . . . 43

4.3 In-trap studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.3.1 Neutral traps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.3.2 Ion traps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.4 Radioactive ion beam facilities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.4.1 ISOL radioactive ion beam facility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.4.2 PF RIB facilities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.4.3 Next-generation RIB facilities: merging the PF and ISOL techniques . . . . . . . . . . . . . . . . . 49

5 Study of exotic nuclei 49

5.1 Light mass region . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

5.2 The calcium region . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

5.2.1 Single-particle behaviour around doubly magic nuclei . . . . . . . . . . . . . . . . . . . . . . . . . . 52



5.2.2 Structural changes at N = 32 and N = 34; Benchmarks for nuclear theory . . . . . . . . . . . . . . 55

5.2.3 Onset of collectivity towards N = 40 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.3 The nickel region . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5.3.1 N = 40 sub-shell effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5.3.2 Shape coexistence around 78Ni . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5.3.3 Nuclear structure at N = 50 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.3.4 Charge radii and nuclear matter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.4 The tin region . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.4.1 Evolution of electromagnetic properties in the proximity of 100Sn . . . . . . . . . . . . . . . . . . . 61

5.4.2 Simple structure of complex nuclei . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.4.3 Structural changes at N = 82 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.5 The lead region . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.5.1 Shape-staggering in neutron-deficient mercury and bismuth isotopes . . . . . . . . . . . . . . . . . 63

5.5.2 Intruder states and shape coexistence in even-N , odd-Z nuclei . . . . . . . . . . . . . . . . . . . . 63

5.5.3 Changes in mean-square charge radii beyond N = 126 . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.5.4 Octupole deformation from inverted odd-even staggering of nuclear charge radii . . . . . . . . . . . 66

5.5.5 Precision tests of QED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

5.5.6 Fundamental atomic properties of heavy elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.6 Towards heavier elements in the actinides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.6.1 Nobelium (Z = 102) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.6.2 229mTh (Z = 90) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5.6.3 Other heavy elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5.7 Molecules containing unstable nuclei . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

6 Perspectives and Challenges 70

6.1 RIB production and experiments at existing and future facilities . . . . . . . . . . . . . . . . . . . . . . . . 70

6.2 Improving experimental sensitivity and resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

6.2.1 Experimental sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

6.2.2 Spectral resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

6.3 Precision measurements of radioactive molecules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

7 Conclusion 72

1. Introduction

Nuclear electromagnetic properties of ground and long-lived isomeric states are fundamental properties of atomic nuclei

that offer complementary insights into their multi-faceted nature. Measurements of these observables in nuclei are essential

to elucidate details about their structure and the inter-nucleon interactions that govern them. Several new radioactive

ion beam (RIB) facilities are commencing operation in the coming years with their development motivated largely by the

many examples of surprising structure phenomena that have been observed in exotic nuclei. Investigating the properties

3



TRIUMF
NSCL/FRIBATLAS

ALTO

CFBS

CARIBU

LUMIERE

S3-LEB

BECOLA

CRIS
COLLAPS

TRILIS

VITO

RILIS

IGISOL

RISE

KISS

OROCHI
HIRFL

HIAF-CLS

Operational Commissioning Planning

Nuclear properties Laser ion source Application

SLOWRI

MIRACLS

COALA

BRIF-CLS

RADRIS
CERN

GANIL GSI

RIKEN

IRIS
CLS/RILIS

BRIF-BISOL

RISIKO

LaSpec

MEDICIS

RAON

HAIF

GALS
JINR

Figure 1.1: Distribution of laser spectroscopy setups at the different radioactive ion beam facilities around the world.

and structure of unstable nuclei far from stability at RIB facilities remains a large and key avenue of nuclear physics

research today. Unexpected physical phenomena are continuously observed in different regions of the nuclear chart.

These observations continue to challenge our global understanding of nuclear structure and provide a testing ground for

state-of-the-art nuclear theory. In parallel to advances in experimental techniques, impressive progress has been made in

nuclear theory which allows our knowledge of the nuclear force to be much more deeply connected with the fundamental

forces of nature.

Laser spectroscopy techniques are a class of powerful tools that can, in some cases, simultaneously access multiple

fundamental properties of atomic nuclei (spins, electromagnetic moments, charge radii) in a nuclear model-independent

way. Measurement of these quantities is realized by probing the hyperfine structure and isotope shift of atomic/ionic

energy levels. The application of laser spectroscopy methods in nuclear physics research has a long history with its origins

involving the study of stable and long-lived radioactive isotopes found in nature. The integration of laser spectroscopy

setups into RIB facilities, first initiated in the 1970s, opened up a new era of so-called ‘on-line’ experiments, allowing

systematic studies of nuclear properties over long isotopic chains. The first review of this endeavour was published in

1979 [1]. A remarkable example from these formative years of on-line laser spectroscopy is the observation of the large

odd-even staggering effect and isomer shifts of neutron-deficient mercury isotopes [2, 3, 4, 5]. This behavior provided

early, compelling and intuitive experimental evidence of the phenomenon known as shape coexistence [6], which remains

a key theme in nuclear structure research today [7].

On-line laser spectroscopy experiments at RIB facilities also stimulated the development of collinear laser spectroscopy,

which was validated as an approach at TRIGA, Mainz [8, 9], achieving both a high resolution and sensitivity for the time.
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Soon after, the collinear laser spectroscopy method was applied at on-line facilities and used extensively in the study of

nuclear properties of unstable isotopes [10, 11, 12]. Concurrently, the highly sensitive resonance ionization spectroscopy

technique was developed and also used to measure radioactive species [13]. On-line laser spectroscopy methods then

entered a prolific period where they provided experimental data on a rich variety of nuclei and nuclear phenomena.

Earlier reviews by Otten [14], and then Billowes and Campbell [15] summarize much of this work.

Later, the introduction of gas-filled radiofrequency quadrupole ion traps to produce high-quality, bunched ion beams

in the 2000s dramatically enhanced the general sensitivity of standard collinear laser spectroscopy [16, 17, 18] and enabled

the potential of the newly implemented collinear resonance ionization spectroscopy to be realized [19, 20, 21]. In parallel,

developments of in-source laser spectroscopy and laser ion sources have played a major role in both the production and

study of exotic nuclei [22]. These technical developments have seen the application of laser spectroscopy experiments across

a wide range of fields in fundamental and applied science. Past reviews of this were given by Cheal and Flanagan [23],

and by Campbell, Moore and Pearson [24].

Efforts to investigate exotic nuclei at the extremes of stability have motivated major developments in RIB production

during the last decade. Upgrades to several existing facilities are underway including RIBF at RIKEN, Japan [25],

ISAC at TRIUMF, Canada [26], ISOLDE at CERN, Switzerland [27], IGISOL at Jyväskylä, Finland [28]. Entirely

new-generation RIB facilities are also becoming operational or under construction, including FRIB at MSU, USA [29],

FAIR at Darmstadt, Germany [30], SPIRAL2 at GANIL, France [31], RISP at RAON, South Korean [32], HIAF at IMP,

China [33], across the globe. New concepts for next-generation RIB facilities have also been proposed and planned, such

as EURISOL in Europe [34] and BISOL in China [35].

RIB facilities are defined by their operating principle employing either the Isotope Separation On-Line (ISOL) tech-

nique [27, 26], the in-flight Projectile Fragmentation (PF) technique [29, 25], or an unprecedented combination of

both [34, 35]. Due to their recognized potential to make meaningful contributions across multiple fields of science in

addition to the study of exotic nuclei [23, 24, 36], on-line laser spectroscopy setups are either already in operation or

planned at nearly every current and upcoming RIB facility around the world and are shown in Fig. 1.1.

Furthering our knowledge towards nuclei at the limits of existence poses significant experimental challenges for laser

spectroscopy techniques, as these isotopes have shorter lifetimes, are produced in vanishing quantities and are often

accompanied by large amounts of isobaric contamination (especially when produced at thick-target ISOL facilities).

These challenges constantly drive and stimulate innovation to allow the limits of spectral resolution and sensitivity

to be continuously improved upon. Examples of well-established laser spectroscopy setups are the COLlinear LAser

SPectroscopy (COLLAPS) at ISOLDE-CERN [10]; collinear laser spectroscopy at IGISOL-JYFL [37, 38]; the Collinear

Fast Beam laser Spectroscopy (CFBS) at ISAC-TRIUMF [39]; the Collinear Resonance Ionization Spectroscopy (CRIS)

setup at ISOLDE-CERN, which combines the high resolution offered by fast-beam collinear geometry with the high

sensitivity of multi-step resonance ionization process [40]; the BEam COoler and LAser spectroscopy (BECOLA) setup at

the PF-type RIB facility at NSCL-MSU [41]; the Resonance Ionization Laser Ion Source (RILIS) at ISOLDE-CERN [42]

and TRILIS at ISAC-TRIUMF [43] which could reach extremely high sensitivities; in-gas-cell laser ionization spectroscopy

at KISS, RIKEN [44]; in-gas-jet laser ionization and spectroscopy (IGLIS) at KU Leuven [45] enabling a high spectral

resolution while maintaining high efficiency; and the RAdiation Detected Resonance Ionization Spectroscopy (RADRIS)

dedicated for the study of heavy actinides at GSI [46, 47].

More than one thousand isotopes and isomers out of the roughly three thousand species producible at RIB facilities

5



Figure 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 grey (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.

have been investigated so far by laser spectroscopy techniques, as is summarized in Fig. 1.2 and in Table 1.1. These

measurements have long played an indispensable role in the study of nuclear structure and inter-nucleon interactions,

and have led to a series of breakthroughs. Some prominent examples that deserve highlighting are the following: the

nuclear halo structure in light-mass nuclei confirmed through their nuclear charge radii [48, 49, 50, 51, 52], nuclear shell

evolution and changes of magicity investigated through the nuclear spins, moments and charge radii of medium-mass

nuclei [53, 54, 55]; nuclear deformation and shape coexistence evidenced with the nuclear moments and radii of medium-

and heavy-mass nuclei [56, 57, 58]. Additionally, nuclear electromagnetic properties of exotic nuclei constitute stringent

tests for state-of-the-art nuclear and atomic theory [59, 54, 60, 61, 62, 63, 64]. In the last few years, laser spectroscopy

studies of heavy nuclei, for example those of actinide elements, have made significant progress [46, 45, 47]. Such studies

are not only of importance for understanding nuclear structure in the region, but also allow the role of relativistic effects,

electron correlations, and quantum electrodynamics on atomic structure to be investigated, as has been reviewed recently

by Block, Laatiaoui and Raeder [36].

Recent laser spectroscopy measurements of radium monofluoride (RaF) at ISOLDE-CERN have motivated a growing

interest in the study of short-lived radioactive molecules for fundamental physics research [66, 67, 68]. The structure
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of certain molecules can be used to drastically enhance their sensitivity to parity- and time reversal-violating nuclear

properties by more than three orders of magnitude with respect to atomic systems [69, 70, 71]. Moreover, molecules

containing octupole-deformed nuclei, such as radium, can provide a further enhancement of more than two orders of

magnitude on top of this [72, 73, 74].

The present review aims to give an overview of recent progress in the field since the last edition in 2016 [24]), in

addition to future perspectives opened up by technical developments enabling a higher resolution and/or sensitivity. A

focus is given on the physics impact of recent laser spectroscopy measurements of exotic nuclei across the nuclear chart.

The manuscript is structured as follows. First, we present the concepts of the atomic hyperfine structure (HFS) and

isotope shift and their relationship to nuclear properties in Sec. 2. The importance of these properties in contributing

to our understanding of nuclear structure and inter-nucleon interactions is discussed in Sec. 3. Different aspects and

recent developments of laser spectroscopy techniques are presented in Sec. 4, with Sec. 4.1 dedicated to collinear laser

spectroscopy, and Sec. 4.2 to laser resonance ionization spectroscopy close to the RIB production site, Sec. 4.3 to laser

spectroscopy of trapped ions/atoms, and Sec. 4.4 to a brief introduction of RIB production at on-line facilities. A summary

of recent physics results from the study of exotic nuclei in different mass regions of the nuclear chart is detailed in Sec. 5.

An outlook on the future opportunities and challenges of laser spectroscopy measurements of more exotic nuclei, technical

developments, as well as radioactive molecules will be given in Sec. 6, followed by a summary of this review in Sec. 7

Table 1.1: Table of isotopes for which published laser spectroscopy measure-

ments exist before October 2022. Full references of measurements covered by

previous reviews are given. New measurements reported since the last review

in this series [24] are given in a separate column.

Z A Observables New Refs. Full Refs.

He 2 6,8 δ〈r2〉 [48, 49]

Li 3 6-9,11 I, µ, Qs,δ〈r2〉 [50, 75, 76, 77, 78,

79, 80, 81, 82, 83,

84]

Be 4 7-11(odd-A) µ,δ〈r2〉 [85] [51, 86, 87, 88]

10,12 δ〈r2〉 [85] [51, 52, 85]

B 5 10,11 δ〈r2〉 [89] [89]

Ne 6 17-26,28 I, µ, Qs,δ〈r2〉 [90, 91, 92, 93]

Na 11 20 µ [94]

21-31 I, µ, Qs,δ〈r2〉 [95] [96, 97, 98, 95]

Mg 12 21,23,27,29,31 I, µ, δ〈r2〉 [99] [100, 101, 102, 99,

103]

22,24-26,28-30,33 I, µ [103, 104]

32 δ〈r2〉 [103]

Al 13 26 µ [105, 106]

27-32 µ, Qs,δ〈r2〉 [107] [107]

Ar 18 32-39,40-44,46 I,µ, Qs,δ〈r2〉 [108, 109]

K 19 36-47 I, µ, Qs,δ〈r2〉 [110, 111] [94, 112, 113, 114,

115, 116, 110, 111]

49,51 I, µ, δ〈r2〉 [53]

38m,52 δ〈r2〉 [62] [117, 62]

Ca 20 36,38,40,50,52 δ〈r2〉 [54, 60] [118, 119, 54, 60]

37,39,41-49,51 I, µ, Qs,δ〈r2〉 [59, 54, 120,

60]

[121, 122, 59, 54,

123, 120, 60]

Sc 21 42-46, 44m,45m I,µ, Qs,δ〈r2〉 [124] [125, 124]

41,47,49 µ, Qs [126, 127] [126, 127]

Continued on next page
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Z A Observables New Refs. Full Refs.

Ti 22 44,45 δ〈r2〉 [128, 129]

Cr 24 50,52-54 δ〈r2〉 [130]

Mn 25 51-57,59,61,63,50m,52m I, µ, Qs,δ〈r2〉 [131, 132, 133] [134, 131, 132, 133]

58-64,58-62m(even-A) I, µ, δ〈r2〉 [135, 132] [135, 132]

Fe 26 52 δ〈r2〉 [136] [136]

53 µ, Qs,δ〈r2〉 [136, 137] [136, 137]

Ni 28 54-56, 58-68,70 δ〈r2〉 [138, 139, 63,

64]

[138, 139, 63, 64]

Cu 29 58-78,68m,70m1,m2 I, µ, Qs,δ〈r2〉 [140, 141, 61] [142, 143, 55, 144,

145, 146, 140, 141,

61, 147]

57 Qs,δ〈r2〉 [142, 148]

Zn 30 63-79,71-79m(odd-A) I, µ, Qs,δ〈r2〉 [57, 149, 150] [57, 149, 150]

62-80 δ〈r2〉 [151] [151]

Ga 31 63-82,80m I, µ, Qs,δ〈r2〉 [152] [153, 154, 155, 156,

157, 152]

Ge 32 69,71,73 µ, Qs [158] [158]

Kr 36 72,74-96,79m,81m,83m,85m I, µ, Qs,δ〈r2〉 [159, 160, 161]

Rb 37 76-98,78m,81m,82m,84m,86m,90m,98m1,m2 I, µ, Qs,δ〈r2〉 [162, 163, 164]

Sr 38 77-100,83m,85m,87m I, µ, Qs,δ〈r2〉 [165, 166, 167, 168,

169, 170, 171, 172,

173, 174, 161]

Y 39 86-90,92-102,87m-90m,93m,96m,97m1,m2,98m µ, Qs,δ〈r2〉 [37] [56, 37]

100m I, µ, Qs [175]

Zr 40 87-89,96-102,87m,89m I, µ, Qs,δ〈r2〉 [128, 176, 17]

Nb 41 90-93,99,101,103,90m,91m δ〈r2〉 [177]

Mo 42 90,91,102-106,108 µ, δ〈r2〉 [178]

Tc 43 97-99 I, µ, Qs,δ〈r2〉 [179] [179]

Ru 44 96,98-102,104 δ〈r2〉 [180]

Pd 46 98-102, 104-106, 108, 110, 112, 114, 116, 118 δ〈r2〉 [181] [181]

Ag 47 101,103-105,107,109,105m,106m I, µ, Qs,δ〈r2〉 [182]

97-100 I, µ, δ〈r2〉 [183]

96-104,107,109,114-121 δ〈r2〉 [184] [184]

Cd 48 101-121,123-129 (odd-A),111-129m (odd-A) I, µ, Qs,δ〈r2〉 [185, 186, 187,

188]

[189, 190, 185, 186,

187, 188]

100,122-130(even-A),112m-128m(even-A) δ〈r2〉 [186, 188] [186, 188]

In 49 104-109,111,112,116-127,108m,110m,115m,126m I, µ, Qs,δ〈r2〉 [191, 192] [193, 194, 192, 195,

196, 191, 192]

105-131,113m-131m (odd-A) I, µ, Qs [197] [197]

Sn 50 108-132,117m-131m(odd-A),130m µ, Qs,δ〈r2〉 [198, 199] [200, 201, 202, 203,

198, 199]

108-134(even-A) δ〈r2〉 [198] [198]

133 µ, Qs [204] [204]

Sb 51 121,123,133,134 µ, Qs,δ〈r2〉 [205] [205]

Te 52 133,135,125m-133m(odd-A) I, µ, Qs [206]

132,134,136 δ〈r2〉 [207]

Xe 54 116-146 (even-A),129,131,137-143 (odd-A) I, µ, Qs,δ〈r2〉 [208]

Cs 55 118-146,119m,121m,122m,130m,134m-136m,138m I, µ, Qs,δ〈r2〉 [9, 209, 210, 211,

212, 213]

Ba 56 120-123,125-146,148,127m-137m(odd-A),130m I, µ, Qs,δ〈r2〉 [11, 214, 215, 216,

217, 218, 14]

La 57 135,137 µ, Qs,δ〈r2〉 [219]

Ce 58 146,148 δ〈r2〉 [220]

Pr 59 135-137,141 µ [221] [221]

Nd 60 132,134-146,148,150 I, µ, Qs,δ〈r2〉 [222, 14]

Pm 61 143-146 µ, Qs,δ〈r2〉 [223] [223]

Continued on next page
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Z A Observables New Refs. Full Refs.

Sm 62 138-146,151,153,141m I, µ, Qs,δ〈r2〉 [222, 14]

Eu 63 140-153,155-159,142m,150m,152m µ, Qs,δ〈r2〉 [224, 225, 226, 227,

228, 229, 222, 230]

154 Qs,δ〈r2〉 [225]

138,139 I, µ, δ〈r2〉 [225, 222, 14]

Gd 64 146-160,143m δ〈r2〉 [231]

145,145m µ, Qs,δ〈r2〉 [232]

Tb 65 147-155,157,159 µ, Qs,δ〈r2〉 [233]

Dy 66 149-159 (odd-A) I, µ, Qs,δ〈r2〉 [14]

146-164 (even-A) δ〈r2〉 [14]

Ho 67 151-163,151m-154m-162m(even-A) I, µ, Qs,δ〈r2〉 [234, 14]

Er 68 153-167 (odd-A) I, µ, Qs [14]

150-164(even-A) δ〈r2〉 [14]

Tm 69 153,154,156-172,154m I, µ, Qs,δ〈r2〉 [235, 236, 14]

Yb 70 153-177,176m,177m I, µ, Qs,δ〈r2〉 [14, 237, 238, 19,

239, 236, 240, 241,

242]

152 δ〈r2〉 [238]

Lu 71 161-179,166m1,m2,167m-

169m,171m,172m,174m,176m,177m,178m

µ, Qs,δ〈r2〉 [238]

Hf 72 170,172-174 δ〈r2〉 [243]

171,175,171m,178m1 I,µ, Qs,δ〈r2〉 [244, 16, 241]

178m2 µ, Qs [245]

Ta 73 179 I, µ, Qs [246]

180m, 181 I, µ [247]

W 74 180,182-184,186 IS and HFS [248]

Re 75 185,187 IS and HFS [249, 250]

Os 76 194,196 δ〈r2〉 [251] [251]

Ir 77 182-189,191,193,186m µ, Qs,δ〈r2〉 [252]

196-198 µ, δ〈r2〉 [253] [253]

Pt 78 183-196,198,199,183m,185m,199m µ, Qs,δ〈r2〉 [254] [255, 256, 257, 258,

259, 254]

Au 79 183-197,184m µ, Qs,δ〈r2〉 [260, 261, 262, 263,

264, 265, 266, 267]

180,182,198,199,187m,189m µ,δ〈r2〉 [268, 269] [264, 268, 269]

176,177,179 µ [270, 271, 272] [270, 271, 272]

Hg 80 177-207 (185− 199m) (odd-A) I, µ, Qs,δ〈r2〉 [58, 273, 274,

275]

[14, 58, 273, 274,

275]

178-208(even-A) δ〈r2〉 [58, 273, 274,

275]

[14, 58, 273, 274,

275]

Tl 81 179-185,203,205,207,208,182m-

187m,195m1,m2,m3,197m1,m2,m3

I, µ,δ〈r2〉 [276] [277, 276, 278, 279]

190-194,196,188m-194m,196m µ, Qs,δ〈r2〉 [280, 281, 282]

187,188 µ, Qs [283]

Pb 82 182-194,196-212,214,195m,197m,202m2 µ, Qs,δ〈r2〉 [284, 285, 286, 287,

288, 289]

185m1,m2 I, µ [290]

Bi 83 187,188g,m,189,191,202-213,210m µ, Qs,δ〈r2〉 [291, 292, 293,

294]

[295, 296, 297, 291,

292, 293, 294]

192g,m-195g,m,197g,m,198m µ,δ〈r2〉 [298, 291] [298, 291]

Po 84 200,202,204-211,216-218,217m µ, Qs,δ〈r2〉 [299]

[300, 301, 299]

191-199,201,203,197m,199m,201m,203m δ〈r2〉 [301, 302]

At 85 195-211,217-219,195m,197m-

199m,200m1,m2,202m

µ, Qs,δ〈r2〉 [298, 291] [303, 304]

Rn 86 202,204-212,218-223,225,203m I, µ, Qs,δ〈r2〉 [305, 306]

Continued on next page
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Z A Observables New Refs. Full Refs.

Fr 87 203-213,219-228,204m1,m2,206m1,m2 I, µ, Qs,δ〈r2〉 [307, 308, 309,

310]

[311, 312, 313, 307,

314, 212, 308]

202,202m,218m,229,231 I, µ, δ〈r2〉 [315, 316, 317, 312,

318]

214 I, δ〈r2〉 [319] [319]

Ra 88 208-214,220-230,232,233 I, µ, Qs,δ〈r2〉 [320] [321, 322, 323, 324,

325, 320]

Ac 89 212-215,227 I, µ, Qs,δ〈r2〉 [45, 326] [45, 326]

225,226,228,229 µ, δ〈r2〉 [327] [327]

Th 90 227,228,230,232 δ〈r2〉 [328]

229, 229m µ, Qs,δ〈r2〉 [329, 330] [331, 332, 328, 329,

330]

Pa 91 231 [333] [333]

U 92 234,236,238 δ〈r2〉 [334]

233,235 µ, Qs,δ〈r2〉 [334, 335]

Np 93 237 I [336]

Pu 94 238-242,244 δ〈r2〉 [337] [337, 338]

Am 95 240f ,242f ,244f Qs,δ〈r2〉 [339, 340]

Cm 96 242,244-246,248 δ〈r2〉 [341, 342]

Bk 97 249 I [341, 342]

Cf 98 249-252 I [343]

Es 99 253 δ〈r2〉 [344]

253-255 I, µ, Qs [345] [346, 345]

Fm 100 255 µ, Qs [347]

No 102 252-254 µ, Qs,δ〈r2〉 [47] [47]

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 [348, 349, 350, 351]. Constraining

the parity-, and time reversal-violating electric dipole moment (k = 1), and magnetic quadrupole moments (k = 2), is a
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major open topic of research, with profound implications in our understanding of fundamental symmetries [352, 69].

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 (δ〈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 [350, 351].

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)

where A is the magnetic dipole HFS parameter A = µIBe
IJ . Here, Be is known to be proportional to the total angular

momentum of the electrons (J).

Starting from this, the general expression describing the energy of each substate resulting from the magnetic dipole

interaction is:

∆Em/h =
1

2
AK =

1

2
A(F (F + 1)− I(I + 1)− J(J + 1)). (2.3)

Here, F is a quantum number F = I +J arising from the coupling of I and J . The number of split substates is equal to

2I + 1 for the case of I ≤ J , and 2J + 1 for J ≤ I. Figure 2.1(a) presents an example of the four hyperfine substates (F )

split from the 3P2 state, due to the magnetic dipole hyperfine interaction between the atomic nucleus (with spin I = 3/2)

and its bound electrons.

An electric quadrupole moment is expected for atomic nuclei with spin I > 1/2 and a non-spherical charge distribution.

The interaction between the quadrupole moment (Qs) of the nucleus and the average electric field gradient (Vzz = 〈∂
2Ve
∂z2 〉)

at the location of nucleus produced by the surrounding electrons is given by:

He = B
6(I · J)2 + 3(I · J)− 2I2 · J2

2I(2I − 1)2J(2J − 1)
. (2.4)

This leads to an additional energy shift of each substate F :

∆Ee/h =
B

4

3
2K(K + 1)− 2I(I + 1)J(J + 1)

I(2I − 1)J(2J − 1)
(2.5)

where B = eQs〈∂
2Ve
∂z2 〉 is the electric quadrupole HFS parameter. These additional shifts for the F substates from the

electric quadrupole hyperfine interaction are also illustrated in Fig. 2.1(a).

Therefore, for a general case with I, J > 1/2, the total energy shift of each hyperfine level F is:

∆Ehfs/h = ∆Em/h+ ∆Ee/h =
1

2
AK +

B

4

3
2K(K + 1)− 2I(I + 1)J(J + 1)

I(2I − 1)J(2J − 1)
(2.6)

which combines the effects of both the magnetic dipole and electric quadrupole hyperfine interactions (Fig. 2.1(a)).

In principle, by measuring the ∆Ehfs of all hyperfine substates, the nuclear spin I and HFS parameters (A and B)

can be determined, allowing the nuclear magnetic dipole and electric quadrupole moments to be extracted. For this,

knowledge of the magnetic field Be and average electric field gradient Vzz at the nucleus is required. This often needs to
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Figure 2.1: An example of a hyperfine structure (a) and spectrum (b) for the 4s4p 3P2 → 4s5s 3S1 atomic transition of 63Zn with nuclear

spin of I = 3/2 measured using the collinear laser spectroscopy (COLLAPS) setup ISOLDE-CERN [149].

be calculated by atomic theory. However, as Be and Vzz depend only on the electronic structure if one assumes an ideal

point-like nucleus, they are expected to be a constant for all isotopes of a given element. Thus, the magnetic dipole and

electric quadrupole moments can be deduced in a simpler and more elegant way, by using the known moments (µ and

Qs) and HFS parameters (A and B) of a reference isotope:

µ = µref
IA

IrefAref
, (2.7)

Qs = Qs,ref
B

Bref
. (2.8)

In most cases, the reference nuclei are naturally occurring stable or long-lived isotopes, and their moments can be measured

with high precision by other independent experimental methods, such as nuclear magnetic resonance (NMR) and nuclear

quadrupole resonance (NQR) spectroscopy.

The assumption of an ideal point-like nucleus is clearly not sound for all real systems due to effects from the finite

distribution of electric charge and nuclear magnetism. To take these into account, two additional corrections [353] need

to be added to the expression of magnetic dipole HFS parameter A such that:

A =
µIBe
IJ

(1 + εBR)(1 + εBW) = Apoint(1 + εBR)(1 + εBW) (2.9)

where εBR is the Breit-Rosenthal-Crawford- Schawlow (BR) effect caused by the extended nuclear charge [354], and εBW is

the Bohr-Weisskopf effect (BW) arising from the non-uniform distribution of magnetization over the nucleus [355]. A direct

experimental measurement of εBR+εBW is not possible and precise theoretical calculations of Apoint are challenging [1, 356].

Thus, a commonly used method is to take the ratio of magnetic dipole HFS parameters (A and A′) for two isotopes:

A

A′
=
µI ′

µ′I

(1 + εBR)(1 + εBW)

(1 + ε′BR)(1 + ε′BW)
≈ µI ′

µ′I
(1 +A ∆A′

BW)(1 +A ∆A′

BR) ≈ µI ′

µ′I
(1 +A ∆A′

BW). (2.10)
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Here, the parameter A∆A′ is defined as the differential hyperfine anomaly of the two isotopes. As A∆A′

BR is expected

to be very small [353] and A∆A′

BW from the BW effect is usually the dominant contribution to the differential hyperfine

anomaly. Therefore, Eq. 2.7 becomes

µ = µref
IA

IrefAref
(1 + A∆A′). (2.11)

Experimental determination of the hyperfine anomaly requires precise, independent measurements of the magnetic HFS

parameters A and magnetic moment µ, as it is typically an effect on the order of 10−3 with respect to A. In the majority

of nuclei (those in light- and medium-mass elements), the hyperfine anomaly is assumed to be negligible by systematic

studies and treated as an error contribution [116]. However, for heavier systems, the magnitude of this effect can be

significant [356, 357, 358, 359]. Studying the hyperfine anomaly in these systems therefore could offer new insights into

certain aspects of nuclear structure such as the nuclear magnetization radius [357, 358].

2.2. Isotope shifts

Starting with a simple example, as illustrated in Fig. 2.2(a), the finite size of atomic nucleus leads to a minute shift in the

transition frequency of the two atomic energy levels (e.g. s and p) when compared to that of a point nucleus. Therefore,

for two nuclear systems (isotopes with mass numbers of A and A′) of the same element, due to the difference in their mass

and volume, there is a small difference (δν) in their atomic transition frequencies (νA
′
, νA) between the two electronic

states. This is known as the isotope shift and is defined as:

δνAA
′

IS = νA
′
− νA. (2.12)

For isotopes possessing non-zero nuclear spin, hyperfine structures for the two atomic energy level exist (given J > 0), as

shown in Fig. 2.1 (b) for the atomic 4s4p 3P2 and 4s5s 3S1 states of zinc. Thus, the isotope shift between the transition

frequencies of the two isotopes refers to the difference in the center of gravity (COG or centroid) of their hyperfine

structures.

There are two major effects that contribute to the isotope shift [362]:

δνAA
′

IS = δνAA
′

MS + δνAA
′

FS . (2.13)

The first part is the mass shift, that comes from the movement of a nucleus with finite mass M . It can be decomposed

into two components, known as the Normal Mass Shift (NMS) and Specific Mass Shift (SMS). The NMS is equivalent to

the case of hydrogen (one-electron case), and is simply proportional to the transition frequency (ν) and to MA′−MA

MA′MA . The

SMS, on the other hand, originates from correlation effects between any two electrons within a multi-electron system.

This therefore renders the SMS very difficult to evaluate theoretically. A calibration based on known data (known as

a ‘King-plot’ [363, 362] approach, as will be briefly introduced in Sec. 2.3) is preferred in cases where it is possible.

Nevertheless, the total mass shift can be factorized and written as

δνAA
′

MS = δνAA
′

NMS + δνAA
′

SMS = (KNMS +KSMS)
MA′ −MA

MA′MA
= KMS

MA′ −MA

MA′MA
. (2.14)

where KMS is the mass shift factor. From Eq. 2.14, one can see that, in light nuclei, the mass shift dominates the overall

isotope shift, as schematically shown in Fig. 2.2(b). This is because that adding/removing one neutron to light nuclei will

have a much larger fractional effect on δνAA
′

MS when compared to doing the same in heavier nuclei.

The second term in Eq. 2.13 is known as the field (or volume) shift arising from the change in electron energy due

to the difference in spatial distribution of the nuclear charge, as shown in Fig. 2.2(a). This change in electron energy,
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Figure 2.2: (a) Schematic diagram for the energy shift of s− and p-electronic levels due to a nucleus with a finite size. This figure is reproduced

from a figure in Ref. [360]. (b) Qualitative illustration of the approximate magnitude of the mass shift and field shift as a function of the

atomic number Z. The figure is reproduced from a figure in Ref. [361]

due to the finite size of the nucleus, should then be proportional to the volume (mean-square charge radius 〈r2
c 〉) of the

atomic nucleus in addition to the non-relativistic probability density (|Ψe(0)|2) of the involved electron at the centre of

the nucleus. Thus, for an optical transition from state i to state f , the shift in the transition frequency is proportional to

the difference in the non-relativistic electron density between the two states (∆|Ψe(0)|2if ). Assuming a constant electron

density within the nuclear volume for all isotopes of an element in a non-relativistic regime, the field shift of the two

isotopes (A and A′) for an optical transition (i→ f) can be given by [362]

δνAA
′

FS =
πa3

0

Z
∆|Ψe(0)|2ifδ〈r2

c 〉AA
′

= Fδ〈r2
c 〉AA

′
(2.15)

where a0 is the Bohr radius, Z is the proton number of the element, δ〈r2
c 〉 is the change in the mean-square charge radii

of two isotopes with mass numbers of A and A′. Here, F is the field shift factor. As discussed in Ref. [361], in a rough

approximation, a dependence of the field shift on the atomic number and mass number can be estimated to be

δνAA
′

FS ∝ Z2

3
√
A
. (2.16)

Therefore, in heavier nuclei, the field shift dominates the overall isotope shift. Figure 2.2(b) plots the relative contributions

of the field and mass shifts as a function of atomic number Z. Based on Eq. 2.15, it is clear that the field shift carries

information of nuclear charge radii and is therefore the part of interest in nuclear physics. In light nuclei, as the field shift

is several orders of magnitude smaller than the mass shift, high-precision measurements of isotope shifts become crucial

in order to precisely extract the δ〈r2
c 〉AA

′
.

Note that for a more proper treatment of the field shift, a relativistic correction factor f(Z) may be considered, leading

to a field shift factor F (Z) =
πa30
Z ∆|Ψe(0)|2iff(Z). In particular, for heavy nuclei, the assumption of a constant electron

density over the nuclear volume is no longer valid and relativistic effects can not be neglected. The expression of the
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field shift then becomes δνAA
′

FS = F (Z)λAA
′
. Here, λAA

′
is the Seltzer moment, which can be written as a series of radial

moments [364]:

λAA
′

= δ〈r2
c 〉AA

′
+ aδ〈r4

c 〉AA
′
+ bδ〈r6

c 〉AA
′
+ ... (2.17)

As will be introduced in Sec. 3.2.4 and in Ref. [365], high-precision measurements of isotope shifts may provide access to

higher-order radial moments of atomic nuclei in addition to constraining potential new physics and phenomena.

2.3. Extraction of nuclear observables

Figure 2.1(b) and (c) show a typical example of the HFS spectrum for the atomic 4s4p 3P2 → 4s5s 3S1 transition in
63Zn (I = 3/2) measured with the standard collinear laser spectroscopy method [149]. The frequency (νFuFl

) of each

allowed transition from the upper substate Fu to the lower substate Fl (selection rule: ∆F = 0,±1 with F = 0→ F = 0

forbidden) in Fig. 2.1(b), corresponding to each resonance peak in Fig. 2.1(c), can be described by the function [23]:

νFuFl
= ν + αuAu + βuBu − αlBl − βlAl (2.18)

where ν is the centroid frequency of the 3P2 → 3S1 atomic transition. Here, Au (and Bu ) and Al (and Bl) are the

magnetic dipole (and electric quadrupole) HFS parameters for the upper (3S1) and lower (3P2) states, respectively. From

Eq. 2.6, one can deduce expressions for the coefficients αu (αl) and βu (βl), which are a function of the nuclear spin (I)

and total angular momenta of the upper (J = 1) and lower (J = 2) atomic states:

α =
K

2
, β =

B

4

3
2K(K + 1)− 2I(I + 1)J(J + 1)

I(2I − 1)J(2J − 1)
(2.19)

with K = F (F + 1) − I(I + 1) − J(J + 1). Based on Eq. 2.18, we can fit the HFS spectrum in Fig. 2.1(c) by using a

χ2-minimization process (an example can be found in the Python package in SATLAS [366]). From this, the atomic pa-

rameters of ν, Au, Bu, Al, Bl can be obtained. With these parameters, we can derive magnetic moments (µ), quadrupole

moments (Qs) and changes in mean-square charge radii (δ〈r2〉) without invoking any nuclear model, as will be detailed

in the following. Note that the nuclear spin I is predefined in the fitting process and an incorrect assignment will in most

cases strongly affect the quality of the fit.

• Nuclear spin

One of the key strengths of high-resolution laser spectroscopy methods is that, in a large number of cases, the nuclear

spins can be determined unambiguously in a nuclear model-independent way. The following approaches can be adopted

to determine the nuclear spins from HFS spectra.

1) Number of observed resonance peaks

It has already been demonstrated in Eq. 2.3 that the number of hyperfine structure resonances is necessarily defined

by the combination of the nuclear spin I and the total angular momenta of the atomic states involved J , as

F = I + J, I + J − 1, ..., |I − J |. In cases where I ≤ J , the number of hyperfine substates F is 2I + 1. Therefore, an

unambiguous spin assignment can be immediately made by counting the number of the observed resonance peaks if

they are all well resolved in the HFS spectrum. Taking again the 3P2 → 3S1 atomic transition of zinc as an example,

three and eight HFS peaks are expected for zinc isotopes with I = 1/2 and I = 3/2, respectively (due to J = 1, 2).

This method is exactly how the 1/2 spin was assigned to the isomeric state in 79Zn [57], and what Fig. 2.1(b)

presents for I = 3/2 ground state of 63Zn. For all nuclear states of zinc isotopes with I ≥ 5/2 (i.e. I > J), nine
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Figure 2.3: An example of spin determination for 73mZn based on the ratio between the HFS constants of the upper (3S1) and lower (3P2)

states (A(3S1)/A(3P2)) extracted from the fitting of their HFS spectra [150]. The black open and solid dots show the results for the 1/2 and

high-spin (7/2, 9/2) states of 69−79Zn, respectively. For 73mZn, three possible spins are used in fitting its HFS spectrum, with a red star for

I = 5/2, a green diamond for I = 3/2 and a blue pentagon for I = 7/2. It is clear that the ratio A(3S1)/A(3P2) for the case of I = 5/2

consistent with that of other isotopes and isomers. This therefore determines the spin of 73mZn to be 5/2. The figure is re-plotted based on

the results in Ref. [150].

resonance peaks are expected in their HFS spectra, as has been observed for 65−79Zn (Fig.1 in Ref. [149]). A direct

spin determination in this manner is impossible for systems with I > J , however other approaches can be utilized.

2) Ratio of Au and Al

As discussed above in Sec. 2.1, the hyperfine anomaly, in the vast majority of cases, is very small and thus can be

neglected. We can expect that the ratio of the magnetic dipole HFS parameters of the two atomic or ionic states

probed by laser spectroscopy experiments, R = Au/Al, remains constant across the entire isotopic chain of a given

element. This rule offers an indirect but effective and nuclear model-independent method to determine the spin of

the studied isotope when fitting its HFS spectrum. In other words, if a correct spin is predefined when fitting the

HFS spectrum of isotope with an unknown spin, the extracted R = Au/Al will be the same, within experimental

uncertainty, as that of the reference isotope. This approach has often been adopted for spin determinations of new

isotopes, such as the neutron-rich 51Ca isotope [59] and 75Cu [142]. An experimental example is given in Fig. 2.3,

where the spin of the long-lived isomeric state of the 73Zn is assigned unambiguously to be 5/2 instead of 3/2 or

7/2 [367, 150]. This is because that the extracted R with spin assumption of 5/2 perfectly agrees with that of other

zinc isotopes.

3) Racah intensities of the resonance peaks

Theoretically, the relative intensity of the resonance peaks in a typical HFS spectrum (Fig. 2.1(c)), corresponding
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to the allowed dipole transition strengths between two hyperfine states labeled with Fu and Fl, can be calculated

using the formula [368]:

IFu→Fl
∝ (2Fl + 1)(2Fu + 1)

Ju Fu I

Fl Jl 1


2

(2.20)

where the factor in brackets is a Wigner 6-j symbol. This expression is also called the Racah intensity. Based

on Eq. 2.20, the nuclear spin (I) can be, in principle, determined from the relative intensities of resonance peaks

in the measured HFS spectrum. However, in practice, the experimentally observed relative intensities of the HFS

resonance peaks are often affected by the power of the probing laser. Thus a direct spin determination from Eq. 2.20

is not always possible, but can still be realized by a systematic comparison of the relative intensities of the HFS

peaks of different isotopes measured under identical experimental conditions. This approach was employed for the

spin assignment of the neutron-rich 51K isotope [53, 115].

• Nuclear magnetic (µ) and quadrupole (Qs) moments

The magnetic and quadrupole moments of a given isotope can be determined using Eq. 2.7 and Eq. 2.8, respectively,

from either the Au and Bu of the upper state or Al and Bl of the lower state, depending on their sensitivity to them.

Taking once again the two atomic states of 63Zn in Fig. 2.1(b) as an example, Au of 3S1 is two times more sensitive to the

magnetic moment than Al of 3P2. The moments of zinc isotopes are therefore determined from the Au of the 3S1 state

and Bl of the 3P2 state [149] (Bu of 3S1 is known to be nearly zero). In the case that HFS parameters for both states

are comparable in magnitude, the final magnetic µ and quadrupole Qs moments are often calculated as the weighted av-

erage of the two sets of values taking into account the correlation between the HFS parameters of the two states [127, 158].

• Changes in mean-square charge radii δ〈r2〉

Based on Eq. 2.13 and the discussion in Sec. 2.2, the total isotope shift δνA,A
′

IS for an optical transition between the

isotopes A and A′, can be summarized as:

δνA,A
′

IS = KMS
MA −MA′

MAMA′
+ Fδ〈r2〉AA

′
. (2.21)

Here, KMS and F are the mass shift and field shift factors, respectively, which are considered to be constant in a particular

transition across an isotopic chain when relativistic effects are neglected.

Experimentally, we can deduce the isotope shift δνA,A
′

IS of two isotopes (A,A′) from the centroid frequencies determined

from their HFS spectra. Figure 2.4 presents the experimentally measured spectra of even-even 62−80Zn isotopes (with

I = 0) for the 4s4p 3P2 → 4s5s 3S1 atomic transition. As indicated in the figure, the centroid frequency of each

isotope, defined through fitting the resonance, allows the isotope shifts of all isotopes relative to the reference 68Zn to be

calculated as δν68,A′ = νA
′ −ν68. Therefore, from the measured δνA,A

′
, the changes in mean-square charge radii between

the reference isotope A and isotope A′, δ〈r2〉AA′ , can be obtained. Further, the root-mean-square (rms) charge radius of

the isotope A′ can be determined from:

RA
′

=
√
〈r2〉A′ =

√
δ〈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 [363].
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Figure 2.4: Optical spectra of even-even 62−80Zn isotopes (with I = 0) measured in the 4s4p 3P2 → 4s5s 3S1 atomic transition by COLLAPS

at ISOLDE-CERN [151], from which the isotope shifts, δν = νA − ν68, are deduced. The figure is re-plotted based on the results in Ref. [369].

In order to calculate δ〈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 δ〈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
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experimentally known from other techniques, the King-plot analysis [362] can be adopted to calibrate the atomic mass-

and field-shift factors based on Eq. 2.21, as detailed in Ref. [363].

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 Sec. 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 Sec. 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 [370, 371] 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 [372] and three-body

force [373], can lead to unexpected and sometimes dramatic changes in the structure of atomic nuclei. Prominent examples

involve nuclear shell evolution [53, 55], intruder states [100, 57], disappearance of traditional magic numbers [103] and

the appearance of the new regions of magicity [374, 375]. 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 Sec. 2, offer a direct means to unambiguously determine the nuclear spins of ground and long-lived isomeric

states, as detailed in Sec. 2.3. These spin assignments have proven pivotal in characterizing different nuclear structure

phenomena.
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Figure 3.1: Example of proton shell evolution in potassium (Z = 19) isotopes (left) and of copper (Z = 29) isotopes (right), respectively.

Information on the structural characteristics of these isotopes was obtained from measurements of the spins of their ground and first excited

states [53, 55].

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, 100, 55, 57], and will be discussed in Sec. 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. Figure 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 π1d3/2 shell-model

orbital below the Z = 20 magic shell gap (left panel of Fig. 3.1). From a simple single-particle model perspective, a

ground-state spin of 3/2+ would be expected for all odd-A potassium isotopes. However, as neutrons gradually fill the

ν0f7/2 and ν1p3/2 orbitals, the ground-state spins of 47,49K were measured to be 1/2+ by laser spectroscopy experiments.

Progressing towards the more neutron-rich isotopes, the ground-state spin of 51K reverts back to 3/2+ as the ν1p3/2 orbital

is fully occupied. This inversion and subsequent reinversion of the nucleon single-particle levels, demonstrated here with

the ground-state spins of potassium isotopes, is one example of novel phenomena observed in exotic nuclei [114, 53].

Theoretical interpretations for shell evolution, within the shell-model framework, attribute this phenomenon to result

from the enhanced effect of the residual proton-neutron monopole interaction in weakly-bound nuclei [372, 53]. By

including the tensor contribution of the proton-neutron monopole interaction in the shell model, theoretical predictions

showed that another inversion of proton π0f5/2 and π1p3/2 single-particle orbitals will occur when neutrons occupy the

ν1g9/2 orbital [372]. This prediction was soon experimentally validated by the ground-state spins of neutron-rich copper

isotopes (e.g. 75,77Cu) assigned by laser spectroscopy experiments [55, 144], as shown in right panel of Fig. 3.1.
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Figure 3.2: Experimental magnetic moments of potassium (Z = 19) isotopes (left panel) [53, 116] and of copper (Z = 29) isotopes (right

panel) [55, 144], compared to the Schmidt moments for a single proton occupying different shell-model orbitals. For potassium isotopes,

Schmidt moments for proton in πd3/2 and πs1/2 orbitals are estimated using an effective spin g-factor of geff
s = 0.85gfree

s and effective orbital

g-factor of gπl = 1.15 [53]. While for copper isotopes, the Schmidt values are calculated using geff
s = 0.7gfree

s for a single proton occupying

πp3/2 and πf5/2 orbitals[55].

3.1.2. Nuclear magnetic moments

The nuclear magnetic dipole moment arises from the magnetic field generated by the orbiting charged particle and the

‘intrinsic’ spin (s = 1/2) of a nucleon. In a semi-classical approximation (impulse approximation), the magnetic dipole

operator of a nucleus can be expressed by the orbital and spin contributions such that

µ =

i=A∑
i=1

gil l
i +

i=A∑
i=1

giss
i (3.1)

where gl and gs are known as the orbital and spin gyromagnetic factors (g-factors), l and s are the orbital and spin

angular momentum operators [376]. The free proton and neutron g-factors are gπs = 5.587, gνs = −3.826, gπl = 1, gνl = 0.

The magnetic dipole moment is thus the expectation value of the z-component of the magnetic dipole operator, leading

to the definition of µ = gIµN, where I is the non-zero spin of the nucleus, µN is the nuclear magneton (the conventional

unit of nuclear magnetic moments).

As mentioned previously, in the nuclear shell-model picture, the ground-state spin of an odd-A nucleus is primarily

determined by that of its unpaired valence nucleon. Therefore, the single-particle magnetic moment for a valence nucleon

occupying a particular shell-model orbital with total angular momentum j = l ± 1
2 is defined as [377, 378]:

µ(j) =

gl(j −
1
2 ) + 1

2gs, j = l + 1
2

j
j+1

[
I + 3

2 −
1
2gs
]
, j = l − 1

2

(3.2)

Using the known g−factors for free protons and neutrons, the single-particle magnetic moment for a valence proton or

neutron in a shell-model orbital can be calculated in a straightforward manner. These are known as Schmidt moments.
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The fact is that experimental magnetic dipole moments of odd-A (odd-N , even-Z or odd-Z, even-N) nuclei deviate from

the calculated Schmidt values, indicates that behavior of valence nucleons in a real nucleus differs to that of free nucleons.

Two possible causes for such deviations are configuration mixing with other states and meson-exchange currents (MEC)

in the two-body magnetic moment operator [379, 376]. To compensate for the influence of these two effects, “effective”

proton and neutron g-factors are often employed to calculate effective single-particle magnetic moments. For example, the

dashed-and-dotted lines in Fig. 3.2 are the calculated “effective” Schmidt moments using effective g-factors for a valence

proton in πd3/2 (πs1/2) orbital (left panel) and in πp3/2 (πf5/2) orbital (right panel).

The magnetic moment of a composite nuclear state, e.g. a nuclear state described by the coupling between a va-

lence proton and neutron, can be calculated through the addition theorem, using the known magnetic moments of its

constituents as [376, 378]:

µ(J) =
J

2

[
µπ
Jπ

+
µν
Jν

+

(
µπ
Jπ
− µν
Jν

)
Jπ(Jπ + 1)− Jν(Jν + 1)

J(J + 1)

]
. (3.3)

For a largely deformed nucleus, calculation of its magnetic dipole moment requires accounting for both its collective and

single-particle motions. Details and examples on the addition of nuclear magnetic moment of deformed systems can be

found in Refs. [376, 378, 377] and will not be introduced here.

We see that nuclear magnetic moments are very sensitive to which shell-model orbitals are occupied by the valence

nucleons (or holes). They therefore act as an excellent probe of the configuration and purity of the nuclear wavefunction.

In addition, the nuclear magnetic moment offers a stringent test of nuclear shell-model calculations employing different

effective interactions. Here, we will again take the potassium (Z = 19) and copper (Z = 29) isotopes as examples to

demonstrate the sensitivity of the nuclear magnetic moment to the structural changes in nuclear shell ordering. In a naive

shell-model picture, the ground-state magnetic moments of the odd-A potassium and copper isotopes should remain

constant, irrespective of their even-N neutron number. We already know from the above discussion on nuclear spins in

Fig. 3.1 that the energy levels of 1/2+ and 3/2+ states in potassium isotopes and of 3/2− and 5/2− in copper isotopes

migrate due to monopole interaction between the valence proton and increasing number of neutrons. As represented in

Fig. 3.2, through comparing experimental magnetic moments to calculated effective Schmidt values of different specific

proton orbitals, the dominant configuration involved in the ground-state wave function of each isotope can be elucidated.

This provides compelling evidence that the shell-model orbitals in which the unpaired proton resides change with neutron

number [114, 53, 55, 144, 372].

3.1.3. Nuclear quadrupole moments

The electric quadrupole moment arises from the non-spherical charge distribution of an atomic nucleus. It therefore carries

information on nuclear deformation and acts as an indicator of collective effects. In the impulse approximation, the nuclear

electric quadrupole moment can be expressed as the expectation value of the operator Q = ei
∑
i=1

(3z2
i − r2

i ) within the

angular momentum state |IM〉 with the maximal projection I = M or of E2 operator Q = ei
∑
i=1

√
16π/5r2

i Y
0
2 (θi, ϕi),

resulting in the expression [378, 377]

Qs =

(
I(2I − 1)

2(I + 1)(2I + 3)(I + 1)

)1/2

〈I||Q||I〉. (3.4)

From this, a zero, positive and negative quadrupole moment indicates a spherical, prolate and oblate charge distribution,

respectively.
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Q < 0 Q > 0

Figure 3.3: (Left) A schematic for the nuclear shape with a single particle outside of a doubly magic nucleus, which induces an oblate charge

distribution and thus a negative quadrupole moment. (Right) For a single hole within a doubly magic nucleus, a prolate charge distribution

with a positive quadrupole moment is predicted.

In the extreme single-particle case, where a nucleon moves outside of a spherical core with no interaction between the

two, the single-particle quadrupole moment can be calculated as [376, 378, 377]:

Qs.p. = −e 2j − 1

2(j + 1)
〈r2
j 〉 (3.5)

where 〈r2
j 〉 is the mean-square charge radius of the nucleon in the orbital j. Thus, for a single nucleon outside of a doubly

magic nucleus, a negative quadrupole moment appears, which can be interpreted as oblate core polarization, as pictorially

represented in the left panel of Fig. 3.3. The same model can be used for the case where a nucleon is missing (hole) from

a closed shell, leading to a positive quadrupole moment Q = −Qs.p., as shown in the right panel of Fig. 3.3. When n

particles are in the orbital j, the seniority scheme in the simple shell-model picture predicts

Qs =

(
1− 2n− 2

2j − 1

)
Qs.p(j) (3.6)

resulting in a linear increase of Qs with n [378, 376]. From the above, we expect a vanishing quadrupole moment in the

single-neutron case, as a neutron does not carry an overall charge. The quadrupole moment for a single-neutron outside

of a closed shell however is finite due to the additional charge induced by the presence of other nucleons in the nucleus

and the resulting interaction between them. Therefore, effective charges for protons and neutrons are often introduced,

as eπeff = 1 + ep and eνeff = en in analogy with the effective g-factors for magnetic moments. Thus, Eq. 3.5 becomes

Qs.p. = −eeff [(2j− 1)/(2(j+ 1))]〈r2
j 〉. Experimentally determined quadrupole moments however only partially agree with

that of a single particle (or hole) outside of a spherical core at closed shells. In many cases, large values of quadrupole

moments are observed, resulting from the motion of a large number of nucleons, for which a collective model needs to be

introduced.

It is important to note that Qs in Eq. 3.4 does not exist for nuclei with spin I = 0, 1/2. This does not necessarily mean

that all I = 0, 1/2 nuclei possess a spherical charge distribution. It is the intrinsic quadrupole moment Qintr., classically

defined in the body-fixed axis system, that carries the most direct information relating to nuclear deformation. In the

strong coupling limit, one can relate the spectroscopic quadrupole moment to the intrinsic quadrupole moment, through

the relation:

Qs =
3K2 − I(I + 1)

(2I + 3)(I + 1)
Qintr. (3.7)

with K being the projection of the total angular momentum I onto the symmetry-axis (z) of the deformed system. The

nuclear quadrupole deformation parameter β2, which represents to what extent the nucleus deviates from a spherical
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shape, can be linked to the intrinsic quadrupole moment (Qintr.) [377]

Qintr. =
3√
5π
ZR2

0β2(1 + 0.36β2). (3.8)

Experimentally, one can not determine the quadrupole deformation of nuclei with I = 0, 1/2 through measuring their

spectroscopic quadrupole moment. This can instead be determined from measuring the B(E2 ↑), the probability of

electric quadrupole γ-transition, but will not be detailed here. If nuclei possessing I = 0, 1/2 are deformed (a non-zero

Qintr.), this deformation effect will be seen in the nuclear charge radii, which will be discussed in the following.

3.2. Mean-square nuclear charge radii

The mean-square nuclear charge radius, 〈r2〉, is defined as:

〈r2〉 =

∫
r2ρch(r)dV∫
ρch(r)dV

. (3.9)

Here, ρch(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) =
4π

qZ

∫ ∞
0

ρch(r) sin(qr)rdr, (3.10)

with

4π

∫
ρch(r)rdr = Z. (3.11)

In the above expression, F (q) is the Fourier transform of ρch(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〉 [365], an observable that can provide complementary

information related to the nuclear surface [380]. From extensive studies of stable nuclei with electron scattering experi-

ments [363], 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
(r0A

1/3)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:

δ〈r2〉A,A
′

= 〈r2〉A
′
− 〈r2〉A (3.14)
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Figure 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.

with A,A′ the mass numbers of the two isotopes. A striking pattern can be noticed in how the nuclear size evolves in all

these regions. Namely, the size of the charge distribution appears to universally increase beyond the neutron closed-shells

N = 28, 50, 82, regardless of the proton number of the isotopes involved. This starkly contrasts the trends observed

below the neutron magic numbers where the evolution of charge radii depends strongly upon the atomic number (Z).

Reproducing and shedding light upon the mechanisms responsible for these phenomena is an ongoing area of theoretical

and experimental effort [381, 382].

The complex local variations in nuclear charge radii can be attributed to different aspects of nuclear structure and the

interplay between them. In some cases, changes in mean-square charge radii exhibit dramatic changes with respect to

neutron number. Nuclear charge radii therefore act as sensitive probes of different facets of nuclear structure, for instance,

shell effects [54, 62], pairing correlations [140, 151], nuclear deformation and shape staggering/coexistence [57, 58]. High-

precision charge radii of unstable nuclei have been critical in helping develop state-of-the-art nuclear theory [62, 54, 61].

In addition, the charge radii of certain isotopes can also be related to the properties of the nuclear matter and may also

aid in the search for new physics. Examples of these will be given in the following and in Sec. 5.

3.2.2. For nuclear structure

•Benchmark for inter-nucleon interactions and many-body methods

A consistent and accurate microscopic description of nuclear charge radii has been a long-standing challenge for nu-

clear theory [383, 384, 54]. As has been stated in Ref. [384] and shown in Fig.1 therein, microscopic calculations, which

routinely provide a relatively good description of nuclear binding energies, significantly underestimate nuclear charge
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radii. The discrepancy between theoretical calculations and experiment increases in magnitude in heavier elements. As

a variety of different many-body methods using the same nuclear interaction gives a similar description of experimental

results, as shown recently in Ref. [63], this discrepancy is attributed to be probably due to an incomplete description of

the underlying nuclear force. This problem was somewhat addressed with an interaction, NNLOsat, by including nuclear

properties of selected light isotopes up to A = 25 in the optimization process, necessary to determine low-energy cou-

pling constants, of nuclear forces derived from chiral effective field theory (χEFT) [384]. More recently, the ∆NNLOGO

interaction, optimized with properties of A ≤ 4 nuclei and nuclear matter, was able to largely reproduce the magnitude

of nuclear charge radii from A = 16 up to A = 132 [385].

• Nuclear shell effects

Local minima in the trends of nuclear charge radii are often observed in isotopes with magic neutron numbers. This

is due to the stabilizing effect of the shell closure which is correlated with a reduction of the nuclear radius. As shown

in Fig. 3.4 and Fig. 3.5(a)(d), the effect of neutron shell closures is often seen as an abrupt rise in the charge radii of

isotopes after the neutron magic numbers, such as the well-known examples N = 28, 50, 82 and 126. Experimental charge

radii therefore provide valuable input for characterizing new phenomena in exotic nuclei, such as the suggestion of new

magic numbers [54, 62] and the disappearance of conventional ones [103, 107].

• Pairing correlations

A ubiquitous but intriguing feature of nuclear charge radii in a particular isotopic chain is the pattern of their local

variations, known as odd-even staggering (OES). This effect describes the fact that the charge radii of most odd-N

isotopes are smaller than the average of their adjacent even-N isotopes [151, 61]. This OES effect of charge radii can

be phenomenologically explained by the blocking effect of the odd nucleon. As explained in Refs. [386, 140, 151], the

additional unpaired neutron in an odd-N isotope blocks a certain orbital and thus suppresses the scattering of neutron

pairs to higher orbitals. This in turn reduces proton pair scattering and, as a result, leads to a smaller charge radius in

the odd-N isotope.

The OES effect is particularly pronounced in isotopes of calcium between N = 20 and N = 28 and is shown in

Fig. 3.4(a) and Fig. 3.5(a). In other isotopic chains, for example the lead isotopes, this effect is barely visible in the

δ〈r2〉 (Fig. 3.5(d)). To better visualize and assess the OES effect in nuclear charge radii, a three-point radii difference is

defined. This has the form [387, 151, 61]:

∆(3)r =
1

2
[r(N + 1)− 2r(N) + r(N − 1)]. (3.15)

Figure 3.5(b) and (e) present the three-point radii differences in calcium and lead isotopes and show an identical pattern

for the OES effect. Outlying points at N = 28, 126 are attributed to effects from shell closures. In some cases, an abnormal

OES (or outright inversion) can be caused due to sudden structure changes, for example increased collectivity [152, 151,

304].

If we modify the three-point radii differences in Eq. 3.15 by adding (−1)N+1 [152]

∆
(3)
1n r =

1

2
(−1)N+1[r(N + 1)− 2r(N) + r(N − 1)] (3.16)

the shell-closure effect can be examined more sensitively. As shown in Fig. 3.5(c) and (f), the pronounced dip in the

∆
(3)
1n r clearly reflects the presence of shell closures at N = 28, 126. This approach has been recently adopted to exam-
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Figure 3.5: (a,d) Changes in mean-square charge radii of magic calcium and lead isotopes. (b,c,e,f) Odd-even staggering of nuclear charge

radii of calcium and lead isotopes, obtained from the three-point radii differences ∆(3)r = 1
2

[r(N + 1) − 2r(N) + r(N − 1)] and ∆
(3)
1n r =

1
2

(−1)N+1[r(N + 1)− 2r(N) + r(N − 1)]. Clear discontinuities are present at the magic numbers N = 28 and 126.

ine the closed-shell effect at the newly proposed N = 32 magic number based on the charge radii of potassium isotopes [62].

• Nuclear deformation

Nuclear charge radii offer an additional means to probe nuclear deformation even for isotopes with I = 0, 1/2 which

do not possess a spectroscopic quadrupole moment. A notable example of this is the sudden increase in nuclear charge

radii at N = 60 around zirconium (Z = 40) [169, 17, 56, 177], which is partially shown in Fig. 3.4(b) and discussed in

detail in the previous edition of this series [24]. The origin of this behaviour was proposed to be due to a nuclear shape

transition [388].

Assuming that the effects from higher order (e.g. octupole and hexadecapole) deformation can be neglected, the

mean-square charge radius of a deformed nucleus, which retains its volume with respect to that of a spherical nucleus,

can be expressed as:

〈r2〉 = 〈r2〉0(1 +
5

4π
〈β2

2〉) (3.17)

where β2 is the quadrupole deformation parameter [1], 〈r2〉0 is the mean-square charge radius of the spherical nucleus,

which is often calculated from the droplet model. The changes in the mean-square charge radii of two isotopes with mass
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numbers A and A′ can then be written as:

δ〈r2〉A,A
′

= δ〈r2〉A,A
′

0 +
5

4π
δ〈β2

2〉A,A
′
〈r2〉0. (3.18)

Therefore, information of nuclear deformation can be gained from measurements of 〈r2〉 or δ〈r2〉A,A′ . This contains not

only the information on the static deformation β2, linked to the quadrupole moment in Eq. 3.8, but also the dynamic

deformation. In particular, nuclear shape changes can be evaluated from their mean-square charge radii based on the

Eq. 3.17 and Eq. 3.18. For example, for a nucleus with a spherical ground state and a deformed isomer, the deformation

of the isomer can be calculated from the measured isomer shift (δ〈r2〉g,m). This was used previously to demonstrate the

phenomena of shape coexistence [5, 57].

3.2.3. Constraining properties of nuclear matter

Recently, it has been shown that nuclear charge radii can provide powerful constraints to the properties of nuclear matter

such as the radii of neutron stars [389] and to parameters in the equation of state [390, 139]. Remarkably, the differences

in charge radii of mirror nuclei are strongly correlated with the slope of the symmetry energy (L) in the equation of

state [391, 390]. An example of the correlation between the charge radii difference of the mirror pair 54Ni-54Fe and L, is

shown in Fig. 3.6. The different colors in the figure display the results of calculations using different Skyrme forces.

By measuring these charge radii differences, strict limits could be set on the slope of the symmetry energy [390, 139].

This approach is complementary to neutron-skin measurements performed by the parity-violation electron scattering

experiment PREX-II at Thomas Jefferson National Accelerator Facility (J-LAB) in the US [392].

Only a handful of charge radii measurements are available for mirror nuclei. Moreover, large theoretical uncertainties

on the structure of proton-rich nuclei can limit the uncertainty of extracted L [393]. The nuclear charge radius of the

neutron-deficient 54Ni isotope recently measured at BECOLA setup of MSU [139], together with the known radius of

its mirror isotope 54Fe, have provided a new constraint of 21 ≤ L ≤ 88 MeV. This allowed neutron-skin thickness of
48Ca isotope to be predicted. The constraint on L is consistent with that deduced from the binary neutron star merger

GW170817, as shown in Fig. 3.6, indicating a soft neutron matter equation of state.

3.2.4. Isotope shifts for new physics searches

In addition to their marked importance for nuclear structure, high-precision measurements of isotope shifts have proven

to be powerful probes in the study of diverse physical phenomena, ranging from low-energy to high-energy nuclear

physics [54, 394, 352, 395]. Isotope shift measurements are sensitive to changes in the nuclear density distribution [54, 24,

60, 198]. However, if the nuclear properties are fully understood, a precise measurement of these energy shifts can reveal

subtle details of the electron-nucleus interaction [395, 396, 397]. Recently, several theoretical proposals have highlighted

that high-precision isotopes shift measurements have the potential to constrain the existence of new hypothetical forces

in addition to possible dark matter particles with unprecedented sensitivity [352, 395, 396, 397, 398, 399, 400]. This

procedure is illustrated in Fig. 3.7. Based on Eq. 2.21, there exists a linear relation at first order between isotope shifts

and the changes in the mean-square charge radii. Thus, the isotope shifts measured in two different atomic transitions, δν

and δν′, follow a linear relation. This two-dimensional plot (δν vs δν′) is also referred as a King plot [362]. A non-linearity

observed in a King plot indicates the need to include additional terms in Eq. 2.21, such as those in Eq. 2.17. These may

eventually be attributed to a new force between electrons and neutrons, or higher-order nuclear effects [365]. Searches
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Figure 3.6: Correlation of the charge radii difference between mirror nuclei and the slope of the symmetry energy, L, of the equation of state

of nuclear matter. The correlation for the mirror pair 54Fe-54N are obtained from mean field calculations with different Skyrme forces and

covariant density function theory, which can be used to constrain the L. These experiments are complementary to the values extracted from

gravitational wave observations (GW170817), and parity-violation electron scattering (PREX-II). The figure has been adapted from Ref. [139].

for a King-plot non-linearity have stimulated considerable developments in high-precision experimental techniques, which

are now able to achieve sub-kHz precision [394, 401, 402]. Such experimental progress is not only promising for the

search of new physics beyond the Standard Model of particle physics, but could also offer a means to access elusive

nuclear observables such as the higher-order radial moment, 〈r4〉, and the nuclear dipole polarizability, αD [403, 400].

Precise measurements of these nuclear properties would have a marked impact on our knowledge of nuclear structure and

nuclear matter [404, 405, 406, 407, 408, 365]. Moreover, our understanding of these nuclear properties is critical for the

interpretation of any new physics searches.

4. Laser spectroscopy techniques

The structure of atoms is often probed by lasers whereby resonant excitation and/or ionization are used as experimental

pathways. As schematically depicted in Fig. 4.1, atoms or ions of interest are resonantly excited from a lower state

(commonly the ground state labelled as g.s.) to an excited state (labelled as Ex1) by a frequency-tunable laser. Detection

of optical resonances of hyperfine transitions between the g.s. and Ex1 can be realized by various approaches. In this

review, we will mainly focus on two broadly used approaches: laser-induced fluorescence (LIF) and laser resonance

ionization spectroscopy (RIS). In the former case, the HFS spectrum can be measured by detecting fluorescent photons

emitted from Ex1 as a function of probe laser frequency. The RIS technique involves the sequential absorption of multiple

photons to step-wise excite and ionize a particular atom. Measurements of HFS spectrum are then achieved by detecting
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Figure 3.7: Isotope shifts for dark matter searches. A non-linearity observed in the relation between isotope-shift measurements of two atomic

transitions can be used to constrain the existence of new forces. A sketch of a non-linearity between the isotopes of masses A, A
′
, and A

′′
, is

exaggerated with the green curve.

the positively charged resonant ions, or by detecting their decay products (e.g. α-particles or β-particles) of ionized

species, as a function of the frequency of the probe laser. Ionization from an excited level can be realized by three

different processes shown in Fig. 4.1: 1) non-resonant ionization - in which the valence electron residing in an excited

state (labelled as Ex2) is excited through brute force above the ionization potential non-resonantly; 2) auto-ionization -

where the valence electron undergoes further resonant excitation to an auto-ionizing state; 3) Rydberg/field ionization -

in which the valence electron is resonantly excited to a high-lying Rydberg state and subsequently ionized by an electric

field or thermally.

Different experimental techniques have been developed for performing HFS spectrum measurements. The study of

exotic isotopes at RIB facilities requires highly sensitive techniques as the isotopes of interest are typically produced in

small quantities. Three main categories of techniques are commonly applied in these studies: collinear laser spectroscopy,

in-source laser spectroscopy, and trap-assisted laser spectroscopy. Each technique possesses its own combination of

sensitivity and resolution, which are the two main factors that define the applicability of these techniques in different

regions of the nuclear chart. Figure 4.2 presents a qualitative comparison of the sensitivity and spectral resolution of these

three classes of methods. In this section, we will give an overall introduction of these three categories of laser spectroscopy

techniques, together with their respective characteristics.
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Figure 4.1: Approaches used to measure the HFS spectrum (see Fig. 2.1). The HFS spectrum can be measured by laser excitation and

fluorescence detection, known as laser-induced fluorescence (LIF), or by subsequent resonance ionization and ion (or decay) detection, which

is known as laser resonance ionization spectroscopy (RIS).

4.1. Collinear laser spectroscopy

The concept of using a collinear geometry of the laser and fast ion beam was proposed in 1970s. This was envisaged as a

means to overcome the loss of sensitivity when performing spectroscopy perpendicularly on a collimated thermal atomic

beam without sacrificing resolution [409, 410]. This is possible due to the fact that the original energy spread δE of ions

is preserved during electrostatic acceleration. Thus, the velocity spread (δv) of an ion beam along its axis of motion is

significantly reduced when the ion velocity, v =
√

2E/m =
√

2eU/m, is increased. This reduction is given by

δE = δ(
1

2
mv2) = mvδv ⇒ δv =

1√
2mE

δE. (4.1)

At an acceleration voltage of a few tens of kV (e.g. 30-60 kV), the velocity spread of the ion beam is narrowed by three

orders of magnitude compared to a thermal beam. As a result, the linewidth of the Doppler-shifted laser frequency

observed by a fast beam is given by:

δν = ν0
δE√

2eUmc2
(4.2)

where ν0 is the rest-frame transition frequency. This ensures an experimental linewidth that is comparable with the

typical natural linewidth (few or few tens MHz) of the transition involved.

The collinear laser spectroscopy (CLS) experimental technique was realized for the measurement of HFS spectrum

in 1978 by probing the D2 line of stable sodium and caesium, demonstrating the potential of the method for high-

resolution and high-sensitivity optical measurements [8] for the time. Soon after, this method was applied to perform

measurements of unstable neutron-rich caesium isotopes at the TRIGA reactor at Mainz [9, 210]. This approach enabled
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Figure 4.2: A qualitative presentation of the sensitivity and the resolution that can be achieved for different techniques used for the study

of short-lived isotopes: collinear laser spectroscopy, in-source laser spectroscopy, and trap-assisted laser spectroscopy. Details related to each

variant can be found in the text of this section (Sec. 4).

the measurement of the HFS and isotope shifts of unstable isotopes in long isotopic chains after its implementation at the

ISOLDE facility at CERN [10, 11] whereby a new era in the study of short-lived isotopes far from stability began. The

majority of the isotopes summarized in Fig. 1.2 and Table 1.1 were investigated by CLS experiments, yielding a wealth

of data across different mass regions of the nuclear chart, some of which will be detailed in Sec. 5. After continuous

developments, many technical innovations have been realized to greatly improve the capabilities of CLS, such as the use

of high-quality, bunched ion beams produced by gas-filled radiofrequency quadrupole (RFQ) ion trap (also named as

cooler-buncher) [16, 17, 18], and the combination of CLS with the highly sensitive RIS technique [21, 411, 40].

Collinear laser spectroscopy, and extensions of it, play an indispensable role in the study of the unstable nuclei today.

Setups employing this class of techniques include COLLAPS, CRIS, Versatile Ion-polarized Techniques On-line (VITO)

and Multi Ion Reflection Apparatus for Collinear Laser Spectroscopy (MIRACLS) at ISOLDE-CERN [10, 40, 412, 413,

414], CLS at IGISOL of JYFL [37, 38], BECOLA and RISE at FRIB [41], CFBS at ISAC-TRIUMF [39], CLS at BRIF-

CIAE [415], CLS at ALTO [416], LaSpec at FAIR [417], CLS at RISP-ROAN [32] and at RIKEN-RIBF [418]. These

existing and planned CLS setups are summarized in Fig. 1.1 and Table 4.1, together with the RIB facilities where they

are based. In the following, details of the standard CLS technique based on detection of LIF, as well as the collinear

resonance ionization spectroscopy (CRIS) technique will be introduced.
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Figure 4.3: A typical schematic of a collinear laser spectroscopy setup based on detecting laser-induced fluorescence. A bunched ion beam

extracted from an RFQ trap is guided into a laser spectroscopy beam line where it is (anti-)collinearly overlapped with a narrow-linewidth

continuous-wave laser beam. A quadrupole triplet (QT) lens is used to shape the ion beam profile. The velocity of the ion beam is tuned

before being neutralized into atoms in the charge exchange cell. The energetic atoms with a variable velocity are then resonantly excited by

the laser beam in the region where the photon detection system are located. When an ionic transition is probed, the velocity of the ion beam

is tuned with an electrode in the photon detection region. The emitted photons from the excited atom or ions are collected by the photon

detection system as a function of the atom/ion velocity to obtain their HFS spectra. A beam diagnostics system is installed at the end of the

beamline to assess the ion beam intensity as well as the neutralization efficiency.

4.1.1. Collinear laser spectroscopy with LIF detection

Figure 4.3 presents an illustration of the main components of current CLS setups in which a laser beam is superimposed

along the ion beam path.

Charge-exchange process: For the majority of elements, the best-suited transitions for HFS spectrum measure-

ments exist in the neutral atomic system. In these cases, the ion beam needs to be neutralized before it can interact with

the laser light. Neutralization of the singly charged ions into atoms is usually realized in-flight by passing them through a

charge-exchange cell filled with an alkali-metal vapor. The most commonly used alkali metals are sodium and potassium.

At different CLS experimental setups worldwide, two main designs of charge-exchange cell, which differ in their geometry,

are used; a horizontal design as shown in Fig. 4.3 [10, 415, 419] and a vertical one [41, 39].

Doppler tuning: In a CLS experiment, a convenient alternative to scanning the laser frequency directly to measure

the HFS spectrum of a particular species is to instead alter the incoming ion beam velocity. In this approach, the

laser frequency remains fixed and is stabilized using an external reference cell and/or a high-precision wavelength meter.

Changing the ion beam velocity therefore changes the frequency experienced by the atoms or ions in their rest frame due

to the changing Doppler shift. In a collinear (or anti-collinear) geometry, the Doppler-shifted laser frequency experienced

by the ion or atom beam with a varying total kinetic energy E is

ν = ν0 ×
√

1− β2

1± β
, β =

√
1− m2c4

(E +mc2)2
(4.3)

where ν0 is the fixed laser frequency and m is the mass of the atom or ion studied. The positive sign (+) or negative

sign (−) in Eq. 4.3 corresponds to a collinear (parallel direction of laser and ion beams) or anti-collinear (anti-parallel
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direction of laser and ion beams) geometry, respectively. An advantage of the Doppler-tuning method is that it can result

in a more stable and controllable frequency experienced by the atoms/ions when compared to scanning the laser frequency

directly. Furthermore, Doppler tuning has a better ability to perform fast HFS spectrum measurements which can save

valuable beamtime and to some extent mitigate fluctuations in the detected background stemming from instability in

beam-related operating parameters at RIB facilities. As shown in Fig. 4.3, for experiments on neutral atoms, the velocity

of the beam must be tuned by an electrode in the region preceding charge exchange. For ions, Doppler tuning can be

realized by varying the voltage applied to an electrode residing directly in the photon detection region. A commonly

used electrode design for voltage scanning consists a series of ring electrodes [10, 41]. In recent years, a crown-shaped

electrode was used for voltage scanning of CLS experiments to reduce downstream beam-steering effects at high applied

Doppler-tuning voltages [419, 415].

Photon detection: During a CLS experiment, atoms or ions are resonantly excited in the interaction region (photon

detection region in Fig. 4.3) after absorption of laser photons. Usually, strong transitions with transition rates of A =

107−8 s−1, corresponding to short excited-state lifetimes (few or few tens of ns), are preferred. The resonantly excited

atoms or ions will then spontaneously decay and emit photons. By detecting fluorescent photons as a function of the

scanning voltage (and therefore laser frequency), the HFS spectrum of the studied isotope in atomic or ionic form, can

be obtained (e.g. Fig. 2.1). To optimize the solid angle of the photon collection process, dedicated photon detection

systems are required [115, 420, 421], which usually consist of photo-multiplier tubes (PMTs) and telescopes (lens system)

for imaging photons from the interaction region onto the photocathode of the PMT. Significant care has to be taken in

order to reduce the background experienced by the PMT, which mostly originates from scattered laser light, PMT dark

counts, and non-resonant photons from collisional excitations during and after the charge-exchange process. The overall

experimental efficiency of CLS experiments depends on several factors, such as the laser-atom(-ion) interaction probability,

the transition rate of the chosen optical transition, the solid angle of the detection system, as well as the wavelength-

dependent quantum efficiency of the PMT. In the case where CLS experiments are performed on a continuous beam,

the general sensitivity of the technique, defined as the required incoming ion rate to detect one laser-induced fluorescent

photon, is about 103−4 s−1 for measuring ionic species [41, 420] and 104−5 s−1 for measuring atoms [41, 416, 415]. These

limits are mainly determined by the background signal rate caused by scattered laser light.

Use of bunched ion beams: The rather limited sensitivity of the CLS technique when employed in studying

continuous ion beams limits its applicability to isotopes which are produced with a sufficiently high yield. The introduction

of devices which efficiently bunch ion beams for CLS experiments is regarded as possibly the most important innovation in

the 2000s [23]. Doing this results in a simultaneous increase in the instantaneous fluorescent photon rate and a significant

reduction in the laser-related background.

As shown in Fig. 4.3, continuous ion beams from RIB facilities can be cooled and then accumulated by using an RFQ

cooler-buncher [16, 17, 18]. The accumulation time (T ) used to trap the ions in the RFQ can range from a few to a few

hundred milliseconds, depending on several factors e.g. the half-life of the studied unstable isotope and the ion beam

intensity. The ions are released from the RFQ in bunches with a typical temporal width (∆T ) of a few µs. Only signals

that originate when a bunch of atoms or ions is present in the light-collection region are accepted, resulting in a significant

suppression of the background from scattered laser light and PMT dark counts. This drastic improvement significantly

extended the reach of CLS experiments to more exotic nuclei as demonstrated in Refs. [17, 55, 153, 53, 59]. Additional

details on the initial nuclear structure studies undertaken after the introduction of ion beam cooler-bunchers can be found
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in the reviews [23, 24, 422].

Versatility of CLS: For some specific cases, the standard CLS technique can be modified or extended into variations

that enable a higher sensitivity and/or a higher-precision measurements. These variations of CLS are briefly summarized

in the following:

1) Collisional ionization detection [160, 161]

The combination of the conventional CLS method and collisional ionization detection can be used for higher-

sensitivity measurements. This approach was used for the study of exotic krypton isotopes, reaching a sensitivity

of 103 atoms/s even with a continuous ion beam delivered at ISOLDE-CERN [160, 161].

2) Collinear and anti-collinear CLS [51, 52, 423]

As discussed in Sec. 2.2 and shown in Fig. 2.2, for light-mass nuclei, the field shift, which is sensitive to the changes

in mean-square nuclear charge radii, is orders of magnitude smaller than that in heavy nuclei. Therefore, in order

to deduce the nuclear charge radii of light nuclei with sufficient precision, isotope shifts need to be measured with a

higher precision than what is typical. To achieve this, two independent laser beams with precisely known frequencies

in a combined collinear and anti-collinear geometry can be used. This enables the uncertainty resulting from the

acceleration voltage to be negated. Concurrently, the absolute frequencies of the lasers can be determined with high

precision with a frequency comb. This approach was successfully used for the on-line study of the neutron-halo

nucleus 11Be [51], and will be used in the near future to study the proton-halo nucleus 8B [423].

3) Optical pumping and β-NMR [102, 101, 110]

Spin-polarization of RIBs can be achieved at CLS setups through optical pumping, enabling the β-NMR technique

to be applied for determining the properties of unstable nuclei. Such experiments have been performed previously

at COLLAPS at ISOLDE, CERN [102], BECOLA at NSCL, MSU [110], and CFBS at ISAC, TRIUMF [84]. These

examples yielded high-precision measurements of spins, moments and radii of the magnesium isotopes, which have

provided insights into the ‘island of inversion’ [102, 101], the quadrupole moments of 9,11Li isotopes [84] and the

charge radii of 36,37K [110]. Polarized RIBs also unlock the potential for studying phenomena beyond nuclear

structure such as fundamental interactions, material science and life sciences. For this purpose, a dedicated setup

(named VITO) has been established at ISOLDE-CERN, in order to perform β-NMR/NQR experiments using spin-

polarized RIBs [413, 419].

4) In-cooler optical pumping [133, 132]

Optical pumping can also be used to enhance the population of a selected ionic metastable state before it is delivered

to a CLS experiment. This can allow a certain state to be populated from which transitions that are better suited

to nuclear properties studies exist. Optically pumping ions in a RFQ cooler-buncher was first demonstrated for a

CLS experiment at IGISOL, enabling the measurement of the moments and charge radii of niobium isotopes [177].

It was also successfully applied in the ISOLDE cooler-buncher to enhance the population of ionic manganese in a

selected metastable state with nuclear quadruple moment sensitivity, allowing for its determination in neutron-rich

manganese isotopes at COLLAPS [133, 132].

5) ROC [424]

A method for ultra-sensitive radiation detection of decaying isotopes after optical pumping and state-dependent

neutralization (ROC) was developed and validated in the 1990s [119]. This yielded an improvement in sensitivity
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Figure 4.4: A typical schematic of a collinear resonance ionization spectroscopy (CRIS) setup. A bunched ion beam extracted from an RFQ

trap enters the beamline, where its profile is shaped by a quadrupole triplet (QT) lens. The ion beam is neutralized in a charge-exchange

cell (CEC). Non-neutralized ions are deflected away from the neutral beam using an electrostatic deflector after the CEC. Neutral atoms are

then overlapped in space and time with multiple pulsed laser beams (figure in the inset) in the interaction region (IR). The atoms in the IR

region are resonantly excited and subsequently ionized with multiple pulsed laser beams or resonantly excited to Rydberg states and then field

ionized via a field ionizer (FI). The resulting ions are guided and counted by an ion detector as the function of the first step laser frequency

to obtain the HFS spectrum. The resulting ions can also be guided to a decay station, and their decay particles can be detected as a function

of the laser frequency. In this way, the HFS spectrum can be measured in a more sensitive way, as detailed in the text of Sec. 4.1.2.

able to measure 50Ca produced at 5× 104 ions/s (continuous beam) in the presence of an isobar with a rate of around

108 ions/s. In order to study more exotic calcium isotopes, produced at rates of less than 10 ions/s, an improved

ROC setup was developed based on a reconfiguration and extension of the COLLAPS experimental apparatus [424].

The first commissioning of this new setup was performed on 51Ca and 52Ca [424], displaying a large increase of

sensitivity by more than an order of magnitude with respect to a previous CLS experiment [54] and the earlier ROC

setup [119]. Further optimization of the setup is ongoing, with the aim to study the neutron-rich 53,54Ca isotopes.

4.1.2. Collinear resonance ionization spectroscopy

Even with bunched ion beams, the required ion rate for fluorescence-detected CLS experiments is generally around 103−4

ions/s. Studying species produced at rates less than this, especially when delivered alongside large isobaric contaminants,

remains highly challenging. RIS techniques combined with ion- or decay-particle detection (Fig. 4.1), often used by

in-source RIS (which will be described in Sec. 4.2), are orders of magnitude more sensitive allowing isotopes produced

at rates below 1 particle per second to be studied [425, 58, 45, 47]. However, a general shortcoming of these techniques

is their low spectral resolution, typically around a few GHz, which limits their applicability to heavy-mass regions and

mostly to measurements of magnetic moments and charge radii.

An approach combining the high resolution of CLS and the high sensitivity of RIS, named collinear resonance ionization

spectroscopy (CRIS), is a natural extension to CLS. The original proposal for the CRIS method dates back to 1982 which

was initially conceived to enable detection of rare, radioactive isotopes with ultra-low abundance (e.g.26Al) [426]. The

first experiment using the CRIS method was realized at ISOLDE-CERN by Schulz et al., [19] in 1991 to measure the HFS

of unstable ytterbium isotopes using two-step excitation to a Rydberg state and subsequent field ionization. Although the

efficiency achieved in this experiment was measured to be just 105 s−1, owing to duty-cycle losses performing spectroscopy

with pulsed lasers on a continuous atom beam, the promise of the method was confirmed. Following the introduction of
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RFQs for ion beam cooling and bunching, a subsequent demonstration of the CRIS technique was performed off-line on

stable aluminium [20].

The first dedicated CRIS experimental setup was established at ISOLDE-CERN [21], following the installation of

ISCOOL (ISolde COOLer-buncher) [18]. This setup aimed to study the nuclear properties of isotopes produced in

smaller rates, which lay out of reach for conventional CLS and/or are in mass regions inaccessible to in-source RIS. The

first experimental campaign of CRIS measured magnetic moments and charge radii of neutron-deficient francium isotopes,

reaching a high experimental efficiency of 1:100 [316, 312]. In addition, a decay-assisted CRIS experiment was also realized

during the same period, allowing an unambiguous determination of the ground- and isomeric-state HFS in 202,204Fr [317].

These initial experiments were already covered in the 2016 review [24]. During these campaigns, a broadband pulsed

Ti:sapphire laser was used, resulting in a low spectral resolution [316, 312]. This was mainly due to the lack of available

narrow-linewidth pulsed lasers and that using continuous-wave (cw) lasers would induce optical pumping as the neutral

francium atoms transit between the charge-exchange cell and ionization region. The latter would result in a significantly

reduced experimental sensitivity [427]. These problems were solved by generating short pulses by ‘chopping’ cw light [307]

or by utilizing an injection-seeded Ti:sapphire laser system [428]. These systems enabled high-resolution HFS spectra to

be obtained with a comparable linewidth to those measured with conventional CLS [307, 141, 308].

A schematic of CRIS is depicted in Fig. 4.4. Ion bunches with a temporal length of a few µs are delivered into the

CRIS setup usually every 10 ms (determined by the laser system used with lowest repetition rate) and neutralized in-flight

using a potassium or sodium vapor in the charge-exchange cell. The non-neutralized ions are deflected away from the

neutral atoms using an electrostatic deflector plate located afterwards. Neutral atoms populating long-lived high-lying

states after charge exchange can be ionized and removed from the neutral beam with the same deflector. The remaining

neutral beam is then overlapped in space and synchronized in time with multiple pulsed laser beams within the 1.2-m long

interaction region. To reduce non-resonant collision ionization of the neutral beam, this region is maintained at ultra-high

vacuum (∼ 10−10 mbar). In the interaction region, laser resonant excitation and subsequent ionization occurs. As shown

in Fig. 4.1, in most cases, it is the first transition step that is probed by a high-resolution laser system. Resulting ions

are then guided towards an ion detector and counted as a function of laser frequency allowing the HFS to be measured.

The relative timings of the laser pulses (see the inset of Fig. 4.4) are not only essential for optimal ionization efficiency

(as is the case for in-source RIS), but can also have a profound influence on the linewidth and lineshape of the observed

resonances in the scanning transition. These effects were systematically investigated in Refs. [307, 429, 111, 430].

After years of development, the CRIS technique [411, 40] is now a proven method for making measurements that

simultaneously achieve a high resolution and sensitivity. This has allowed it to routinely measure isotopes produced at

rates of a few tens or hundreds per second across most regions in the nuclear chart.

Decay-tagged CLS spectroscopy: For many cases, the sensitivity of CRIS can be further enhanced by implementing

the decay-tagging approach [62]. The feasibility of α-decay-tagged CRIS method was demonstrated previously [312, 307].

More recently, in order to study very challenging cases, such as 52K, the β-tagged CRIS method was employed [62].

As shown in Fig. 4.4, a decay station can be placed at the end of the CRIS setup. Resonant laser ions produced in the

interaction region are implanted into a thin aluminum plate. The emitted β-particles are then counted by the surrounding

detectors as a function of the laser frequency to obtain a HFS spectrum. This development was motivated by the intense

stable contaminant 52Cr which prevents a conventional CRIS measurement. As isobaric contaminants are often stable or

long-lived, they will not produce a significant background when using β-counting. A dedicated decay station with the
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possibility of combining β- and γ-detection is under development. This will enable measurement of short-lived isotopes

produced at even smaller rates in addition to performing decay studies on pure isomeric beams produced through CRIS.

Field ionization: The high sensitivity of CRIS is due in part to the favorable characteristics of direct ion (or

decay) detection. There however exists some cases where the non-collisional background rate from intense isobaric

contaminants hinders or outright prevents a successful measurement. Field ionization following multi-step resonant

excitation to Rydberg states as shown in the Fig. 4.1, has shown potential to further enhance the experimental sensitivity

of CRIS [19, 431]. The benefits of using this approach are two-fold. First, it circumvents the requirement for a high-

power laser needed for efficient non-resonant ionization. Second, it can prevent collisional ions originating from the region

preceding the field ionization unit from being detected, reducing the background further [19, 431].

The improved combination of sensitivity and resolution of CRIS enabled a pioneering experimental program to study

the short-lived radioactive molecules (e.g. RaF) [66, 67]. This promises to open up new opportunities for research in

nuclear structure, also in fundamental symmetries and astrophysics, as will be detailed in Sec. 5.7.

4.2. In-source resonance ionization for spectroscopy and ion production

The exceptional efficiency and selectivity of the resonance ionization process has given rise to a range of techniques

which utilize it both as a spectroscopic method and for radioactive ion beam production. A review of the applications of

resonance ionization in the field of nuclear physics is given in Ref. [22]. A class of ultra-sensitive methods, which generally

involve performing resonance ionization spectroscopy of radioactive atoms in regions close to where they are produced,

have been developed, known as in-source RIS techniques. These methods have proven to be extremely sensitive, allowing

radioactive species produced at rates far below 1 ion per second to be measured [58, 302].

This section will start with a brief mention of resonance ionization laser ion sources (Sec. 4.2.1) before an overview of

in-source RIS techniques where both hot-cavity (Sec. 4.2.2) and in-gas variants (e.g. in-gas cell in Sec. 4.2.3 and in-gas jet

in Sec. 4.2.4) will be discussed. Finally, another resonance ionization-based technique, RADRIS, used for spectroscopy of

the heavy actinide (e.g. nobelium), will be shown in Sec. 4.2.5.

4.2.1. Resonance ionization laser ion sources

The unique combination of high efficiency and selectivity of resonance ionization motivated the development of ion sources

based on the process. The first realization of such an ion source was at the IRIS facility in Gatchina where resonantly

ionized isotopes of ytterbium, neodynium and holmium were produced [432]. Shortly after, the Resonance Ionization

Laser Ion Source (abbreviated to RILIS) was implemented at ISOLDE-CERN [433] and also at ISAC-TRIUMF, known

as TRILIS [43]. A recent review of the ISOLDE-RILIS is given in Ref. [42]. In these examples, the ionization process

occurs in an ion source, typically a hot cavity surface source, coupled to a thick target where the nuclear reaction products

of interest are produced - known as ‘hot cavity’ RILIS.

In addition to these examples, laser ion sources have been implemented at other RIB facilities which utilize gas cells

to catch recoils from other types of nuclear reactions, such as fusion evaporation. An operational example is FURIOS at

IGISOL in Jyväskylä [434].

A powerful use of laser ion source infrastructure involves employing it for HFS measurements. By performing spec-

troscopy on species of interest close to their site of production where they are most abundant, resulting resonant ions can

then be delivered to any part of a facility for means of detection. Examples include direct ion detection with a Faraday
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Figure 4.5: A typical schematic of the in-source laser spectroscopy setup at ISOLDE CERN [425]. The figure is modified based on that in

Ref. [435].

cup or a single ion detector, nuclear decay detection, in addition to detecting ions after mass selection performed in ion

traps.

This experimental combination, which is illustrated schematically in Fig 4.2, enables extremely sensitive measurements

that can access isotopes that lie far beyond the reach of standard, fluorescence-detected collinear laser spectroscopy

methods.

4.2.2. Hot-cavity in-source resonance ionization spectroscopy

At thick-target ISOL facilities, isotopes of interest are produced through a variety of nuclear reactions resulting from

energetic light ions (usually protons) impinging upon a thick target. The reaction products are stopped within the target,

heated to high temperatures (often exceeding 2000◦C) to aid diffusion and effusion of short-lived species which pass into

a transfer line as a vapor. Afterwards, they enter an ion source where they undergo ionization.

Figure 4.5 shows a schematic of the hot-cavity in-source spectroscopy technique used at thick-target ISOL facilities.

Resonance ionization is achieved through sending the necessary pulsed laser light into the exit aperture of the ion source

where element-selective ionization produces singly charged ions of the element of interest. To maximize the likelihood

that at least one laser-atom interaction occurs as species transit through the transfer line and ion source, a high repetition

rate, usually 10 kHz, is required for the pulsed lasers. The ion source environment provides a degree of ion confinement

which greatly aids ion survival. The laser ionized species are electrostatically extracted and then mass-separated and

detected as a function of laser frequency.

A key advantage of performing spectroscopy at the source of production is that resulting resonant ions can be detected

at any experimental setup situated at the facility. For high-yield cases, resonant ions can be detected by simply using

a Faraday cup or single ion detector. In species produced at smaller rates and/or in cases where significant isobaric

contamination masks the resonant ions of interest, a Multi-Reflection Time-Of-Flight Mass Spectrometer (MR-ToF—MS)
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can be utilized. The ultimate sensitivity of the technique is usually achieved through detecting resonant ions through their

characteristic nuclear decay, which in most cases is a unique identifier of a given isotope or isomer. Another highly sensitive

detection method that was recently demonstrated for detecting resonant ions harnessed the exceptional mass-resolving

power of the Phase Imaging Ion Cyclotron Resonance technique (PI-ICR) [184].

Utilizing detection methods that can distinguish between different nuclear states in the same isotope for counting of

resonant ions, allows for the HFS of each individual state to be ascertained, even in cases where they largely overlap. This

is known as decay-assisted laser spectroscopy. This allows for the determination of frequency region of the HFS spectrum

that selectively ionizes a single nuclear state. The ions in a selected nuclear state can then be delivered to perform

laser-assisted decay spectroscopy. This symbiotic link resulting from simultaneous nuclear state-selective ionization and

detection capabilities has proven to be a powerful experimental tool in the lead region which exhibits rich isomerism [58].

However, the spectral resolution of HFS spectra measured with hot-cavity in-source RIS is limited by the high-

temperature environment that is required for efficient extraction of short-lived isotopes at thick-target ISOL facilities.

The full width at half maximum (FWHM) of the resonance peaks in a HFS spectrum resulting from the Doppler broadening

of a transition of interest with frequency f0 in a given isotope is given by

∆fFWHM =

√
8kT

mc2
f0 (4.4)

where m is the mass of the isotope, and T is the temperature of the ion source. By substituting typical values for T into

Eq. 4.4, broadened resonance widths in the GHz range are obtained, depending on m and f0. This is significant enough

to completely obscure the hyperfine structure in the majority of elements accessible at thick-target ISOL facilities.

The applicability of hot-cavity in-source RIS for nuclear structure studies is therefore limited to elements which possess

atomic transitions that are highly sensitive to nuclear properties. This is typically the case for heavy elements around

and beyond the lead region in addition to some exceptional cases in medium-mass regions such as copper (Z = 29) [146]

and silver (Z = 47) [184]. Even in these elements, reliable extraction of nuclear spins and quadrupole moments can be

challenging using hot-cavity in-source RIS where the hyperfine structure is often not fully resolved.

However, in elements in which no stable isotopes exist, the extraction of the nuclear observables of interest in most

cases relies upon atomic mass- and field-shift factors and/or field gradients calculated with theoretical methods. The

uncertainty stemming from these calculated quantities often dominates the overall uncertainty on the resulting nuclear

observables. Therefore, hot-cavity in-source RIS is able to in some cases provide measurements of nuclear properties with

a similar overall uncertainty to collinear laser spectroscopy despite the larger statistical uncertainty on isotope shifts and

HFS parameters measured with the technique.

In addition to HFS spectroscopy, hot-cavity in-source RIS is often employed to identify new allowed transitions and/or

ionization schemes in elements of interest. Such studies are sometimes motivated by the requirement of a particular

experiment for a beam of a given isotope with a higher specified intensity/purity than what is available currently. In

some cases, it is often employed as an initial means of constructing a detailed electronic fingerprint of an element for

which there exists little experimental data. The large Doppler broadening inherent to hot-cavity in-source RIS does not

hinder such efforts in these experiments.

In-source laser ionization has been used for the study of radioactive isotopes present in different ion source types. The

majority of studies to date have utilized the interior volume of a standard surface ion source as the region to perform

spectroscopy. A recent demonstration of an element-selective resonance ionization mode of an electron-impact ion source

at ISOLDE was reported [436], allowing spectroscopy of very neutron-deficient mercury isotopes produced from a molten
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lead target to be achieved [58]. A later development of this ion source (named Versatile Arc Discharge and Laser Ion

Source: VADLIS) modifying the extraction electrode further improved the ion yield from laser resonance ionization [437].

At thick-target ISOL facilities, surface-ionized isobaric contaminants sometimes prove too intense even for the most

sensitive experimental techniques. By coupling a positive ion repeller and radiofrequency ion guide to the standard

surface source, a new ion source type is realized which can be used to strongly suppress surface-ionized isobars. Laser

ionization can still occur on atoms that propagate through the ion guide structure after they exit the surface source.

Resulting resonant ions experience a confining field produced by the ion-guide structure to aid their transport to be mass

separated and delivered or detected. This type of source is named the Laser Ion Source and Trap (abbreviated to LIST)

at ISOLDE-CERN [438] and the Ion Guide Laser Ion Source (abbreviated to IG-LIS) at ISAC-TRIUMF [439]. The

first on-line application of the LIST at ISOLDE-CERN for spectroscopy was used to measure the neutron-rich 217,219Po

isotopes [299]. Surface contamination suppression factors in excess of around 104 have been achieved which come at the

cost of around a factor of 20-50 reduction in production yield of the isotope of interest.

The hot-cavity in-source RIS technique has been extensively used on-line at thick-target ISOL facilities such as

ISOLDE-CERN in addition to ISAC-TRIUMF and IRIS. It is also employed at the off-line separator facility RISIKO

at JGU Mainz, where many laser and/or ion source developments that are implemented at on-line facilities were first

initiated [179, 440]. Recent developments using a hot-cavity catcher at IGISOL, Jyväskylä enabled the technique to be

used to study down to the very neutron-deficient 96Ag isotope [184].

Efforts to expand the capabilities of hot-cavity RIS have been undertaken primarily through improving its resolution

by circumventing or even eliminating Doppler broadening. Achieving a reduction in spectral linewidth yields multiple

benefits for the technique. It results in a higher precision on all measured isotopes shifts and HFS parameters allowing

for more precise measurements of nuclear magnetic moments and charge radii as well as a more reliable extraction of

nuclear spins and/or quadrupole moments in more elements. Furthermore, entire new isotope chains in medium-mass

regions become measurable using this high-sensitivity technique.

• Perpendicularly Illuminated LIST

One such approach to reduce the spectral linewidth of hot-cavity in-source RIS is to perform measurements where

laser light is directed upon the atomic ensemble in a perpendicular geometry, largely circumventing Doppler broadening.

Accessing the atoms in this manner is possible using the LIST (or IG-LIS) where laser light can be sent through the open

space that exists between the rod electrodes used for ion confinement.

The technique, named Perpendicularly Illuminated Laser Ion Source Trap (abbreviated to PI-LIST), was first demon-

strated on technetium and promethium isotopes at RISIKO [179, 223]. Using PI-LIST, spectral linewidths of less than

100 MHz were achieved, allowing the HFS of the long-lived 97,98,99Tc isotopes to be fully resolved. The improvement

in resolution resulting from the perpendicular interaction geometry comes with a loss in efficiency when compared to

Doppler-limited collinear ionization in normal LIST operation. This loss of efficiency is compounded by the additional

factor between standard hot-cavity RILIS and LIST mode.

Despite the reduced experimental sensitivity, experimental campaigns at on-line facilities utilizing PI-LIST either di-

rectly as a spectroscopic tool or as a means to provide a higher degree of isomer selectivity for downstream experimental

setups [441], are expected to yield new results in the coming years.
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Figure 4.6: A typical schematic of in-gas-cell and in-gas-jet laser spectroscopy setups. The figure is modified from that in Refs. [45].

• Doppler-free two-photon in-source RIS

Another approach involves eliminating Doppler broadening almost entirely through utilizing atomic transitions where

two counter-propagating photons are absorbed simultaneously. These two-photon transitions are subject to different

selection rules and their absorption cross section depends strongly on the laser linewidth and intensity in addition to

the proximity of real states existing close to the virtual states through which the excitation occurs. Two-photon laser

spectroscopy was first demonstrated in a hot-cavity ion-source setup on stable silicon isotopes at RISIKO, Mainz [440].

A more recent demonstration was able to perform two-photon laser spectroscopy on stable rubidium at ISOLDE, yielding

a linewidth below 100 MHz in the hot-cavity environment [442].

4.2.3. In-gas-cell resonance ionization spectroscopy

Resonance ionization can also be used for element-selective ion production and spectroscopy at facilities where nuclear

recoils produced through a variety of mechanisms are caught within a gas cell. At these facilities, a range of nuclear

reactions can be specifically targeted through consideration of projectile, projectile energy and target composition to

produce isotopes of interest. The resulting radioactive isotopes are initially produced with both a high recoil energy and

energy spread. From interacting with a pure, inert buffer gas enveloping the production region, the reaction products

can be thermalized and then transported away through flow of the gas. They are then directed out of the gas cell where

they enter a high-vacuum region and undergo mass separation before being directed to an experimental station. The

key advantage of the facilities operating in such a manner is that they exhibit a significantly lower chemical dependence

compared to the thick-target ISOL method where entire regions of the periodic table are rendered practically inaccessible.

Shorter-lived isotopes are also more widely producible at gas-cell facilities owing to the rapid and mostly chemically

insensitive extraction time. By directing laser light into the gas cell and optimizing the gas flow conditions for neutral

atom formation and transport, laser resonance ionization can be achieved enabling RIS. Resulting resonant ions can then

be guided out of the gas cell and transported with an ion guide, a mass separator, and detected as a function of laser

frequency to enable HFS measurements. This technique is referred to as in-gas-cell RIS, a schematic for which is shown

in Fig. 4.6.

The significantly lower operational temperatures of the gas-cell environment results in a reduced thermal broadening
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of atomic lines measured with in-gas cell RIS. However, additional mechanisms resulting from collisions with the buffer

gas, known as collisional or pressure broadening, increase the experimentally achievable spectral linewidth to the GHz

range. Reduction of the pressure in the laser ionization region can reduce the pressure broadening but this, however, also

affects the atom formation and transport processes. A compromise must therefore be made to balance these factors. The

applicability of the technique is therefore approximately equivalent to hot-cavity in-source RIS but is able to measure the

elements that are exclusively available in atomic form at gas-cell facilities.

Recent examples of in-gas-cell RIS studies have taken place at different facilities including IGISOL at Jyväskylä [443],

KISS at RIKEN-RIBF [253, 251] and LISOL (Leuven Isotope Separator On-Line) in Louvain-La-Neuve [326].

4.2.4. In-gas-jet resonance ionization spectroscopy

If the flow of atoms exiting a gas cell is directed through a particular type of nozzle into a high-vacuum region, a collimated

supersonic jet can be formed. The pressure P and temperature T in a supersonic jet of Mach number, M originating

from an environment with initial pressure P0, temperature T0 are given by

T = T0[1 +
γ − 1

2
M2]−1, (4.5)

P = P0[1 +
γ − 1

2
M2]

−γ
γ−1 (4.6)

where γ is the ratio of specific heat capacities equivalent to 5/3 for monoatomic gases. It can be seen from Eq. 4.5

and Eq. 4.6 that both the pressure and temperature scale inversely with respect to M , leading to a reduction in both

temperature- and pressure-related broadening. Therefore, by performing RIS on atoms within the supersonic jet, a

significantly higher spectroscopic resolution can be obtained. Resulting resonant ions are then transported by an ion

guide through a mass separator to be detected. This is known as in-gas-jet RIS, as partly shown in Fig. 4.6. The first

off-line investigations took place at LISOL [444] with the first on-line demonstration performed at the same facility. This

experiment was able to measure isotopes of actinium in the vicinity of the N = 126 shell-closure [45, 326]. This initial

on-line experiment, where M ∼ 6 was obtained, enabled an improvement in resolution exceeding an order of magnitude,

yielding linewidths of around 400 MHz. Importantly, this was achieved without any appreciable loss of efficiency when

compared to in-gas-cell studies of the same isotopes. Ongoing developments at KU Leuven characterizing supersonic jets

through imaging the fluorescence of copper atoms seeded within them will allow for further improvements in spectral

resolution [445].

As this in-gas-jet technique has proven to be both a high-efficiency and high-resolution method, experimental setups

are being installed at other RIB facilities, such as the at S3 low-energy branch (S3-LEB) under development at SPIRAL2-

GANIL [446] and at the in-flight separator SHIP at GSI [447], where a variety of heavy elements will be delivered in the

future.

4.2.5. Radiation detected resonance ionization spectroscopy (RADRIS)

A variant of gas-cell techniques is Radiation Detected Resonance Ionization Spectroscopy (abbreviated to RADRIS),

which has been developed at the in-flight separator SHIP of GSI [46]. In this approach, energetic (around 40 MeV)

ions resulting from fusion evaporation reactions are delivered through a thin entrance window into a gas cell where they

thermalize. A large fraction of the stopped fusion products persist in a positive charged state enabling them to be collected
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Figure 4.7: (Left) Cartoon schematic of a magneto-optical trap, MOT. It is used for trapping of neutral species. The current loops are used

to produce a magnetic field, and multiple laser beams provide laser cooling of trapped atoms and molecules (shown in yellow color). (Right)

Cartoon schematic of a radiofrequency Paul traps. They are commonly used for trapping of charged species and enable further cooling by

multiple laser beams.

by a catcher filament. The filament is periodically heated, evaporating captured fusion products where they undergo laser

resonance ionization. Resulting ions are then detected through measuring their characteristic decay as a function of laser

frequency. This technique was successfully used to perform the first measurements in the nobelium (Z = 102) isotopic

chain, which is the heaviest element to be investigated by laser spectroscopy experiments so far [46, 448, 47]. In these

measurements, an exceptional experimental efficiency of 6.4(1.1)% was recorded in the case of the even-even 254No isotope.

More details of this experimental technique and the associated experiments can be found in a recent review dedicated to

laser spectroscopy of the actinides [36].

4.3. In-trap studies

The technology for laser spectroscopy studies of trapped radioactive isotopes has experienced continuous developments in

the last decades, with applications in a diverse range of fields in fundamental science and technology [449, 450, 360, 451,

452]. Compared with collinear laser spectroscopy, measurements with trapped species enable longer interaction times,

thus a significantly better precision can be achieved. A few selected examples of ongoing developments of trapped neutral

and ionic radioactive atoms are summarized below.

4.3.1. Neutral traps

The application of Magneto-Optical Trapping (MOT) to radioactive isotopes has allowed precise control and interrogation

of different radioactive atoms. Some examples include 6−8He [360], 21Na [453], 37,38K [112], 79Rb [454], 210,221Fr [455, 456],

and 225Ra [457]. A schematic of a MOT trap is shown in Fig. 4.7(left). Multiple laser beams are used to reduce the kinetic

energy of the atoms or molecules within a spatially varying magnetic field, producing an ensemble of cold neutral atoms

or molecules. Experimental setups, developed at Argonne National Laboratory in the US, have allowed the measurement
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of the nuclear charge radii of neutron-rich 6,8He isotopes [48, 49, 360], with efforts now being dedicated to search for the

electric dipole moment of 225Ra [457]. Recently, experiments have been performed for the β-recoil correlation measurement

from 6He isotopes trapped a MOT to search for exotic tensor-type contributions to the charged weak current [458].

Ongoing experimental programs at ISAC-TRIUMF in Canada are focused on precise studies of francium isotopes for

party-violation studies [450, 456] and β-decay of potassium isotopes for searches of new physics [459]. The HUNTER

(Heavy Unseen Neutrinos from Total Energy-momentum Reconstruction) apparatus for radioactive atom trapping and

high-resolution decay-product spectrometry, is being developed at Temple University in US to search for sterile neutrinos

using precision beta-decay studies of trapped 131Cs atoms [452, 460].

A novel technique (called OROCHI) is being developed at RIBF-RIKEN [25] and uses superfluid helium (He II) as

a host matrix in which energetic radioactive isotopes produced at the facility can be trapped [461]. In this technique,

the trapped atoms, occupying a well-defined location in the helium, are spin-polarized through optical pumping after

repeated laser excitation and de-excitation cycles. Then, laser radiofrequency (RF) or microwave (MW) double resonance

spectroscopy of the trapped isotopes can be performed in order to extract their nuclear spins and moments. The proof-

of-principle demonstration of this technique was conducted off-line on stable isotopes of several elements (e.g. Rb, Cs,

Ag, Au) and the first on-line commissioning experiment was successfully performed on stable and radioactive 84−87Rb

isotopes delivered by RIPS [461]. Recent progress in constructing a new fluorescence detection system for OROCHI has

been reported in Ref. [462]. This provided an improvement in detection limits of around two orders of magnitude. New

RF (and MW) double resonance spectroscopy experiments of radioactive isotopes are expected in the near future, owing

to this progress.

4.3.2. Ion traps

Ion traps are considered workhorses in the study of radioactive isotopes [463]. Gas-filled radiofrequency Paul traps

(see Fig. 4.3 and Fig. 4.7(right)) are commonly used for bunching and cooling of radioactive beams for secondary experi-

ments [18]. Furthermore, Penning traps and MR-TOF-MS are widely employed for performing highly precise and sensitive

mass measurements of short-lived isotopes [463]. Employing the latter as a means of ion detection for laser spectroscopy

experiments of radioactive beams has so far allowed them to operate at the sensitivity frontier studying species produced

in vanishingly small quantities. An ongoing effort, the MIRACLS experiment at ISOLDE-CERN [464, 414], aims to

perform CLS on ions circulating in an MR-TOF-MS. The benefits from this stem from the massively increased number of

laser-ion interactions attainable in such a scheme. This results in an increased sensitivity when compared to conventional

CLS, for species that possess a suitable ionic transition and structure. The proof-of-principle experiment developing this

approach has been demonstrated on stable 24,26Mg [464, 414]. On-line experiments studying neutron-rich and -deficient

magnesium isotopes are planned [465].

Precision laser spectroscopy studies in Paul traps are well established for stable ions. These devices have also allowed

the properties of long-lived isotopes of radioactive alkaline-earth elements such as 133Ba+ [451] and 226Ra+ [466] to be

studied in relation to their possible application in quantum information technologies. Performing precision in-trap studies

with short-lived isotopes remains a challenge as it demands highly efficient deceleration, trapping, and measurement

techniques [87].
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Table 4.1: Summary of laser spectroscopy setups, which are in operation, in the process of planning/commissioning, at both current or

new-generation radioactive ion beam facilities worldwide.

Continent Country RIB Facility Setup name Type Detection method Status Refs.

Europe

Belgium LISOL – RIS Ion/Decay Terminated [467]

Finland IGISOL/JYFL – CLS Photon Operational [37, 38]

France ALTO – CLS+PB Photon/Decay Commissioning [416]

France SPIRAL2/GANIL LUMIERE CLS Photon/Decay Planning

France SPIRAL2/GANIL S3 RIS Ion/Decay Commissioning [446]

Germany TUD1 COALA CLS Photon Operational [420]

Germany MAINZ1 RISIKO RIS Ion Operational [179]

Germany GSI RADRIS RIS Ion Operational [36]

Germany FAIR LaSpec CLS+RIS Ion/Photon/Decay Planning [417]

Switzerland ISOLDE/CERN COLLAPS CLS Photon Operational [422]

Switzerland ISOLDE/CERN CRIS CLS+RIS Ion/Decay Operational [40]

Switzerland ISOLDE/CERN RILIS RIS Ion/Decay Operational [425]

Switzerland ISOLDE/CERN VITO CLS+PB Photon/Decay Operational [413]

Switzerland ISOLDE/CERN MIRACLS CLS+TRAP Photon Commissioning [414]

Russia IRIS – RIS Ion/Decay Operational [468]

Russia JINR GALS RIS Ion/Decay Commissioning [469]

North America

Canada ISAC/TRIUMF TRILIS RIS Ion Operational [43]

Canada ISAC/TRIUMF CFBS CLS+PB Photon/Decay Operational [39]

USA NSCL/MSU BECOLA CLS+PB Photon/Decay Operational [41]

USA FRIB/MSU RISE CLS+RIS Ion/Decay Commissioning

USA CARIBU/ANL – CLS Photon Commissioning [423]

USA MIT1 FRECIOSA CLS+RIS Ion Commissioning

Asia

China PKU1 – CLS+RIS Photon/Ion Commissioning [470]

China BRIF/CIAE – CLS Photon Operational [415]

China HIAF/IMP – CLS+RIS Photon/Ion/Decay Planning

Japan RIBF/RIKEN KISS RIS Ion/Decay Operational [471]

Japan RIBF/RIKEN PALIS RIS Ion Commissioning [472]

Japan RIBF/RIKEN OROCHI TRAP Photon Commissioning [461]

Japan RIBF/RIKEN – CLS Photon Commissioning [418]

South Korea RAON/IBS CLS CLS+RIS Ion/Photon Commissioning [32]
1These are the offline (in-house) laser spectroscopy setups.
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4.4. Radioactive ion beam facilities

To study the properties of exotic nuclei, the above-discussed laser spectroscopy techniques need to be integrated into

the RIB facilities where these species are produced. There are two main (and complementary) types of RIB facilities

that have produced about 3000 unstable isotopes and isomers over the last half a century. These systems form the

nuclear chart in its current form today (as partly shown in Fig. 1.2). These facilities are defined by their operating

principle either utilizing Isotope Separation On-Line (ISOL) or in-flight separation (also named Projectile Fragmentation

(PF)) [473, 474]. Initially, laser spectroscopy experiments of exotic isotopes were almost exclusively carried out at ISOL-

type facilities, such as ISOLDE-CERN [27], IGISOL of JYFL [28] and ISAC-TRIUMF [26]. This is mainly due to

the fact that RIBs are naturally delivered at ISOL-type facilities at suitable energies (∼30-60 keV) and with favorable

properties (e.g. low emittance and energy spread). This contrasts RIBs produced through in-flight PF which possess

an energy of typically tens or hundreds of MeV per nucleon and with a significant energy spread, preventing direct

application of laser spectroscopy techniques. With advanced beam stopping and cooling devices [475, 476], low-energy

RIBs suitable for precision experiments, can now be delivered at PF-type RIB facilities (e.g. NSCL at MSU [41] and

RIBF at RIKEN [25, 476, 418]). An impressive series of results from laser spectroscopy experiments operating at PF

RIB facilities has already been generated [136, 60, 139, 64]. Figure 4.8 presents a simplified schematic for ISOL- and

PF-type RIB production techniques in addition to how laser spectroscopy setups are implemented at these facilities. In

the following, an introduction to RIB production at ISOL and PF facilities as well as the characteristics of the generated

RIBs will be given. A mention of a concept proposing to merge both PF and ISOL techniques in a single future RIB

facility will also be given.

4.4.1. ISOL radioactive ion beam facility

The ISOL technique was initiated in Copenhagen [477] in the 1950s. It was later expanded and developed at different

laboratories where access to high-energy light-ion beams was available. The most prominent example of an ISOL facility

is at CERN and named ISOLDE (Isotope Separator On-Line DEvice). This facility has produced radioactive isotopes

since 1967 where it initially used the 600-MeV proton beam from the Synchro–Cyclotron [478]. Since 1992, it has utilized

the 1.4-GeV proton beam from the Proton-Synchrotron Booster [27].

As shown in Fig. 4.8, RIBs at ISOL facilities are produced by bombarding a thick target with a high-energy proton

beam or with neutrons produced through spallation or fission reactions in a neutron converter. The resulting reaction

products diffuse and effuse out of the target, heated to high temperature to aid these processes, and enter a transfer line.

They undergo ionization through either surface, plasma or laser ionization in an ion source. The singly charged ions are

then extracted and electrostatically accelerated to few tens of keV (e.g. 30-60 keV). The isotope of interest can be selected

using a mass separator and delivered to an experimental setup located downstream.

The ISOL method has major advantages for RIB production. The produced beams are often highly intense and are

of high quality, possessing a small energy spread and low emittance. This makes them suitable for precision low-energy

experiments aiming to perform mass measurements in ion traps or HFS measurements using laser spectroscopy. However,

the production efficiency of the RIBs depends highly on the chemical properties of the element of interest. A result of this

is that some regions of the periodic table are extremely difficult to extract in atomic form. Furthermore, the approach

is also limited by the time required for reaction products to be released from the target, which prevents isotopes with

half-lives less than a few ms to be delivered before they decay.
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Figure 4.8: An typical schematic of the (a) ISOL (Isotope Separation On-Line and (b) PF (Projectile Fragmentation) types of radioactive ion

beam facilities.

For experiments which require bunched ion beams, such as collinear laser spectroscopy experiments, RFQ cooler-

bunchers are utilized [18]. For experiments requiring a high energy, such as those using Coulomb excitation or transfer

reactions, charge breeding and subsequent post-acceleration techniques are used.

4.4.2. PF RIB facilities

The production of RIBs at PF facilities was first studied conceptually and then demonstrated in the 1970s [479, 480]. In

PF reactions, isotopes of interest are produced in flight by impacting stable energetic heavy ions (with energies of few

tens or few hundreds of MeV per nucleon) upon a thin target (e.g. beryllium). The resulting fragments propagate along

the incident direction of the heavy ions with a similar velocity. As shown in Fig. 4.8, the fragment of interest can then

be selected by a series of mass separators before being delivered to subsequent beam manipulation devices (e.g. storage

ring, gas catcher) or experimental devices.

RIBs produced in this manner are insensitive to the chemical properties of the element of interest and thus more

species are available for study at this type of facility. The direct fragmentation of heavy ions upon the thin target also

permits shorter-lived species to be produced. However, RIBs delivered at PF facilities are typically plagued by their poor

beam quality and possess a large energy spread in addition to a substantial longitudinal and transverse emittance. Due

to the distinct and complementary advantages of the PF approach, there exists a broad range of scientific opportunities
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at these facilities. Although not immediately suitable for precision low-energy experiments, the produced beams are

suitable for many other kinds of experiments including transfer reactions, in-beam γ- and decay spectroscopy. In fact,

the pioneering measurements of reaction cross sections of exotic nuclei, performed in the 1980s at Lawrence Berkeley

Laboratory, which uncovered evidence for the neutron halo of 11Be and 11Li [481, 482], used RIBs produced through PF.

These results helped kickstart and motivate a new era of RIB physics around the world [483].

These RIBs can not be directly used for laser spectroscopy experiments. However, trap-related techniques, for exam-

ple, the RF or MW double-resonance spectroscopy using OROCHI [461], and SLOWRI [87] trap techniques at RIBF,

RIKEN [25] have been used for the study of nuclear properties of exotic nuclei at PF facilities. Owing to advances in

stopping cell technology (also called gas catchers or gas stoppers) which can condition PF RIBs to become high-quality,

low-energy beams [475, 476], as illustrated in the bottom panel of Fig. 4.8, significantly more opportunities have become

available for laser spectroscopy experiments aiming to measure exotic nuclei.

4.4.3. Next-generation RIB facilities: merging the PF and ISOL techniques

With the currently operational RIB facilities worldwide, including both ISOL and PF facilities, as partly shown in

Table 4.1, about 3000 unstable nuclei have been artificially produced and identified. This number constitutes around one

third of the total number of nuclei that are theoretically predicted to be bound. It is expected that more than 1,000

more isotopes could become accessible from the newly operational Facility for Rare Isotope Beams (FRIB) at Michigan

State University (MSU), US. This PF facility has the current most powerful heavy ion accelerator and promises to give

unprecedented access to exotic dripline nuclei.

To enable the exploration of nuclei in uncharted regions (terra incognita) of the nuclear chart such as towards the neu-

tron dripline in medium- and heavy-mass regions, next-generation RIB facilities, such as EURISOL [34] and BISOL [35],

have been proposed. These facilities plan to combine both the ISOL and PF techniques. These facilities aim to produce

hitherto unreachable neutron-rich nuclei through PF reactions utilizing a radioactive neutron-rich heavy-ion projectile

(e.g. 132Sn), initially produced through the ISOL method and post-accelerated up to 150 MeV per nucleon. Exotic nuclei

approaching the neutron dripline in the medium-mass region are projected to be producible in sufficient intensities to be

experimentally investigated using this approach.

5. Study of exotic nuclei

Recently, major progress has been achieved in improving the technical capabilities of laser spectroscopy methods. For

example, the CRIS experiment has performed highly sensitive and high-resolution HFS measurements [61, 62] in addition

to enabling studies of short-lived radioactive molecules [66, 67]. The in-gas-jet method has been realized for efficient,

high-resolution HFS measurements [45]. The heaviest element to be measured by laser spectroscopy experiment is now

nobelium (Z = 102) [46] owing to recent campaigns using the RADRIS technique at GSI. The results made possible

by these developments have contributed significantly to our understanding of nuclear structure and the nucleon-nucleon

interactions that govern it, offering stringent tests that have stimulated rapid advances in atomic and nuclear theory.

In this section, selected results exemplifying the progress achieved in studying exotic nuclei across the nuclear chart

since the last review in this series will be highlighted. In addition, a new avenue of research performing laser spectroscopy

studies of molecules containing unstable nuclei will be introduced (Sec. 5.7). Although much progress has been made in
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Figure 5.1: Lightest isotopes of the nuclear chart. Distinct physical phenomena such as halo nuclei, cluster formation, neutron skins, and

magic numbers are highlighted for particular isotopes.

most mass regions of the nuclear chart, there exist some areas where none or few new measurements have been made with

laser spectroscopy techniques (such as that around zirconium Z = 40). In these cases, we refer to previous reviews [23, 24].

5.1. Light mass region

Light nuclei play a critical role in the development of microscopic nuclear theory [484, 485]. As illustrated in Fig. 5.1, by

adding or removing just a few nucleons, light nuclear systems can exhibit distinctive nuclear structure phenomena such as

the clustering of nucleons, halo nuclei, and the emergence of new shell-structures [360]. Some of these exotic behaviours

have been thoroughly examined in the past by high-precision laser spectroscopy experiments. Examples of this include the

confirmation of the neutron halo in neutron-rich helium (Z = 4) [49], lithium (Z = 5) [50] and beryllium (Z = 6) [51, 88]

isotopes and are detailed in a series of review articles [23, 360, 422, 24]. Recent efforts have also been devoted towards

realizing a high-precision laser spectroscopy study of the charge radius of 8B (Z = 5) [423] at ATLAS, Argonne National

Laboratory, US. This isotope is proposed to possess a one-proton halo supported by its large quadrupole moment [486]

as well as the extended spatial distribution of its loosely bound proton [487]. In recent years, significant progress has

been achieved towards understanding these nuclei in connection with the underlying theory of the strong force, quantum

chromodynamics (QCD) [488, 489]. In addition to their importance for nuclear physics, laser spectroscopy measurements

of few-body electron systems provide precision tests of atomic physics and many-body QED [490, 491]. Some recent

highlights include spectroscopy of C3+ ions in a storage ring [492], and the developments towards the study of boron

isotopes [89].

Owing to developments in chiral effective field theory and many-body methods [485, 489, 493], nuclear theory can now
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provide accurate ab initio calculations of the properties of isotopes in the vicinity of carbon and oxygen isotopes [489].

There however is a distinct lack of data about the evolution of nuclear size in this region of the nuclear chart.
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Figure 5.2: Elements for which laser spectroscopy has been performed on exotic isotopes (red squares), and whose exotic isotopes are expected

to be measured with existing techniques in RIB facilities (blue squares). A gap in our knowledge around the region of carbon and oxygen

isotopes is noticeable (green squares). These light nuclei are of particular importance to understand the emergence of new nuclear phenomena

from inter-nucleon interactions.

As shown in Fig. 5.2, exotic isotopes of a large variety of elements have already been studied using laser spectroscopy

methods. Clear gaps however exist in our current knowledge including the region containing carbon and oxygen isotopes.

Although exotic isotopes of these elements are already produced at existing RIB facilities, there are four major challenges

that have so far prevented the extension of laser spectroscopy studies to these elements and those surrounding them:

1) Atomic or ionic transitions from the ground state lie mainly in the vacuum UV region (< 90 nm) which is not

accessible with conventional narrow-linewidth laser technology.

2) Sensitivity to certain nuclear observables dramatically decreases with atomic number, for example the field shift

as discussed in Sec. 2.2 and shown in Fig. 2.2. Therefore, extracting nuclear structure information from the HFS

spectra requires high precision (an uncertainty of less than 1 MHz is required on isotope shifts) [490].

3) Trapping and manipulating light atomic/ionic species is more challenging.

4) Light elements are reactive and exist mainly as molecular compounds (e.g. O2, CO, CO2, AlF3), which are not yet

suitable for HFS studies of exotic species.
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The new-generation RIB facility, FRIB at Michigan State University (MSU) [29], US, has recently become operational.

This facility is expected to be able to produce short-lived light nuclei in sufficient yields, overcoming pre-existing production

challenges. However, further developments of laser spectroscopy techniques and accurate atomic calculations are still

required to reliably access the properties of light nuclear systems. A region of light nuclei, known as the ‘island of inversion’

has long been the focus of experimental and theoretical investigation. In this region, collectivity was unexpectedly reported

around the N = 20 shell closure. Ground-state properties of neutron-rich sodium (Z = 11) and magnesium (Z = 12)

isotopes studied by laser spectroscopy further verified their deformed intruder nature, resulting from multi-particle and

multi-hole excitations across the N = 20 shell gap, providing evidence of the disappearance of its magicity [96, 100, 104,

103]. Recent laser spectroscopy measurements of heavier aluminium (Z = 13) isotopes revealed a sudden reduction in the

charge radius of 32Al (N = 19), supporting the possible magic character of N = 20 [107]. However, the general trend and

this decrease in the charge radii of aluminium isotopes approaching N = 20, in addition to that in neighbouring sodium

and magnesium isotopes were not reproduced following recent shell-model and ab -initio calculations [107, 494, 495, 496].

This has motivated further experimental proposals and plans for laser spectroscopy studies of more neutron-rich isotopes

of sodium, magnesium and aluminium at ISOLDE, CERN [465, 497].

5.2. The calcium region

Isotopes situated in the vicinity of the magic calcium (Z = 20) chain constitute an important testing ground for develop-

ments in both experimental and theoretical nuclear physics. As was summarized in the preceding review article in this

series in 2016 [24], an extensive series of laser spectroscopy experiments has been undertaken in this region, in particular

in the potassium and calcium isotope chains [53, 116, 115, 117, 110, 59]. The spins and moments of odd-A potassium

isotopes from earlier measurements identified the inversion and subsequent re-inversion of the proton πd3/2 and πs1/2

orbitals as neutrons gradually fill the νf7/2 and νp3/2 orbitals [53, 116]. In contrast, the spins and moments of odd-A

calcium isotopes are relatively single-particle in nature with their unpaired valence neutron occupying either the νf7/2

and νp3/2 orbitals [59].

Since 2015, laser spectroscopy experiments have extended their reach to more exotic cases in this region towards both

driplines in addition to entirely new isotopic chains (e.g. scandium, manganese). This has enabled a comprehensive series

of studies of the evolution of nuclear properties across the neutron numbers N = 16, 20, 28, 32 and 34 [54, 60, 120, 62,

126, 127, 132, 136]. Critical insights relating to different facets of nuclear structure have resulted from these studies, such

as the ‘pure single-particle nature’ of isotopes whose valence nucleons occupy the f7/2 orbital [59, 127], challenging the

proposed new ‘magic’ number at N = 32 driven by the tensor part of the proton-neutron monopole interaction [54, 62],

the onset of deformation known as the ‘fifth island of inversion’ [133, 132]. Details of these will be discussed in the

following.

5.2.1. Single-particle behaviour around doubly magic nuclei

As discussed in Sec. 3.1, in a simple independent-particle shell-model picture, the nuclear ground-state spin and electro-

magnetic moments of an odd-A nucleus are mainly determined by the unpaired nucleon [370, 371]. Nuclear spins and elec-

tromagnetic moments in these cases can therefore act as sensitive probes of the ground-state wavefunction in near-magic

isotopes. This was demonstrated in earlier studies measuring the moments of potassium and calcium isotopes [53, 116, 59].

Recent extensions of laser spectroscopy studies to scandium isotopes have proven that the electromagnetic moments of
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Figure 5.3: (a) Quadrupole moments of Z = 20 isotopes as valence neutrons fill the νf7/2 orbital. (b) Quadrupole moments of N = 28 isotones

as valence protons fill the πf7/2 orbital. Experimental quadrupole moments are taken from Refs. [59, 127], which are compared to shell-model

calculations using the effective interaction (GXPF1A), and calculations using nuclear forces derived from χEFT (NN+3N, VS-IMSRG).

the odd-A isotopes are highly sensitive probes of single-particle behavior in addition to M1 and E2 nucleon-nucleon

correlations [126, 127]. These measurements offered an excellent means in which the large-scale shell model, and recent

advances in ab initio many-body methods and microscopic interactions derived from χEFT, could be tested. This is

partly due to the fact that the 0f7/2 orbital, located between the magic numbers N,Z = 20, 28, is unique in terms of its

relative isolation in energy from the orbitals which neighbor it. Isotopes with valence protons and/or neutrons occupying

the 0f7/2 orbital are therefore excellent probes to experimentally investigate both the single-particle nature and role of

correlations in nuclei in this region of the nuclear chart.

Figure 5.3 (a) and (b) presents the evolution of quadrupole moments of nuclei which are predominately determined by

an unpaired neutron and an unpaired proton, respectively. The left-hand side of the figure shows experimental quadrupole

moments of odd-N calcium (Z = 20) isotopes, which are expected to be described by the valence neutron in the νf7/2

orbital. On the right-hand side, the quadrupole moments of the isotones at the neutron closed shell N = 28 which are

expected to be dominated by valence protons added to the πf7/2 orbital, are shown [59, 127]. In both cases, clear linear

trends are observed from the available experimental Qs of Z = 20 isotopes and N = 28 isotones. This experimentally

confirms that the simple shell-model picture, as was introduced in Sec. 3.1.3 and in Eq. 3.6, holds true in these semi-

magic nuclei. In particular, the experimental values of Qs cross zero at exactly the point in which the πf7/2 orbital is

half-filled. These systems represent a textbook example of nuclei behaving according to the independent-particle shell

model [59, 127].
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Figure 5.4: Evolution of the absolute nuclear charge radii, Rch, and changes in mean-square charge radii, δ〈r2〉 , of potassium and calcium

isotopes. (a-b) Experimental values for potassium isotopes are compared to theoretical predictions from density function theory (Fy(∆r,HFB)),

mean-field calculations using ∆NNLOGO interaction (MF[∆NNLOGO]), and coupled cluster calculations using ∆NNLOGO and NNLOsat

interactions (CC[∆NNLOGO] and CC[NNLOsat]). (c-d) Experimental values for calcium isotopes are compared to theoretical predictions from

density functional theory (UNEDF0, D3a, Sly4, SV-min, HBF24), coupled-cluster (NNLOsat, 2.8/2.0 (EM), 2.2/2.0 (PWA)), and global fits

(Wang). Part of the data is taken from Ref. [54, 60, 62].

For isotopes with a simple nuclear configuration, one naturally expects that the shell model can accurately describe

their electromagnetic moments. As shown in Fig. 5.3, a good overall agreement is found for the calcium isotopes. However,

for the N = 28 isotones, shell-model calculations using the effective GXPF1A interaction [498] only achieve an adequate

description of the general trend and overestimate the absolute single-proton quadrupole moment. After a systematic

investigation, this was interpreted in Ref. [127] to be attributed to a possibly underestimated N = 28 shell gap in the

GXPF1A interaction. VS-IMSRG [499] calculations based on the chiral interaction ∆NNLOGO [385], on the other hand,

better capture the linear trend of quadrupole moments with respect to Z of the N = 28 isotones in addition to their

absolute values. These results highlight the impressive progress made in advanced nuclear many body methods using

microscopic interactions derived from χEFT.
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5.2.2. Structural changes at N = 32 and N = 34; Benchmarks for nuclear theory

A great deal of attention in recent years has been devoted to study neutron-rich isotopes, in particular around the

neutron numbers N = 32 and N = 34. Experimental results of binding energies and 2+
1 excitation energies suggest the

existence of additional closed shells at these neutron numbers [374, 375, 500, 501, 502, 503, 504, 505, 506]. However,

laser spectroscopy results have revealed a large increase in the nuclear charge radii of neutron-rich calcium and potassium

isotopes [115, 54, 62]. These measurements challenge the interpretation of the proposed closed-shell nature of these

N = 32 nuclei far from stability.

Experimental data and theoretical results for the changes in the mean-square charge radii of potassium (Z = 19)

and calcium (Z = 20) isotopic chains are shown in Fig. 5.4. Describing the distinct parabolic behaviour observed in

the radii of calcium isotopes, between N = 20 and N = 28, has remained a challenge for more than four decades [383].

Recent experiments in this region have extended our knowledge of the nuclear radii beyond the neutron number N =

28 [115, 54, 136, 111, 507] and reveal a rapid increase of the nuclear size for these neutron-rich systems. The various

features of nuclear charge radii observed in this region of the nuclear chart have motivated various theoretical developments

for different many-body methods and interactions [508, 509, 510, 511, 512, 513, 514, 515, 381, 516, 62, 517, 518, 382].

As shown in Fig. 5.4(b) and (d), accurately reproducing the absolute value of charge radii is a long-standing challenge

for microscopic nuclear theory [54, 384]. However, theoretical predictions can provide a relatively good description of

the changes of the mean-square charge radii (Fig. 5.4(a) and (c)). Both density functional theory (DFT) and ab initio

calculations of absolute charge radii show a strong dependence on the choice of the functional or chiral nuclear force

employed. The Fayans functional, labeled as D3a in Fig. 5.4(c) and (d), describes both absolute values and δ〈r2〉 of the

data well. In the ab initio framework, the interactions that best describe the experimental data are NNLOsat [384] and

∆NNLOGO [385]. The former is constrained by properties of selected nuclei up to A = 25, while the latter uses nuclei

with A ≤ 4 and also the properties of nuclear matter at saturation point when fitting its coupling constants.

5.2.3. Onset of collectivity towards N = 40

Nuclear deformation has been suggested to appear towards N = 40 in the open-shell isotopic chains between Z =

20 and Z = 28. These isotopes form a new island of inversion as evidenced by both experimental and theoretical

investigations [519, 520, 521, 522]. Laser spectroscopy experiments of open-shell manganese (Z = 25) isotopes show

increased collectivity in their magnetic and quadrupole moments as well as their charge radii on the neutron-rich side.

The N = 28 shell closure is still clearly observed in the charge radii of the less neutron-rich manganese and iron isotopes

(Fig. 3.4(a)) [136, 132]. Describing the magnetic moments of 61−64Mn with shell-model calculations requires both an

increasing degree of neutron excitations across the N = 40 sub-shell gap and proton excitations across the Z = 28 shell

gap [131, 135]. In order to reproduce the observed increase in the quadrupole moments of manganese isotopes from N = 36

onwards, an additional increase in neutron excitations across N = 50 is necessary [133]. This suggestion of increased

collectivity is further substantiated by experimental charge radii of 51,53−64Mn where a sudden increase in nuclear size

is observed beyond N = 35 [132]. To further investigate the structural evolution from the magic N = 28 region to the

N = 40 island of inversion, plans to measure the ground-state properties of 50−63Cr have been proposed using collinear

laser spectroscopy methods at IGISOL and ISOLDE-CERN [523].
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5.3. The nickel region

The concept of magic numbers with ‘traditional ones being N,Z = 2, 8, 20, 28, 50, 82 and N = 126 and the associated

nuclear shell-model [371, 370] have long been cornerstones in our understanding of structure of atomic nuclei across

the nuclear chart [524, 525]. However, in regions far from stability with extreme proton-to-neutron ratios, experimental

evidence increasingly points to a weakening or even disappearance of the ‘traditional’ magic numbers. Furthermore, some

measurements support the existence of new shell closures driven by shell evolution due to proton-neutron interactions [524,

525].

The region around the theoretically predicted doubly magic neutron-rich nucleus 78Ni, with Z = 28 and N = 50,

has been investigated for decades by the nuclear physics community. The major open question in this region is ‘Is
78Ni a doubly magic nucleus?’. This, together with the astrophysical interest of 78Ni acting as an r-process waiting-point

nucleus [526, 527], have drawn significant attention from both theorists and experimentalists. Experiments aiming to shed

light upon this system are hindered by production challenges. This isotope is difficult to produce at current RIB facilities

in sufficient quantities to allow for detailed spectroscopic investigations, particularly for laser spectroscopy measurements

of its ground-state properties. As a consequence, most experimental studies in this region have been performed for systems

in the vicinity of 78Ni such as the less neutron-rich nickel isotopes [63], adjacent copper isotopes (Z = 29) [141] in addition

to zinc [57] and gallium isotopes [152].

A ‘relatively’ long history of laser spectroscopy studies in this region exists which spans more than a decade. This

endeavour has involved a series of research programs at different experimental setups, including COLLAPS [149, 63],

CRIS [61, 152], RILIS [146] and BECOLA [139]. In the previous review in this series [24] and in Refs. [23, 422], results in

this region measured with laser spectroscopy techniques were described including shell effects at N = 28 [143, 142, 145],

the sub-shell effect of N = 40 [153], as well as the inversion of the proton π2p3/2 and π1f5/2 single-particle levels as

neutrons fill the ν1g9/2 orbital [55, 153]. Since then, laser spectroscopy investigations have mostly centered around the

even-Z isotopic chains (i.e. nickel (Z = 28) [63], zinc (Z = 30) [151] and germanium (Z = 32) [158]) but also include

neutron-rich copper (Z = 29) towards N = 50 [61, 140]. Nuclear-structure results from these efforts will be detailed in

the following.

5.3.1. N = 40 sub-shell effect

The N = 40 sub-shell effect was clearly observed in the E(2+
1 ) energy of 68Ni compared to that of its adjacent even-N

neighbors. This effect however is not seen in the neighboring even-Z isotopic chains, such as zinc (Z = 30) and iron (Z =

26). In an attempt to answer whether theN = 40 sub-shell is a local phenomenon that only exists in the magic nickel chain,

measurements of the ground-state properties, in particular charge radii, of isotopes in the region [63, 140, 61, 151, 156]

have been carried out. After around a decade of experiments using the laser spectroscopy setups (COLLAPS, CRIS and

RILIS) at ISOLDE-CERN, a comprehensive picture of the charge radii for the four isotopic chains was achieved, and

shown in Fig. 5.5 (a). To aid identifying a possible subtle sub-shell effect, the charge radii 〈r2〉 − 〈r2〉0 are subtracted by

the spherical volume contribution (〈r2〉0) from the droplet model and shown in Fig. 5.5 (b). In Ref. [140], the obvious

local minimum of the 〈r2〉 − 〈r2〉0 observed at N = 40 for copper isotopes is explained as due to the sub-shell effect. This

effect was also observed in the nickel isotopic chain based on recently reported experimental charge radii [63]. However, a

local minimum in 〈r2〉 − 〈r2〉0 is barely visible in zinc. This is interpreted in Ref. [151] as the disappearance of the N = 40

sub-shell as just 2 protons are added above Z = 28. This rapid reduction in the sub-shell effect is also observed in other
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Figure 5.5: (a) Changes in mean-square charge radii of the ground states of nickel, copper, zinc and gallium isotopes, which are arbitrarily

offset for better visualization. (b) Residual charge radii 〈r2〉 − 〈r2〉0 of ground states of the nickel, copper, zinc and gallium isotopes with the

spherical volume contribution (〈r2〉0) calculated from the droplet model subtracted. Data are taken from Refs. [63, 140, 61, 151, 156, 152].

experimental observables such as the magnetic and quadrupole moments [149, 141, 55, 153], nuclear masses [530, 531],

E(2+) excitation energies, and B(E2) transition rates [532, 533, 534]. The consensus reached by these measurements

supports that the N = 40 sub-shell is localized to a small region around 68Ni. It is important to note that the larger

‘dip’ observed at N = 40 in the gallium isotopic chain is considered to be an effect of inverted odd-even staggering and

deformation, as discussed in Refs. [140, 156, 151].

5.3.2. Shape coexistence around 78Ni

Shape coexistence has long been a contemporary topic in nuclear physics and remains an active area of research to this

day. It has been discussed in a series of dedicated reviews [537, 6, 538, 7]. Shape coexistence is a nuclear structure

phenomenon where states of different shapes coexist in the same isotope at low energy [7]. This is considered to result

from the interplay between the stabilizing effect of closed shells and the residual interactions between protons and neutrons

outside of them [537, 538]. As has been summarized in the review by Heyde and Wood [6], this phenomenon has been

experimentally observed across much of the nuclear chart. In Ref. [537], it is stated the combination of magnetic and

quadrupole moments in addition to the isomer shift, which can be simultaneously accessed by laser spectroscopy, can

provide a compelling and intuitive means to determine the presence of shape coexistence in a given nucleus. Around

N = 50, although intruder states were reported in some N = 49 isotones (as is shown in Fig. 5.6 (a)), such as the

low-lying 1/2+ intruder state in 83Se and 81Ge, no experimental evidence of shape coexistence was been reported in this

region until recently. As stated in a recent review on the topic of shape coexistence [7], the measurement of a large isomer

shift for the 1/2+ isomer in 79Zn [57] is the first and most direct evidence of shape coexistence in the vicinity of 78Ni.

The experiment, performed at COLLAPS at ISOLDE-CERN, identified a new long-lived isomeric state in 79Zn just one

neutron and two protons away from 78Ni. The properties of this new isomer, including its magnetic moment and large

isomer shift were reported in Refs. [57, 149]. As can be seen in Fig. 5.7 (a), the negative sign of the g-factor of this
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Figure 5.6: Energy level systematics for the low-lying states of odd-mass N = 49 and N = 51 isotones compared to the theoretical calculations.

Data are taken from Refs. [57, 149, 528, 529] and from the NNDC.

1/2 isomeric state in 79Zn confirms its positive parity. It is only possible to describe its g-factor using the shell model

employing interactions with an extended model space that includes the neutron sdg orbitals above N = 50 [149, 151],

such as PFSDG-U [149] and PFSDG-FULL [151, 536]. This supports the assignment of a 2h− 1p intruder configuration

of this isomer which mainly results from neutron cross-shell (N = 50) excitations to the 3s1/2 orbital. The observed large

isomer shift shown in Fig. 5.7 (b) suggests a deformation parameter of β2 > 0.2. While for the normal 9/2+ ground state,

the deformation parameter, calculated from the measured quadrupole moment, gives β2 =0.15(2) which is consistent

with that estimated from the experimental values of B(E2 ↑) in neighboring 78,80Zn. Therefore, it is concluded that a

normal near-spherical ground state and a deformed long-lived intruder state coexist in 79Zn. This conclusion is further

supported in T-plots, shown in Fig. 5.7 (c), calculated using the Monte Carlo Shell Model (MCSM) using the PFSDG-

FULL interaction [151, 536]. The exact excitation energy of this isomeric state, suggested to be 1.10(15) MeV from a
78Zn(d, p)79Zn transfer reaction [539] (Fig. 5.6 (a)), is not certain. Shell-model calculations [149] and decay experiments

at RIKEN-RIBF [540] support a lower excitation energy of this isomer than the 5/2+ state and is in line with a simple

estimation from its lifetime (several hundred milliseconds) [57].
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Figure 5.7: (a) Experimental g-factors of ground and isomeric states of 71−79Zn, compared with effective single-particle g-factors of neutron

2p1/2, 1g9/2, 2d5/2 and 2s1/2 orbitals, as well as with those from large-scale shell-model calculations employing different effective interac-

tions [535, 520, 522, 536]. Data are taken from Refs. [57, 149, 151]. (b) Isomer shift 〈r2〉m − 〈r2〉g of 71−79Zn. Data are taken from Ref. [151].

(c) Potential energy surface (T-plots) for the ground and isomeric states of 79Zn calculated by the Monte Carlo Shell Model (MSCM) based

on the effective interaction PFSDG-FULL. Figures are provided by T. Otsuka and Y. Tsunoda [151, 536].

As seen from the low-lying energy systematics of the N = 49 isotones (Fig. 5.6 (a)), a long-lived isomer with a

tentatively-assigned spin-parity of 1/2+ was already reported in 81Ge, which is situated lower in energy than the normal

excited 5/2+ state. Recently, a 80Ge(d, p)81Ge transfer reaction experiment validated the 1/2+ spin-parity assignment

and measured its spectroscopic factor [541], confirming its 2h− 1p intruder configuration from neutron excitations across

N = 50 to the 3s1/2 orbital. 81Ge therefore constitutes an ideal next candidate in which shape coexistence around 78Ni
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can be studied using laser spectroscopy. Plans to realize this are underway at COLLAPS at ISOLDE-CERN [542].

A future study of the properties of the low-lying state in 77Ni, a more exotic nucleus in the N = 49 isotone series,

in which a 1/2+ level is predicted to be the first excited state by shell-model calculations [522, 149], will deepen our

understanding of the 2h − 1p intruder nature and the phenomenon of shape coexistence near the doubly magic 78Ni. It

is also worth mentioning that shape coexistence in the even-even isotopes 78Ni [522, 528] and 80Ge [543] have also been

investigated by both theory and experiment. However, further studies are required before any firm conclusions may be

drawn.

5.3.3. Nuclear structure at N = 50

While the observation of shape coexistence in 79Zn might call the magicity of 78Ni into question, the systematic study

of nuclear moments [149, 141] and charge radii [151, 140] in zinc and copper isotopes broadly support its magic nature.

Corroborating findings include the relatively pure single-particle configuration concluded from the moments of the ground

state of 79Zn [149], reduced proton occupations above Z = 28 and neutron occupations above N = 50 in 78Cu [141],

reduced ‘residual charge radii’ when approaching N = 50 as shown in Fig. 5.5(b) and the reduced odd-even staggering

around N = 50 in the charge radii of the zinc and copper isotopes [151, 61]. All of these observations point to the

enhanced stability of Z = 28 and N = 50, supporting the conclusion that 78Ni is doubly magic. Experiments measuring

other observables such as the binding energies up to 79Cu [544] as well as γ-spectroscopy of 79Cu [545] are consistent

with this conclusion. Recently, direct experiments on low-lying states in78Ni were performed at RIBF-RIKEN via in-

beam γ-spectroscopy [546]. This result, which established the excitation energy of the 2+
1 state, provided the first direct

experimental evidence for the doubly magic nature of 78Ni.

This in-beam experiment [546] also intriguingly confirms the existence of a deformed second 2+ state at low energy,

supporting the prediction of shape coexistence in 78Ni by large-scale shell-model calculations [522]. The theoretical

prediction presented in Ref. [546] suggests a breakdown of the proton Z = 28 shell closure aboveN = 50, and that deformed

ground states are favored in the more neutron-rich nickel isotopes [546]. Figure 5.6(b) summarizes the systematics of the

low-lying 5/2+ and 1/2+ states of N = 51 isotones from Z = 40 down to Z = 28 showing a dramatic decrease in energy

of the 1/2+ state. Approaching Z = 28, an inversion of the 1/2+ and 5/2+ states is expected and theoretically predicted

by both shell-model and ab initio calculations [528], although experimental data is scarce (Fig. 5.6(b)). This strongly

motivates laser spectroscopy experiments to be performed on more neutron-rich isotopes above N = 50 to determine their

spins, moments and radii of their ground states and possible long-lived isomeric states. Challenges remain in directly

determining the properties of neutron-rich nickel isotopes experimentally, as they are not yet producible in sufficient

quantities at current RIB facilities. Nevertheless, experiments to study the ground-state structure of 81,82Zn, the closest

even-Z isotopes to 79,80Ni, have been proposed using CRIS at ISOLDE-CERN [529].

5.3.4. Charge radii and nuclear matter

In addition to the connection between mirror nuclei and parameters contained within the equation of state discussed in

Sec. 3.2.3 and Fig. 3.6, charge radii measurements can also provide constraints to the neutron skin and nuclear dipole

polarizability. Recently, the charge radius of 68Ni, measured at COLLAPS at ISOLDE-CERN, provided an important

benchmark for ab initio coupled-cluster calculations allowing the neutron skin of 68Ni constrained to be within the range

of 0.18−0.20 fm [138]. Furthermore, measurements of the charge radii of 63−78Cu [61] and 58−60,70Ni [63] have also offered
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Figure 5.8: Experimental quadrupole moments of the cadmium (Z = 48) and indium (Z = 49) isotopes as a function of the neutron number.

A linear relation observed for cadmium isotopes is in agreement with the expectations from a single neutron occupying a shell-model orbital.

For indium isotopes a decrease of the magnitude of the quadruple moments towards the magic number N = 82 suggests a rapid reduction of

collective contributions. Data are taken from Refs. [190, 197].

stringent tests for theoretical calculations based on nuclear density functional theory and multiple ab-initio many-body

methods. This in turn offers valuable input into understanding the saturation density of nuclear matter [61].

5.4. The tin region

Isotopes in the neighborhood of the doubly magic 100Sn and 132Sn nuclei have been the subject of numerous recent

experimental and theoretical studies [547, 548, 549, 550, 551, 552, 553]. In these, laser spectroscopy experiments have

provided critical experimental data to shape our understanding of this key region of the nuclear chart. These measurements

have allowed the extraction of nuclear electromagnetic properties in the isotopic chains of palladium(Z = 46) [181],

silver(Z = 47) [184], cadmium (Z = 48) [186], indium (Z = 49) [197], tin (Z = 50) [204, 199], and antimony (Z = 51) [205]

in the vicinity of 100Sn and/or 132Sn. These studies have proven essential in our understanding of the evolution of nuclear

structure properties in this frontier region of the nuclear chart motivating developments in nuclear theory. A few recent

highlights of laser spectroscopy results obtained since the last review in this series [24] are detailed in the following.

5.4.1. Evolution of electromagnetic properties in the proximity of 100Sn

The evolution of properties in proximity of 100Sn remains as an open question in nuclear structure. Contradictory

experimental evidence has been reported about the level ordering of shell-model orbitals in the neutron-deficient tin

isotopes [554, 555], Furthermore, several open questions remain in connection with the robustness of the N = Z = 50

shell closures [547, 556, 557]. While the observation of the largest Gamow-Teller decay strength found to date in 100Sn

supports a shell-model interpretation with strong N = Z = 50 shell closures [547], the existence of low-lying states and

relatively large B(E2 ↑) values (known down to 104Sn [557]) points to a weakened 100Sn core.
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Recent charge radii measurements of neutron-deficient silver isotopes at IGISOL discovered a pronounced discontinuity

in their charge radii, with a local minimum at N = 50 [184]. The magnitude of this discontinuity was however not well-

reproduced by nuclear theory. Further studies on nearby palladium isotopes reveal complementary details of how pairing

and deformation impacts upon the reproduction of local variations in nuclear charge radii [181].

Precision laser spectroscopy experiments of neutron-deficient 103−109Sn [558, 559] and 101−109In [560] isotopes have

already been performed using the CRIS experiment at ISOLDE, allowing systematic studies of nuclear spins, electro-

magnetic moments, and charge radii of their ground and long-lived isomeric states. These observables will provide a

comprehensive picture of the evolution of nuclear properties in the proximity of N = Z = 50.

5.4.2. Simple structure of complex nuclei

The nuclear properties of certain isotopes of elements around Z = 50 have become textbook examples of single-particle

behaviour in atomic nuclei [190, 186, 187, 561]. Figure 5.8 shows two prominent examples of the evolution of nuclear

quadrupole moments as a function of the neutron number for odd-even isotopes of cadmium (Z = 48) and indium

(Z = 49). The linear trend observed in cadmium isotopes has been interpreted to originate mainly from a single valence

neutron in the h11/2 orbital. As discussed in Sec. 3.1.3, in the single-particle picture, a neutron polarizes the core towards

oblate deformation, thus the quadrupole moments exhibit a linear trend as a function of the neutron number. A change in

the sign of the quadrupole moment, corresponding to prolate deformation, is then interpreted in this picture as resulting

from core polarization induced by a single neutron hole.

Beyond this single-particle picture, the quadrupole moments of indium isotopes are expected to be strongly influenced

by the interplay between the unpaired proton-hole in the g9/2 orbit, and the collective behaviour of the remaining nucleons.

Recent observations [197] have revealed an abrupt change in the magnetic moments and a rapid reduction of the magnitude

of the quadrupole moments when approaching N = 82, indicating a significant reduction of collectivity at N = 82.

In contrast to the linear trend of quadrupole moments observed in the neutron-rich cadmium isotopes, an unexpected

distinct quadratic trend was recently observed in those of the ground- and isomeric-states of tin isotopes. This behaviour

is not yet understood [186, 199]. Differences in the charge radii of cadmium isotopes between the lowest I = 1/2+ and

I = 3/2+ states to the I = 11/2− isomers, were found to follow a parabolic dependence as a function of the neutron

number [186]. A similar trend was also observed in tin [199].

5.4.3. Structural changes at N = 82

Recent charge radii measurements of tin isotopes showed a clear kink at N = 82 [198], which is a feature commonly

observed at shell closures [562]. The results have provided important benchmarks to test our understanding of the origin

of the discontinuities in nuclear charge radii observed at nuclear closed-shells. DFT calculations, in particular those

employing the Fayans functional [188, 198], have simultaneously provided a relatively good description of the general

trends observed in both tin and cadmium isotopes [188, 198, 199, 563].

Laser spectroscopy experiments also provided measurements of the nuclear electromagnetic moments of tin (Z = 50)

and antimony (Z = 51) isotopes around the neutron closed-shell N = 82 [204, 205]. The magnetic moments of 133Sn and
133Sb act as probes of the single-particle nature of a single neutron and a single proton around the doubly magic nucleus
133Sn, respectively. Systematic studies of the magnetic moments of indium isotopes (Z = 49) revealed an abrupt and

sudden change at N = 82 [197]. Theoretical and experimental evidence in the region therefore suggests that the magnetic
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moment of 131In is dominated by a single-proton hole, while other configurations contribute significantly to the structure

of less neutron-rich indium isotopes. This contradicts previous interpretations of the trend in the lighter indium isotopes

being a textbook example of single-particle behaviour [561]. Recent DFT calculations have shown that the inclusion of

time-symmetry-breaking mean fields are essential for a correct description of nuclear magnetic properties [197, 564].

Further laser spectroscopy studies in this region, e.g. the neutron-rich tellurium [565] and silver [566] isotopes will

provide further input into our understanding of nuclear properties around 132Sn.

5.5. The lead region

The region surrounding the doubly magic isotope 208Pb has been the subject of sustained experimental and theoretical

interest since the discovery of the large odd-even staggering in neutron-deficient mercury isotopes [2]. Despite the first

measurements of this now iconic example of nuclear shape coexistence being reported five decades ago, the region remains

an active area of research today. Laser spectroscopy experiments, including both in-source RIS and CLS techniques, form

a large part of this endeavour.

5.5.1. Shape-staggering in neutron-deficient mercury and bismuth isotopes

Several decades after the first optical measurements of neutron-deficient mercury isotopes (Z = 80) [2], the chain was

revisited at ISOLDE-CERN. The properties of four new isotopes, 177−180Hg, were successfully measured with in-source

RIS [58, 273] allowing isotopes down to N = 97 to be accessed. The new data reveal no additional large shape staggering

beyond what was previously measured, with the new isotopes exhibiting a more normal odd-even staggering, as shown in

Fig. 5.9 with green pentagons. Large-scale MCSM calculations were employed and highlighted the role of multiple proton

and neutron excitations to the π1h9/2 and ν1i13/2 orbitals in driving this phenomenon, with the latter resulting in large

quadrupole deformation in the N = 104 mid-shell region.

The onset of another example of large shape staggering was recently discovered in the very neutron-deficient bismuth

isotopes (Z = 83) [294]. Relative to its neighbours 187,189Bi, the ground state of 188Bi (I = (10)−) possesses a significantly

larger charge radius resulting in another remarkable example of this phenomenon, which is also presented in Fig. 5.9 with

blue squares. The onset of this newly observed example of large shape staggering in the bismuth isotopic chain occurs at

the exact same neutron number (N = 105) as in the mercury isotopes and also possesses a similar magnitude. A stark

contrast between these isotopes and the intermediate semi-magic lead chain (red circles in Fig. 5.9) can be seen where

the neutron-deficient lead isotopes remain largely spherical in nature [288].

5.5.2. Intruder states and shape coexistence in even-N , odd-Z nuclei

Additional examples of shape coexistence in this region observed through large isomer shifts have been measured in

neutron-deficient even-N isotopes of the odd-Z gold (Z = 79), thallium (Z = 81), bismuth (Z = 83) and astatine (Z = 85)

isotopic chains. In thallium, excitation of a proton from the 3s1/2 to 1h9/2 orbital across the Z = 82 shell gap becomes

energetically favorable with decreasing N towards the mid-shell region. The resulting deformed intruder states become

low-lying 9/2− isomers that are concluded to coexist with 1/2+ ground states.

Large isomer radii were measured previously in even-N thallium (Z = 81) with N = 104−116, shown as green squares

in Fig. 5.10(a), where the isomeric 9/2− states exhibit a larger charge radius due to a significant degree of deformation

with respect to their almost spherical 1/2+ ground states (no ground-state data exist for N = 106, 108). A recent study
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Figure 5.9: Changes in the mean-square charge radii of mercury, bismuth and lead isotopes. The filled and open markers indicate the data for

the ground and isomeric states, respectively. Data are taken from Refs. [58, 294, 288].

extending to the more neutron-deficient thallium isotopes was able to measure an additional 9/2− isomer at N = 102 [276].

No isomeric states were measured in 179,181Tl (N = 98, 100) whose ground-state spins were unambiguously determined

to be 1/2+. The magnitude of measured isomer shifts exhibits a relatively weak dependence upon N at higher neutron

numbers but becomes significantly larger at N = 102, 104 (Fig. 5.10(a)).

In the gold isotope chain, shape coexistence was recently reported in 187Au (N = 108) through observation of a large

isomer shift between the 1/2+ and 9/2− states [268] (the red circle in Fig. 5.10(a)). Located at N = 108, this isotope

directly precedes an abrupt onset of ground-state deformation which occurs at lower neutron number to form an elevated

plateau in their charge radii [263].

Above Z = 82, the spin/parity of the ground and isomeric states in odd-A bismuth and astatine are reversed such that

the isomeric intruder state typically possesses a spin/parity of I = 1/2+, and for the most part exhibits a larger charge

radius than its respective 9/2− ground state. Measured isomer shifts for bismuth (blue triangles) and astatine (purple

pentagons) are shown in Fig. 5.10(a). In bismuth, a large but relatively consistent isomer shift is seen in 193,195,197Bi

(N = 110, 112, 114) [298]. However, in astatine, a large reduction in the magnitude of isomer shift is observed in 195At

at N = 110, shown as an empty purple pentagon in Fig. 5.10(a). In this isotope, the intruder-configuration 1/2+ state
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Figure 5.10: (a) Isomer shifts of intruder states in the odd-Z thallium, bismuth and astatine isotopes. The open markers indicate nuclei where

the intruder state becomes the ground state. (b) Changes in mean-square charge radii of mercury, bismuth and lead isotopes, showing a clear

‘kink’ at the N = 126 shell closure [274, 294, 288].

becomes the ground state. In addition, a strong onset of deformation in the non-intruder state which is now isomeric and

tentatively assigned a spin of 7/2−) results in it possessing a larger charge radius. The behaviour of these isomer shifts

exhibits a strong dependence upon the number of valence protons (protons holes) with respect to the magic Z = 82 lead

chain.

5.5.3. Changes in mean-square charge radii beyond N = 126

The characteristic change in the slope observed in the trend of nuclear charge radii crossing neutron shell closures was

recently measured in mercury isotopes [274, 275]. These data reveal the first measurements of this so called ‘kink’ at

N = 126 for an isotope chain below Z = 82. Figure 5.10 (b) presents the changes in mean-square charge radii of

mercury (green circles), lead (red squares) and bismuth (blue triangles) around N = 126. The slope of the kink crossing

N = 126 in mercury is similar in magnitude to that of what was reported in the proton-magic lead [289] and bismuth

chains [293].

The new measurements in mercury and previous ones in lead were compared to theoretical calculations from both

relativistic Hartree-Bogoliubov (RHB) and non-relativistic Hartree-Fock-Bogoliubov (NR-HFB) approaches, where it is

shown that both the kink at N = 126 and the OES are better reproduced with the former [274, 275]. In the framework

of RHB, the kink is shown to originate from occupation of the ν1h11/2 orbital above N = 126. Contrary to recent

interpretations from Fayans DFT describing the kinks at N = 126 and N = 82 in lead and tin isotopes, respectively

[198], a significant contribution from pairing is not needed to simultaneously reproduce the observed kink at N = 126

and the OES surrounding it.
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5.5.4. Octupole deformation from inverted odd-even staggering of nuclear charge radii

One major avenue of research in the lead region involves investigating nuclei which are octupole deformed. Early decay

studies inferred the existence of these ‘pear-shaped’ nuclei through identification of low-lying opposite parity doublets

in their excitation spectra. More recently, experiments were able to directly measure non-zero E3 transition matrix

elements using Coulomb excitation of post-accelerated beams, which revealed static octupole deformation in the ground

states of certain neutron-rich radium isotopes [567, 568]. The reflection-asymmetric charge distributions of these deformed

systems are predicted to largely amplify their symmetry-violating properties, making these nuclei of particular interest

for experiments searching for physics beyond the Standard Model [569, 568, 567].

Laser spectroscopy experiments investigating the changes in mean-square charge radii have long observed that the

odd-even staggering of this observable is inverted in regions associated with high octupole deformation. In the odd-Z

actinium isotopes 1, laser spectroscopy performed at the ISAC-TRIUMF, was used to search for signatures of octupole

deformation in 225−229Ac [327]. The isotope 226Ac was shown to exhibit an inverted odd-even staggering in its charge

radius. In addition, comparison of the magnetic moments of 225,227,229Ac with values calculated using the Nilsson model

support the assumption that 225,227Ac are octupole deformed with 229Ac being so to a lesser degree.

A large inversion of odd-even staggering was also reported in the neutron-rich astatine isotope 218At where it was

shown to possess a larger radius than the average of its even-N neighbours 217,219At [304], suggesting possible octupole

collectivity. In radium, a recent study of its neutron-rich isotopes employing high- and low-resolution spectroscopy

provided first measurement of the quadrupole moment of 231Ra and charge radius of 233Ra [320]. These data show that

the normal odd-even staggering continues to persist in the most neutron-rich radium isotopes indicating an end to the

region of octupole deformation. These systems instead become more quadrupole deformed with increasing N as previously

suggested [570].

5.5.5. Precision tests of QED

Bound electrons in highly charged ions (HCI) experience extremely strong fields up to a million times larger than those

experienced by those in light atoms. HCIs therefore constitute a powerful environment in which to test predictions from

QED [571].

Recent measurements of the hydrogen-like (209Bi82+) and lithium-like 209Bi80+ HCI in bismuth at the Heavy Ion

Storage Ring (ESR) at GSI determined the specific difference between their ground-state hyperfine splittings [572]. This

quantity, believed to be relatively insensitive to nuclear structure effects, was compared to predictions from QED where

a 7-σ discrepancy was observed constituting the so-called ‘hyperfine puzzle’.

Complementing this study, collinear laser spectroscopy of atomic 208Bi combined with hyperfine anomaly calculations

in addition to the aforementioned measurements of 209Bi80+,82+, yielded a high-precision value of µ(208Bi) [292]. This

measurement was then used to predict the hyperfine splittings in 208Bi80+,82+. A future experiment is proposed in order

to experimentally confirm the cancellation of nuclear structure effects in the specific difference which will enable such

contributions to be excluded as the cause of the hyperfine puzzle.

1Although actinium is usually classified as being part of the actinide series, measurements of its nuclear properties are included in this

section to aid the discussion of octupole deformation in lighter non-actinide elements.
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5.5.6. Fundamental atomic properties of heavy elements

Laser-based techniques at RIBs have also yielded fundamental atomic properties of heavy elements which do not occur

in large quantities in nature.

Previously, in-source RIS at ISOLDE was used to precisely measure the ionization potential of astatine [435]. More

recently, laser photodetachment of astatine anions using GANDALPH [573] at the same facility was used to determine the

element’s electron affinity [574]. In this study, astatine anions were produced directly through negative surface ionization,

which can be efficient for elements possessing a high electron affinity. An alternative approach for negative ion production

utilizes collisions with an alkali vapor to achieve double charge exchange on incoming positive ions [575]. Whereas negative

ions are only directly deliverable for a small class of elements at ISOLDE, double charge exchange could enable radioactive

anions of a wider range of elements to be studied.

In the neighboring polonium chain, two experimental campaigns at ISAC-TRIUMF and ISOLDE-CERN measured its

first ionization potential. At ISAC, over 100 new even-parity Rybderg states belonging to 5 series were identified [576]

whereas 110 odd-parity Rydberg states were measured at ISOLDE [577]. The two experiments were able to independently

determine the ionization potential of polonium with over a two-orders-of-magnitude improvement in precision compared

to existing values.

5.6. Towards heavier elements in the actinides

Tremendous progress has been made in the past decade in performing laser spectroscopy of the heaviest elements. A

dedicated review on this topic was recently published in Ref. [36]. Here, a brief overview of the recent main highlights

will be given.

5.6.1. Nobelium (Z = 102)

One of the most substantial milestones in this region is the first laser spectroscopy study of nobelium [46, 47, 448]. With

an atomic number of 102, these isotopes represent the heaviest species to be studied with laser spectroscopy techniques

so far.

Using the RADRIS technique described previously in Sec. 4.2.5, the strong 1S0 →1 P1 transition was identified in
254No, produced at rate of around 15 particles per second at GSI [46]. Spectroscopy was performed on the isotopes
252−254No yielding their changes in mean-square charge radii in addition to the magnetic dipole and electric quadrupole

moments of 253No [47]. DFT calculations of these isotopes suggest a significant reduction in charge density at the centres

of these nuclei. In addition, the ionization potential of nobelium was measured through extrapolating the convergence

limit of high-lying Rydberg states [448]. Series originating from two distinct states (1P1 and 3D3) were observed where

the 3D3 state was populated through collisional de-excitation of excited atoms in the 1P1 state.

Beyond nuclear structure, an important role of this work is its function as a stringent benchmark for atomic theory.

Methods predicting properties of heavy elements face significant challenges as their atomic structure is strongly influenced

by relativistic and electron-correlation effects. Experimental measurements of actinide elements are critical to validate

techniques whose predictions will form an important part of extending laser spectroscopy studies to even heavier systems.
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5.6.2. 229mTh (Z = 90)

The low-lying isomer in 229Th has garnered significant attention owing to its exceptionally low excitation energy [578].

The most precise determination of this energy to date is 8.28(17) eV [579], an energy which may be soon accessible

by precision laser technology. This unique characteristic makes it the most promising candidate for a nuclear clock

which could exceed the stability of state-of-the-art atomic clocks based upon forbidden optical transitions in ions in the

future [578].

Recently, laser spectroscopy of 229Th was performed on trapped Th2+ ions at two institutes [330, 329]. In one

setup, 229Th2+ ions were trapped following laser ablation of a 229Th-containing target [330]. At the other, the ions were

loaded through catching recoiling α-particles resulting from the decay of 233U. The isomeric state is populated with a

branching ratio of 2% in this process [329]. In the apparatus of the latter, additional HFS components were observed

which could be unambiguously assigned to belong to the isomeric state. This allowed the magnetic dipole and electric

quadrupole moments of the isomer to be determined in addition to its mean-square charge radius. These measurements

are important for investigating feasibility of a solid-state clock wherein the nuclear quadrupole moment of the isomer

interacts with electric field gradients within the crystal structure in which it is implanted. In addition, they allow the

HFS of the isomer to be estimated in any transition across all charge states of thorium, if measurements exist in 229gTh

and any other isotope. This, for example, will allow the HFS of the isomer to be derived in transitions which form part

of the closed laser-cooling cycles of Th3+ [580].

5.6.3. Other heavy elements

Beyond the cases described above, laser spectroscopy experiments have been undertaken in additional elements in the

actinide region. A combined CLS and high-resolution RIS study in plutonium yielded the changes in mean-square charge-

radii of the long-lived 238−242,244Pu isotopes [337]. The resulting radii were shown consistent with results from muonic

x-ray experiments.

An off-line RIS study on einsteinium (Z = 100) isotopes performed at RISIKO was able to determine the magnetic

moment of 255Es and the quadrupole moments of 254,255Es for the first time [345]. Isotope shifts were also measured,

however no changes in mean-square charge radii were deduced owing to the lack of available field- and mass-shift factors

in this chain.

Recent studies in protactinium (Z = 91) at RISIKO measured a multitude of newly observed transitions that involve

over 1500 states, demonstrating the highly complex atomic structure of actinide species [333].

5.7. Molecules containing unstable nuclei

Developments in precisely controlling and interrogating molecules have opened new doors in recent years in the study of

fundamental interactions [581, 70, 582]. Molecules containing radioactive atoms, in particular, are expected to provide

a new window into our study of atomic nuclei, offering unique opportunities for systematic measurements of symmetry-

violating nuclear properties [73, 583, 584, 74, 68]. In certain molecules, parity- and time-reversal violation effects can

be massively enhanced when compared to atomic systems [352, 585]. As these symmetry-violating effects scale with

the atomic number, nuclear spin and nuclear deformation (both quadrupole and octupole), molecules containing heavy,

deformed radioactive nuclei have been predicted to provide a superior sensitivity in several theoretical studies [583, 73, 586,

587]. Experimental measurements of such radioactive systems are however scarce, and quantum chemistry calculations
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often constitute the only source of information available. Recent pioneering experiments have demonstrated the ability

to perform laser spectroscopy measurements of molecules containing short-lived isotopes of radium, such as radium

monofluoride (RaF) [66, 67, 584]. The structure of RaF molecules was shown to be favorable for laser cooling [583, 66], and

at the same time highly sensitive to the short-range electron-nucleon interaction [67]. These studies therefore confirmed

RaF as a compelling system in which to explore opportunities for precision nuclear structure and fundamental symmetry

tests. Complementary studies have demonstrated the ability to create polyatomic molecules containing laser-cooled

radium isotopes in ion traps [588].

Nuclear Structure

Fundamental symmetry Nuclear force

Nuclear matter

Electroweak interaction

Radioactive molecules

Figure 5.11: Radioactive molecules offers several, and in some cases unique, opportunities in the study of fundamental symmetries, nuclear

structure, and astrophysics. See text for more details.

A sketch of the different physics that can be studied with radioactive molecules is shown in Fig. 5.11. Complementary

to atoms, molecules can be formed to exhibit a hyperfine structure in their ground states, hence, offering superior, and

in some cases unique, sensitivity to measure nuclear electromagnetic moments [589]. A huge benefit is the enhanced

sensitivity to hadronic parity violation, which can be more than 11 orders of magnitude higher than that in atoms. In

addition, diatomic molecules can be highly polarizable, reaching internal effective electric fields that can enhance the

sensitivity to time-reversal violating properties by more than 3 orders of magnitude when compared to atoms [352, 581].

This can be combined with the nuclear enhancement of time-violating nuclear properties, e.g Schiff moments, found in

octupole-deformed nuclei [583, 73, 587, 590].

In addition to fundamental physics research, molecules composed of radioactive nuclei are expected to generate new

opportunities in astrophysics. Radioactive nuclei act as sensitive probes of stellar nucleosynthesis processes as their
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lifetimes are short with respect to typical stellar and galactic timescales [591, 592]. Any radioactive nuclei that are present

must therefore originate from current generation stars which allows observations of them to stringently test models of

galactic chemical evolution. Precisely characterizing the rotational structure of molecules containing radioactive isotopes

of astrophysical interest will enable their unambiguous identification in space and allow their presence to be pinpointed

to individual stellar objects [593]. This is currently not possible as the majority of observations of them to date involve

detecting characteristic γ- or x-rays resulting from their decay [594]. Such observations are hindered by their poor spatial

resolution due to the difficulty in manipulating high-energy photons and are strictly limited to species which decay in this

manner. Therefore, radioactive molecules are expected to enable new radioisotopes to be detected around single stellar

objects across our galaxy. Their radioactive half-life can also act as a means to probe the timescales involved with their

journey from their parent star as they propagate towards the interstellar medium where they can form new-star forming

regions.

6. Perspectives and Challenges

Although considerable progress has been made studying unstable nuclei with laser spectroscopy techniques across much

of the nuclear chart, only about one third of the total isotopes producible at current-generation RIB facilities have been

addressed and some key regions of the nuclear chart remain unexplored. As summarized in Fig. 1.2, several gaps remain

in our knowledge, even close to the valley of stability. This is mainly due to challenges involving the production of isotopes

of these elements and/or their structure hindering studies.

To overcome these challenges and expand the ability to perform laser spectroscopy experiments on more isotopes,

elements, and even to yield additional nuclear observables, further improvements and new developments of both RIB

facilities and experimental techniques are being pursued, as will be detailed in the following.

6.1. RIB production and experiments at existing and future facilities

Until now, the majority of laser spectroscopy experiments of unstable isotopes have been performed at ISOL-type RIB

facilities (see Fig. 1.1), such as ISOLDE-CERN. These facilities directly produce low-energy RIBs with favorable properties

for laser spectroscopy experiments. As has been discussed in Sec. 4.4.1, the efficient production and extraction of RIBs

at thick-target ISOL facilities depends strongly upon the chemical properties of the produced element. This can be

challenging for certain elements such as light and refractory elements. Efforts to produce more elements at ISOL facilities

are ongoing by utilizing different target materials and/or ion source combinations. Improving laser ionization schemes for

RIB production is a significant part of this effort.

Alternative techniques to produce RIBs have been developed to provide complementary access to radioactive isotopes

of other elements, e.g. the Ion Guide Isotope Separator On-Line (IGISOL) technique [28]. This approach offers much-

improved access to refractory elements. The PF technique, as was discussed in Sec. 4.4.2, can in principle produce RIBs

of all elements that are lighter than the heavy projectile. However, isotopes produced in this fashion have a high kinetic

energy and possess a large energy spread. By using a gas cell, the RIB can be fully stopped and cooled to produce

low-energy beams for laser spectroscopy experiments [475]. This has been realized at NSCL/FRIB in the US, enabling

unique access to neutron-deficient isotopes of calcium and nickel [60, 139].

Gas-cell methods offer further opportunities for laser spectroscopy experiments [475, 476], and several related tech-
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niques are currently under development and/or planned at existing and upcoming RIB facilities. Some examples of laser

spectroscopy experiments using gas-cell techniques are S3-LEB at SPIRAL2-GANIL [446], PALIS at RIKEN-RIBF [472].

New examples using collinear laser spectroscopy following a gas stopper include BECOLA and RISE at NSCL/FRIB [41],

LaSpec at FAIR [417], and CLS at SLOWRI of RIKEN-RIBF [418].

The development of new-generation facilities, such as the recently operational FRIB in the US [29], as well as those

still under construction like SPIRAL2-GANIL in France [31], FAIR in Germany [30], HIAF in China [33] and RAON in

South Korea [32], will allow unprecedented access to short-lived isotopes. Upgrades of existing facilities are also planned,

largely aiming to increase the usable intensity and/or energy of driver beams to enhance exotic isotope production, such

as the EPIC project at ISOLDE-CERN [595]. Future opportunities to explore ever-more exotic nuclei are foreseen with

the next-generation facilities EURISOL in Europe [34] and BISOL in China [35].

6.2. Improving experimental sensitivity and resolution

Efforts are being undertaken to improve both the overall sensitivity and spectral resolution of laser spectroscopy tech-

niques. A higher experimental sensitivity enables the study of more exotic isotopes, which are produced with small yields

and often delivered alongside large amounts of isobaric contamination. On the other hand, a higher spectral resolution

will allow access to more subtle details of the nuclear distribution. In addition to the magnetic dipole, and electric

quadrupole moments that are routinely measured today, higher-order moments could provide additional information for

nuclear structure studies [348, 350, 393].

6.2.1. Experimental sensitivity

In-source laser spectroscopy experiments have reached record sensitivities employing sensitive detection schemes utilizing

MR-TOF-MS devices, Penning traps and decay detection [58, 184]. Efforts to incorporate these detection approaches to

the CRIS technique are planned which will further boost the sensitivity of the method.

As discussed in Sec 4.3.2, ion traps, such as the widely used gas-filled radiofrequency Paul trap [177, 133], have

long been used to aid laser spectroscopy experiments. While in-trap laser spectroscopy experiments are well-established

techniques for precision studies of stable isotopes, they have only been realized in a handful of radioactive species. A

program aiming to perform laser spectroscopy measurements of radioactive ions circulating a MR-TOF-MS device is

being developed, named MIRACLS, at ISOLDE-CERN [464, 414]. The sensitivity of this approach is expected to be

significantly improved when compared to conventional fluorescence-detected CLS in elements which possess a suitable

spectroscopic transition and structure in the their ionic form. This setup is expected to be used in the coming years for

the study of neutron-rich 33,34Mg and neutron-deficient 20Mg at ISOLDE-CERN [465].

6.2.2. Spectral resolution

The achievable spectral resolution of collinear laser spectroscopy experiments used for the study of radioactive isotopes

at on-line facilities is generally limited to a few tens of MHz. This limitation mainly results from combination of factors

related to the laser technology employed, the natural linewidth of the transitions measured in addition to the experimental

interaction time, and the energy spread of the species interrogated. In order to meaningfully reduce the spectral resolution

to a few hundreds or even few tens of kHz, in-trap and/or RF/MW double resonance laser spectroscopy methods can be

employed. This increased resolution will enable the access to higher-order moments of the nuclear distribution. Double
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resonance spectroscopy methods have been intensively used for atomic and molecular physics research [596, 597, 348].

Application of these methods to radioactive isotopes have been limited so far and there are ongoing efforts to realize them

on both trapped and in-flight unstable nuclei [461].

Progress in improving the resolution of in-source RIS techniques promise to not only yield higher-precision nuclear

observables but also broadly extend their applicability. For hot-cavity in-source RIS, the ability to circumvent Doppler

broadening using PI-LIST will allow medium-mass elements to be investigated at thick-target ISOL facilities [179, 223].

Furthermore, PI-LIST will enable an isomer-selective mode of RILIS operation to be a more universal feature across the

nuclear chart.

The first realization of the in-gas jet method confirmed its potential for performing efficient, high-resolution (few

hundred MHz) spectroscopy of species produced at gas-cell facilities [45]. Setups employing this method at S3-LEB of

SPIRAL2-GANIL [446] and GSI [447] are being commissioned.

A new technique proposed, named Laser Resonance Chromatography (LRC), plans to make use of the difference in

the mobility of ions occupying different electronic states as they pass through a gas-filled drift tube [598, 36]. Optically

pumping these ions in the supersonic jet following the stopping cell could enable a general approach for performing

high-precision spectroscopy of the heaviest elements which avoids the need to neutralize and re-ionize these species.

6.3. Precision measurements of radioactive molecules

The study of radioactive molecules requires an exceptional combination of spectral resolution and sensitivity. The addi-

tional vibrational and rotational degrees of freedom can result more than 104 molecular states being populated at room

temperature. To overcome this challenge, multiple strategies are being pursued by different research groups [66, 588]. The

production of cold molecules by using cryogenic atom/ion traps and laser cooling of certain molecules are two such routes

towards achieving high-precision studies of these complex systems. While some molecules of interest have been identified

at current RIB facilities, developing fully controllable methods to produce specific families of radioactive molecules is an

ongoing effort [599, 600].

7. Conclusion

Laser spectroscopy is well-established as a unique and powerful tool in our global understanding of the structure of

atomic nuclei and the interactions that govern them. The nuclear properties of short-lived nuclei (spins, electromagnetic

moments, and charge radii) that can be obtained from these experiments have proven essential to guide the development

of nuclear theory.

In recent years, significant progress has been made in the development of laser spectroscopy techniques, enabling the

study of exotic nuclei at the extremes of existence. Combined improvements in sensitivity and resolution have motivated

the development of theoretical models of atomic and nuclear structure. These achievements have expanded our knowledge

of weakly bound nuclei towards the terra incoginta of the nuclear chart and deepened our understanding of complex nuclear

phenomena and the forces which drive them. The main purpose of this article was to introduce the versatile range of

laser spectroscopy methods emphasizing recent technological breakthroughs in addition to their application in studying

exotic nuclei.

Some of the technical achievements that were recently realized include: the first on-line application of laser ionization
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spectroscopy in a supersonic gas jet [45, 327], the combination of in-source spectroscopy with sensitive ion traps [58, 184],

the first study of isotopes of nobelium (Z = 102), the heaviest element investigated by laser techniques to date [46, 47],

improvements of sensitivity in collinear laser spectroscopy [110, 424, 60], and simultaneously achieving a high resolution

and high sensitivity with the CRIS technique [61, 62]. These developments continuously yield new results and allow us

to further advance our understanding of nuclear structure.

Some noteworthy highlights in the study of atomic nuclei in different mass regions of the nuclear chart include: the

measurement of nuclear charge radii in the calcium region [54, 62, 60], the identification and measurement of a long-lived

intruder isomer [57] and a rich series of nuclear properties in isotopes around 78Ni [61, 141, 63], extensive studies of

the nuclear properties around the doubly magic nuclei 100,132Sn [188, 199, 184, 197, 181], a microscopic interpretation

of underlying mechanism responsible for the famous shape staggering in mercury [58], and the extension of experiments

to measure the nuclear properties of actinide isotopes up to nobelium [46]. These experimental findings have in turn

stimulated significant progress in improving nuclear interactions and the many-body methods that employ them, in order

to better understand the properties of exotic nuclei [61, 198]. The first laser spectroscopy experiment that was able to

measure the structure of molecules containing short-lived isotopes [66, 67], has paved the way for additional opportunities

in using these systems in nuclear physics, fundamental symmetries and astrophysics studies.

The achievements summarized in this review would not have been possible without continuous efforts to improve all

aspects of this multidisciplinary endeavour ranging from the advancements in laser spectroscopy techniques and approaches

to the production of more exotic isotopes at current and new-generation RIB facilities around the world. Efforts to further

surpass the current limits of experimental sensitivity and precision promise to enable the study of isotopes towards the

limits of existence at next-generation facilities. Combining these measurements alongside state-of-the-art nuclear theory

will enable the emergence of new nuclear phenomena and their connection with the fundamental forces of nature to be

examined in unprecedented detail.
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[149] C. Wraith, X. Yang, L. Xie, C. Babcock, J. Bieroǹ, J. Billowes, M. Bissell, K. Blaum, B. Cheal, L. Filippin, R. Garcia

Ruiz, W. Gins, L. Grob, G. Gaigalas, M. Godefroid, C. Gorges, H. Heylen, M. Honma, P. Jönsson, S. Kaufmann,

M. Kowalska, J. Krämer, S. Malbrunot-Ettenauer, R. Neugart, G. Neyens, W. Nörtershäuser, F. Nowacki, T. Otsuka,

J. Papuga, R. Sànchez, Y. Tsunoda, D. Yordanov, Phys. Lett. B 771 (2017) 385–391.

URL https://www.sciencedirect.com/science/article/pii/S0370269317304483

[150] X. F. Yang, Y. Tsunoda, C. Babcock, J. Billowes, M. L. Bissell, K. Blaum, B. Cheal, K. T. Flanagan, R. F.

Garcia Ruiz, W. Gins, C. Gorges, L. K. Grob, H. Heylen, S. Kaufmann, M. Kowalska, J. Krämer, S. Malbrunot-

Ettenauer, R. Neugart, G. Neyens, W. Nörtershäuser, T. Otsuka, J. Papuga, R. Sánchez, C. Wraith, L. Xie, D. T.

Yordanov, Phys. Rev. C 97 (2018) 044324.

URL https://link.aps.org/doi/10.1103/PhysRevC.97.044324

[151] L. Xie, X. Yang, C. Wraith, C. Babcock, J. Bieroń, J. Billowes, M. Bissell, K. Blaum, B. Cheal, L. Filippin,

K. Flanagan, R. Garcia Ruiz, W. Gins, G. Gaigalas, M. Godefroid, C. Gorges, L. Grob, H. Heylen, P. Jönsson,

S. Kaufmann, M. Kowalska, J. Krämer, S. Malbrunot-Ettenauer, R. Neugart, G. Neyens, W. Nörtershäuser, T. Ot-

suka, J. Papuga, R. Sánchez, Y. Tsunoda, D. Yordanov, Phys. Lett. B 797 (2019) 134805.

URL https://www.sciencedirect.com/science/article/pii/S037026931930509X

[152] G. J. Farooq-Smith, A. R. Vernon, J. Billowes, C. L. Binnersley, M. L. Bissell, T. E. Cocolios, T. Day Goodacre,

R. P. de Groote, K. T. Flanagan, S. Franchoo, R. F. Garcia Ruiz, W. Gins, K. M. Lynch, B. A. Marsh, G. Neyens,

S. Rothe, H. H. Stroke, S. G. Wilkins, X. F. Yang, Phys. Rev. C 96 (2017) 044324.

URL https://link.aps.org/doi/10.1103/PhysRevC.96.044324

[153] B. Cheal, E. Mané, J. Billowes, M. L. Bissell, K. Blaum, B. A. Brown, F. C. Charlwood, K. T. Flanagan, D. H. Forest,

C. Geppert, M. Honma, A. Jokinen, M. Kowalska, A. Krieger, J. Krämer, I. D. Moore, R. Neugart, G. Neyens,

W. Nörtershäuser, M. Schug, H. H. Stroke, P. Vingerhoets, D. T. Yordanov, M. Žáková, Phys. Rev. Lett. 104 (2010)

252502.

URL https://link.aps.org/doi/10.1103/PhysRevLett.104.252502

[154] B. Cheal, J. Billowes, M. L. Bissell, K. Blaum, F. C. Charlwood, K. T. Flanagan, D. H. Forest, S. Fritzsche,

C. Geppert, A. Jokinen, M. Kowalska, A. Krieger, J. Krämer, E. Mané, I. D. Moore, R. Neugart, G. Neyens,

W. Nörtershäuser, M. M. Rajabali, M. Schug, H. H. Stroke, P. Vingerhoets, D. T. Yordanov, M. Žáková, Phys.

Rev. C 82 (2010) 051302.

URL https://link.aps.org/doi/10.1103/PhysRevC.82.051302

[155] E. Mané, B. Cheal, J. Billowes, M. L. Bissell, K. Blaum, F. C. Charlwood, K. T. Flanagan, D. H. Forest, C. Geppert,

M. Kowalska, A. Krieger, J. Krämer, I. D. Moore, R. Neugart, G. Neyens, W. Nörtershäuser, M. M. Rajabali,

R. Sánchez, M. Schug, H. H. Stroke, P. Vingerhoets, D. T. Yordanov, M. Žáková, Phys. Rev. C 84 (2011) 024303.

URL https://link.aps.org/doi/10.1103/PhysRevC.84.024303

88

https://doi.org/10.1103/PhysRevC.81.014314
https://doi.org/10.1103/PhysRevC.81.014314
https://doi.org/10.1103/PhysRevC.81.014314
https://www.sciencedirect.com/science/article/pii/S0370269317304483
https://www.sciencedirect.com/science/article/pii/S0370269317304483
https://www.sciencedirect.com/science/article/pii/S0370269317304483
https://www.sciencedirect.com/science/article/pii/S0370269317304483
https://www.sciencedirect.com/science/article/pii/S0370269317304483
https://link.aps.org/doi/10.1103/PhysRevC.97.044324
https://link.aps.org/doi/10.1103/PhysRevC.97.044324
https://link.aps.org/doi/10.1103/PhysRevC.97.044324
https://link.aps.org/doi/10.1103/PhysRevC.97.044324
https://link.aps.org/doi/10.1103/PhysRevC.97.044324
https://www.sciencedirect.com/science/article/pii/S037026931930509X
https://www.sciencedirect.com/science/article/pii/S037026931930509X
https://www.sciencedirect.com/science/article/pii/S037026931930509X
https://www.sciencedirect.com/science/article/pii/S037026931930509X
https://www.sciencedirect.com/science/article/pii/S037026931930509X
https://link.aps.org/doi/10.1103/PhysRevC.96.044324
https://link.aps.org/doi/10.1103/PhysRevC.96.044324
https://link.aps.org/doi/10.1103/PhysRevC.96.044324
https://link.aps.org/doi/10.1103/PhysRevC.96.044324
https://link.aps.org/doi/10.1103/PhysRevLett.104.252502
https://link.aps.org/doi/10.1103/PhysRevLett.104.252502
https://link.aps.org/doi/10.1103/PhysRevLett.104.252502
https://link.aps.org/doi/10.1103/PhysRevLett.104.252502
https://link.aps.org/doi/10.1103/PhysRevC.82.051302
https://link.aps.org/doi/10.1103/PhysRevC.82.051302
https://link.aps.org/doi/10.1103/PhysRevC.82.051302
https://link.aps.org/doi/10.1103/PhysRevC.82.051302
https://link.aps.org/doi/10.1103/PhysRevC.84.024303
https://link.aps.org/doi/10.1103/PhysRevC.84.024303
https://link.aps.org/doi/10.1103/PhysRevC.84.024303
https://link.aps.org/doi/10.1103/PhysRevC.84.024303


[156] T. J. Procter, J. Billowes, M. L. Bissell, K. Blaum, F. C. Charlwood, B. Cheal, K. T. Flanagan, D. H. Forest,

S. Fritzsche, C. Geppert, H. Heylen, M. Kowalska, K. Kreim, A. Krieger, J. Krämer, K. M. Lynch, E. Mané, I. D.

Moore, R. Neugart, G. Neyens, W. Nörtershäuser, J. Papuga, M. M. Rajabali, H. H. Stroke, P. Vingerhoets, D. T.

Yordanov, M. Žáková, Phys. Rev. C 86 (2012) 034329.

URL https://link.aps.org/doi/10.1103/PhysRevC.86.034329

[157] B. Cheal, J. Billowes, M. L. Bissell, K. Blaum, F. C. Charlwood, K. T. Flanagan, D. H. Forest, C. Geppert,

M. Kowalska, K. Kreim, A. Krieger, J. Krämer, K. M. Lynch, E. Mané, I. D. Moore, R. Neugart, G. Neyens,

W. Nörtershäuser, J. Papuga, T. J. Procter, M. M. Rajabali, H. H. Stroke, P. Vingerhoets, D. T. Yordanov,

M. Žáková, Journal of Physics: Conference Series 381 (2012) 012071.

URL https://doi.org/10.1088/1742-6596/381/1/012071

[158] A. Kanellakopoulos, X. F. Yang, M. L. Bissell, M. L. Reitsma, S. W. Bai, J. Billowes, K. Blaum, A. Borschevsky,

B. Cheal, C. S. Devlin, R. F. Garcia Ruiz, H. Heylen, S. Kaufmann, K. König, A. Koszorús, S. Lechner, S. Malbrunot-

Ettenauer, R. Neugart, G. Neyens, W. Nörtershäuser, T. Ratajczyk, L. V. Rodríguez, S. Sels, S. J. Wang, L. Xie,

Z. Y. Xu, D. T. Yordanov, Phys. Rev. C 102 (2020) 054331.

URL https://link.aps.org/doi/10.1103/PhysRevC.102.054331

[159] H. A. Schuessler, A. Alousi, R. M. Evans, M. Brieger, F. Buchinger, Y. F. Li, Phys. Rev. Lett. 65 (1990) 1332–1335.

URL https://link.aps.org/doi/10.1103/PhysRevLett.65.1332

[160] M. Keim, E. Arnold, W. Borchers, U. Georg, A. Klein, R. Neugart, L. Vermeeren, R. Silverans, P. Lievens, Nuclear

Physics A 586 (2) (1995) 219–239.

URL https://www.sciencedirect.com/science/article/pii/037594749400786M

[161] P. Lievens, E. Arnold, W. Borchers, U. Georg, M. Keim, A. Klein, R. Neugart, L. Vermeeren, R. E. Silverans,

Europhysics Letters (EPL) 33 (1) (1996) 11–16.

URL https://doi.org/10.1209/epl/i1996-00296-0

[162] C. Thibault, F. Touchard, S. Büttgenbach, R. Klapisch, M. de Saint Simon, H. T. Duong, P. Jacquinot, P. Juncar,

S. Liberman, P. Pillet, J. Pinard, J. L. Vialle, A. Pesnelle, G. Huber, Phys. Rev. C 23 (1981) 2720–2729.

URL https://link.aps.org/doi/10.1103/PhysRevC.23.2720

[163] E. Mané, A. Voss, J. A. Behr, J. Billowes, T. Brunner, F. Buchinger, J. E. Crawford, J. Dilling, S. Ettenauer,

C. D. P. Levy, O. Shelbaya, M. R. Pearson, Phys. Rev. Lett. 107 (2011) 212502.

URL https://link.aps.org/doi/10.1103/PhysRevLett.107.212502

[164] T. J. Procter, J. A. Behr, J. Billowes, F. Buchinger, B. Cheal, J. E. Crawford, J. Dilling, A. B. Garnsworthy,

A. Leary, C. D. P. Levy, E. Mané, M. R. Pearson, O. Shelbaya, M. Stolz, W. A. Tamimi, A. Voss, The European

Physical Journal A 51 (2015) 23.

URL https://doi.org/10.1140/epja/i2015-15023-2

[165] F. Buchinger, R. Corriveau, E. B. Ramsay, D. Berdichevsky, D. W. L. Sprung, Phys. Rev. C 32 (1985) 2058–2066.

URL https://link.aps.org/doi/10.1103/PhysRevC.32.2058

89

https://link.aps.org/doi/10.1103/PhysRevC.86.034329
https://link.aps.org/doi/10.1103/PhysRevC.86.034329
https://link.aps.org/doi/10.1103/PhysRevC.86.034329
https://link.aps.org/doi/10.1103/PhysRevC.86.034329
https://link.aps.org/doi/10.1103/PhysRevC.86.034329
https://doi.org/10.1088/1742-6596/381/1/012071
https://doi.org/10.1088/1742-6596/381/1/012071
https://doi.org/10.1088/1742-6596/381/1/012071
https://doi.org/10.1088/1742-6596/381/1/012071
https://doi.org/10.1088/1742-6596/381/1/012071
https://link.aps.org/doi/10.1103/PhysRevC.102.054331
https://link.aps.org/doi/10.1103/PhysRevC.102.054331
https://link.aps.org/doi/10.1103/PhysRevC.102.054331
https://link.aps.org/doi/10.1103/PhysRevC.102.054331
https://link.aps.org/doi/10.1103/PhysRevC.102.054331
https://link.aps.org/doi/10.1103/PhysRevLett.65.1332
https://link.aps.org/doi/10.1103/PhysRevLett.65.1332
https://www.sciencedirect.com/science/article/pii/037594749400786M
https://www.sciencedirect.com/science/article/pii/037594749400786M
https://doi.org/10.1209/epl/i1996-00296-0
https://doi.org/10.1209/epl/i1996-00296-0
https://link.aps.org/doi/10.1103/PhysRevC.23.2720
https://link.aps.org/doi/10.1103/PhysRevC.23.2720
https://link.aps.org/doi/10.1103/PhysRevC.23.2720
https://link.aps.org/doi/10.1103/PhysRevLett.107.212502
https://link.aps.org/doi/10.1103/PhysRevLett.107.212502
https://link.aps.org/doi/10.1103/PhysRevLett.107.212502
https://doi.org/10.1140/epja/i2015-15023-2
https://doi.org/10.1140/epja/i2015-15023-2
https://doi.org/10.1140/epja/i2015-15023-2
https://link.aps.org/doi/10.1103/PhysRevC.32.2058
https://link.aps.org/doi/10.1103/PhysRevC.32.2058


[166] M. Anselment, S. Chongkum, K. Bekk, S. Göring, A. Hanser, G. Meisel, H. Rebel, Z. Phys. D 3 (1986) 421–422.

URL https://doi.org/10.1007/BF01437201

[167] M. Anselment, K. Bekk, S. Chongkum, S. Göring, A. Hanser, H. Hoeffgen, W. Kälber, G. Meisel, H. Rebel, Z.

Phys. A 326 (1987) 493–500.

URL https://doi.org/10.1007/BF01289554

[168] D. A. Eastham, P. M. Walker, J. R. H. Smith, D. D. Warner, J. A. R. Griffith, D. E. Evans, S. A. Wells, M. J.

Fawcett, I. S. Grant, Phys. Rev. C 36 (1987) 1583–1586.

URL https://link.aps.org/doi/10.1103/PhysRevC.36.1583

[169] R. E. Silverans, P. Lievens, L. Vermeeren, E. Arnold, W. Neu, R. Neugart, K. Wendt, F. Buchinger, E. B. Ramsay,

G. Ulm, Phys. Rev. Lett. 60 (1988) 2607–2610.

URL https://link.aps.org/doi/10.1103/PhysRevLett.60.2607

[170] F. Buchinger, E. B. Ramsay, R. E. Silverans, P. Lievens, E. Arnold, W. Neu, R. Neugart, K. Wendt, G. Ulm., Z.

Phys. A 327 (1987) 361–362.

URL https://doi.org/10.1007/BF01284462

[171] F. Buchinger, E. B. Ramsay, R. E. Silverans, P. Lievens, E. Arnold, W. Neu, R. Neugart, K. Wendt, G. Ulm, AIP

Conference Proceedings 164 (1) (1987) 197–200.

URL https://aip.scitation.org/doi/abs/10.1063/1.37031

[172] F. Buchinger, E. B. Ramsay, E. Arnold, W. Neu, R. Neugart, K. Wendt, R. E. Silverans, P. Lievens, L. Vermeeren,

D. Berdichevsky, R. Fleming, D. W. L. Sprung, G. Ulm, Phys. Rev. C 41 (1990) 2883–2897.

URL https://link.aps.org/doi/10.1103/PhysRevC.41.2883

[173] P. Lievens, R. Silverans, L. Vermeeren, W. Borchers, W. Neu, R. Neugart, K. Wendt, F. Buchinger, E. Arnold,

Phys. Lett. B 256 (2) (1991) 141–145.

URL https://www.sciencedirect.com/science/article/pii/037026939190664C

[174] P. Lievens, L. Vermeeren, R. E. Silverans, E. Arnold, R. Neugart, K. Wendt, F. Buchinger, Phys. Rev. C 46 (1992)

797–800.

URL https://link.aps.org/doi/10.1103/PhysRevC.46.797

[175] K. Baczynska, J. Billowes, P. Campbell, F. C. Charlwood, B. Cheal, T. Eronen, D. H. Forest, A. Jokinen, T. Kessler,

I. D. Moore, M. Rüffer, G. Tungate, J. Äystö, J. Phys. G: Nucl. Part. Phys. 37 (10) (2010) 105103.

URL https://doi.org/10.1088/0954-3899/37/10/105103

[176] D. H. Forest, J. Billowes, P. Campbell, P. Dendooven, K. T. Flanagan, J. A. R. Griffith, J. Huikari, A. Jokinen,

R. Moore, A. Nieminen, H. L. Thayer, G. Tungate, S. Zemlyanoi, J. Äystö, J. Phys. G: Nucl. Part. Phys. 28 (12)

(2002) L63–L68.

URL https://doi.org/10.1088/0954-3899/28/12/101

[177] B. Cheal, K. Baczynska, J. Billowes, P. Campbell, F. C. Charlwood, T. Eronen, D. H. Forest, A. Jokinen, T. Kessler,

I. D. Moore, M. Reponen, S. Rothe, M. Rüffer, A. Saastamoinen, G. Tungate, J. Äystö, Phys. Rev. Lett. 102 (2009)

90

https://doi.org/10.1007/BF01437201
https://doi.org/10.1007/BF01437201
https://doi.org/10.1007/BF01289554
https://doi.org/10.1007/BF01289554
https://link.aps.org/doi/10.1103/PhysRevC.36.1583
https://link.aps.org/doi/10.1103/PhysRevC.36.1583
https://link.aps.org/doi/10.1103/PhysRevC.36.1583
https://link.aps.org/doi/10.1103/PhysRevLett.60.2607
https://link.aps.org/doi/10.1103/PhysRevLett.60.2607
https://link.aps.org/doi/10.1103/PhysRevLett.60.2607
https://doi.org/10.1007/BF01284462
https://doi.org/10.1007/BF01284462
https://aip.scitation.org/doi/abs/10.1063/1.37031
https://aip.scitation.org/doi/abs/10.1063/1.37031
https://link.aps.org/doi/10.1103/PhysRevC.41.2883
https://link.aps.org/doi/10.1103/PhysRevC.41.2883
https://link.aps.org/doi/10.1103/PhysRevC.41.2883
https://www.sciencedirect.com/science/article/pii/037026939190664C
https://www.sciencedirect.com/science/article/pii/037026939190664C
https://link.aps.org/doi/10.1103/PhysRevC.46.797
https://link.aps.org/doi/10.1103/PhysRevC.46.797
https://doi.org/10.1088/0954-3899/37/10/105103
https://doi.org/10.1088/0954-3899/37/10/105103
https://doi.org/10.1088/0954-3899/37/10/105103
https://doi.org/10.1088/0954-3899/28/12/101
https://doi.org/10.1088/0954-3899/28/12/101
https://doi.org/10.1088/0954-3899/28/12/101
https://link.aps.org/doi/10.1103/PhysRevLett.102.222501
https://link.aps.org/doi/10.1103/PhysRevLett.102.222501


222501.

URL https://link.aps.org/doi/10.1103/PhysRevLett.102.222501

[178] F. Charlwood, K. Baczynska, J. Billowes, P. Campbell, B. Cheal, T. Eronen, D. Forest, A. Jokinen, T. Kessler,

I. Moore, H. Penttilä, R. Powis, M. Rüffer, A. Saastamoinen, G. Tungate, J. Äystö, Phys. Lett. B 674 (1) (2009)

23–27.

URL https://www.sciencedirect.com/science/article/pii/S0370269309002470

[179] T. Kron, R. Beerwerth, S. Raeder, S. Fritzsche, R. Heinke, P. Schönberg, M. Trümper, K. Wendt, Phys. Rev. C

102 (2020) 034307.

URL https://link.aps.org/doi/10.1103/PhysRevC.102.034307

[180] D. H. Forest, R. A. Powis, E. C. A. Cochrane, J. A. R. Griffith, G. Tungate 41 (2) (2014) 025106.

URL https://doi.org/10.1088/0954-3899/41/2/025106

[181] S. Geldhof, M. Kortelainen, O. Beliuskina, P. Campbell, L. Caceres, L. Cañete, B. Cheal, K. Chrysalidis, C. S.

Devlin, R. P. de Groote, A. de Roubin, T. Eronen, Z. Ge, W. Gins, A. Koszorús, S. Kujanpää, D. Nesterenko,

A. Ortiz-Cortes, I. Pohjalainen, I. D. Moore, A. Raggio, M. Reponen, J. Romero, F. Sommer, Phys. Rev. Lett. 128

(2022) 152501.

URL https://link.aps.org/doi/10.1103/PhysRevLett.128.152501

[182] U. Dinger, J. Eberz, G. Huber, R. Menges, R. Kirchner, O. Klepper, T. Ku¨hl, D. Marx, Nuclear Physics A 503 (2)

(1989) 331–348.

URL https://www.sciencedirect.com/science/article/pii/037594748990239X

[183] R. Ferrer, N. Bree, T. Cocolios, I. Darby, H. De Witte, W. Dexters, J. Diriken, J. Elseviers, S. Franchoo, M. Huyse,

N. Kesteloot, Y. Kudryavtsev, D. Pauwels, D. Radulov, T. Roger, H. Savajols, P. Van Duppen, M. Venhart, Phys.

Lett. B 728 (2014) 191–197.

URL https://www.sciencedirect.com/science/article/pii/S0370269313009611

[184] M. Reponen, R. de Groote, L. Al Ayoubi, O. Beliuskina, M. L. Bissell, P. Campbell, L. Cañete, B. Cheal, K. Chrysa-

lidis, C. Delafosse, A. de Roubin, C. S. Devlin, T. Eronen, R. F. G. Rui, S. Geldhof, W. Gins, M. Hukkanen, P. Im-

gram, A. Kankainen, M. Kortelainen, A. Koszorús, S. Kujanpää, R. M. and. A. Nesterenko, Pohjalainen, M. Vilén,

A. Zadvornaya, I. D. Moore, Nature Communications 12 (2021) 4596.

URL https://www.nature.com/articles/s41467-021-24888-x

[185] N. Frömmgen, D. L. Balabanski, M. L. Bissell, J. Bieroń, K. Blaum, B. Cheal, K. Flanagan, S. Fritzsche, C. Geppert,

M. Hammen, M. Kowalska, K. Kreim, A. Krieger, R. Neugart, G. Neyens, M. M. Rajabali, W. Nörtershäuser,

J. Papuga, D. T. Yordanov., The European Physical Journal D 69 (2015) 164.

URL https://doi.org/10.1140/epjd/e2015-60219-0

[186] D. T. Yordanov, D. L. Balabanski, M. L. Bissell, K. Blaum, I. Budinčević, B. Cheal, K. Flanagan, N. Frömmgen,

G. Georgiev, C. Geppert, M. Hammen, M. Kowalska, K. Kreim, A. Krieger, J. Meng, R. Neugart, G. Neyens,

W. Nörtershäuser, M. M. Rajabali, J. Papuga, S. Schmidt, P. W. Zhao, Phys. Rev. Lett. 116 (2016) 032501.

URL https://link.aps.org/doi/10.1103/PhysRevLett.116.032501

91

https://link.aps.org/doi/10.1103/PhysRevLett.102.222501
https://www.sciencedirect.com/science/article/pii/S0370269309002470
https://www.sciencedirect.com/science/article/pii/S0370269309002470
https://www.sciencedirect.com/science/article/pii/S0370269309002470
https://link.aps.org/doi/10.1103/PhysRevC.102.034307
https://link.aps.org/doi/10.1103/PhysRevC.102.034307
https://doi.org/10.1088/0954-3899/41/2/025106
https://doi.org/10.1088/0954-3899/41/2/025106
https://link.aps.org/doi/10.1103/PhysRevLett.128.152501
https://link.aps.org/doi/10.1103/PhysRevLett.128.152501
https://link.aps.org/doi/10.1103/PhysRevLett.128.152501
https://link.aps.org/doi/10.1103/PhysRevLett.128.152501
https://www.sciencedirect.com/science/article/pii/037594748990239X
https://www.sciencedirect.com/science/article/pii/037594748990239X
https://www.sciencedirect.com/science/article/pii/S0370269313009611
https://www.sciencedirect.com/science/article/pii/S0370269313009611
https://www.sciencedirect.com/science/article/pii/S0370269313009611
https://www.nature.com/articles/s41467-021-24888-x
https://www.nature.com/articles/s41467-021-24888-x
https://www.nature.com/articles/s41467-021-24888-x
https://www.nature.com/articles/s41467-021-24888-x
https://www.nature.com/articles/s41467-021-24888-x
https://doi.org/10.1140/epjd/e2015-60219-0
https://doi.org/10.1140/epjd/e2015-60219-0
https://doi.org/10.1140/epjd/e2015-60219-0
https://doi.org/10.1140/epjd/e2015-60219-0
https://link.aps.org/doi/10.1103/PhysRevLett.116.032501
https://link.aps.org/doi/10.1103/PhysRevLett.116.032501
https://link.aps.org/doi/10.1103/PhysRevLett.116.032501
https://link.aps.org/doi/10.1103/PhysRevLett.116.032501


[187] D. T. Yordanov, D. L. Balabanski, M. L. Bissell, K. Blaum, A. Blazhev, I. Budinčević, N. Frömmgen, C. Geppert,

H. Grawe, M. Hammen, K. Kreim, R. Neugart, G. Neyens, W. Nörtershäuser, Phys. Rev. C 98 (2018) 011303.

URL https://link.aps.org/doi/10.1103/PhysRevC.98.011303

[188] M. Hammen, W. Nörtershäuser, D. L. Balabanski, M. L. Bissell, K. Blaum, I. Budinčević, B. Cheal, K. T. Flanagan,

N. Frömmgen, G. Georgiev, C. Geppert, M. Kowalska, K. Kreim, A. Krieger, W. Nazarewicz, R. Neugart, G. Neyens,

J. Papuga, P.-G. Reinhard, M. M. Rajabali, S. Schmidt, D. T. Yordanov, Phys. Rev. Lett. 121 (2018) 102501.

URL https://link.aps.org/doi/10.1103/PhysRevLett.121.102501

[189] F. Buchinger, P. Dabkiewicz, H.-J. Kluge, A. Mueller, E.-W. Otten, Nuclear Physics A 462 (2) (1987) 305–332.

URL https://www.sciencedirect.com/science/article/pii/0375947487905501

[190] D. T. Yordanov, D. L. Balabanski, J. Bieroń, M. L. Bissell, K. Blaum, I. Budinčević, S. Fritzsche, N. Frömm-

gen, G. Georgiev, C. Geppert, M. Hammen, M. Kowalska, K. Kreim, A. Krieger, R. Neugart, W. Nörtershäuser,

J. Papuga, S. Schmidt, Phys. Rev. Lett. 110 (2013) 192501.

URL https://link.aps.org/doi/10.1103/PhysRevLett.110.192501

[191] R. F. Garcia Ruiz, A. R. Vernon, C. L. Binnersley, B. K. Sahoo, M. Bissell, J. Billowes, T. E. Cocolios, W. Gins,

R. P. de Groote, K. T. Flanagan, A. Koszorús, K. M. Lynch, G. Neyens, C. M. Ricketts, K. D. A. Wendt, S. G.

Wilkins, X. F. Yang, Phys. Rev. X 8 (2018) 041005.

URL https://link.aps.org/doi/10.1103/PhysRevX.8.041005

[192] B. K. Sahoo, A. R. Vernon, R. F. G. Ruiz, C. L. Binnersley, J. Billowes, M. L. Bissell, T. E. Cocolios, G. J. Farooq-

Smith, K. T. Flanagan, W. Gins, R. P. de Groote, Á. Koszorús, G. Neyens, K. M. Lynch, F. Parnefjord-Gustafsson,

C. M. Ricketts, K. D. A. Wendt, S. G. Wilkins, X. F. Yang, New Journal of Physics 22 (1) (2020) 012001.

URL https://doi.org/10.1088/1367-2630/ab66dd

[193] G. Ulm, J. Eberz, G. Huber, H. Lochmann, R. Menges, R. Kirchner, O. Klepper, T. Kühl, P. O. Larsson, D. Marx,

D. Murnick, D. Schardt, Z. Phys. A. 321 (1985) 395–402.

URL https://doi.org/10.1007/BF01411970

[194] J. Eberz, U. Dinger, G. Huber, H. Lochmann, R. Menges, R. Neugart, R. Kirchner, O. Klepper, T. Kühl, D. Marx,

G. Ulm, K. Wendt, Nuclear Physics A 464 (1) (1987) 9–28.

URL https://www.sciencedirect.com/science/article/pii/0375947487904192

[195] H. Lochmann, U. Dinger, J. Eberz, G. Huber, R. Menges, G. Ulm, R. Kirchner, O. Klepper, T. Kühl, D. Marx,

D. Schardt, Z. Phys. A. 322 (1985) 703–704.

URL https://doi.org/10.1007/BF01415156

[196] J. Eberz, U. Dinger, T. Horiguchi, G. Huber, H. Lochmann, R. Menges, R. Kirchner, O. Klepper, T. Kühl, D. Marx,

E. Roeckl, D. Schardt, G. Ulm, Z. Phys. A. 323 (1986) 119–123.

URL https://doi.org/10.1007/BF01294563

[197] A. Vernon, R. F. G. Ruiz, T. Miyagi, C. Binnersley, J. Billowes, M. Bissell, J. Bonnard, T. Cocolios, J. Dobaczewski,

K. Flanagan, G. Georgiev, W. Gins, R. de Groote, R. Heinke, J. Holt, Ágota Koszorús, D. Leimbach, K. Lynch,

92

https://link.aps.org/doi/10.1103/PhysRevC.98.011303
https://link.aps.org/doi/10.1103/PhysRevC.98.011303
https://link.aps.org/doi/10.1103/PhysRevC.98.011303
https://link.aps.org/doi/10.1103/PhysRevLett.121.102501
https://link.aps.org/doi/10.1103/PhysRevLett.121.102501
https://link.aps.org/doi/10.1103/PhysRevLett.121.102501
https://link.aps.org/doi/10.1103/PhysRevLett.121.102501
https://www.sciencedirect.com/science/article/pii/0375947487905501
https://www.sciencedirect.com/science/article/pii/0375947487905501
https://link.aps.org/doi/10.1103/PhysRevLett.110.192501
https://link.aps.org/doi/10.1103/PhysRevLett.110.192501
https://link.aps.org/doi/10.1103/PhysRevLett.110.192501
https://link.aps.org/doi/10.1103/PhysRevLett.110.192501
https://link.aps.org/doi/10.1103/PhysRevX.8.041005
https://link.aps.org/doi/10.1103/PhysRevX.8.041005
https://link.aps.org/doi/10.1103/PhysRevX.8.041005
https://link.aps.org/doi/10.1103/PhysRevX.8.041005
https://doi.org/10.1088/1367-2630/ab66dd
https://doi.org/10.1088/1367-2630/ab66dd
https://doi.org/10.1088/1367-2630/ab66dd
https://doi.org/10.1088/1367-2630/ab66dd
https://doi.org/10.1007/BF01411970
https://doi.org/10.1007/BF01411970
https://doi.org/10.1007/BF01411970
https://www.sciencedirect.com/science/article/pii/0375947487904192
https://www.sciencedirect.com/science/article/pii/0375947487904192
https://www.sciencedirect.com/science/article/pii/0375947487904192
https://doi.org/10.1007/BF01415156
https://doi.org/10.1007/BF01415156
https://doi.org/10.1007/BF01415156
https://doi.org/10.1007/BF01294563
https://doi.org/10.1007/BF01294563
https://doi.org/10.1007/BF01294563
https://doi.org/10.1038/s41586-022-04818-7
https://doi.org/10.1038/s41586-022-04818-7
https://doi.org/10.1038/s41586-022-04818-7


G. Neyens, S. Stroberg, S. Wilkins, X. Yang, D. Yordanov, G. Farooq-Smith, J. Hustings, Nature 607 (2022)

260–265.

URL https://doi.org/10.1038/s41586-022-04818-7

[198] C. Gorges, L. V. Rodríguez, D. L. Balabanski, M. L. Bissell, K. Blaum, B. Cheal, R. F. Garcia Ruiz, G. Georgiev,

W. Gins, H. Heylen, A. Kanellakopoulos, S. Kaufmann, M. Kowalska, V. Lagaki, S. Lechner, B. Maaß, S. Malbrunot-

Ettenauer, W. Nazarewicz, R. Neugart, G. Neyens, W. Nörtershäuser, P.-G. Reinhard, S. Sailer, R. Sánchez,

S. Schmidt, L. Wehner, C. Wraith, L. Xie, Z. Y. Xu, X. F. Yang, D. T. Yordanov, Phys. Rev. Lett. 122 (2019)

192502.

URL https://link.aps.org/doi/10.1103/PhysRevLett.122.192502

[199] D. T. Yordanov, L. V. Rodríguez, D. L. Balabanski, J. Bieroǹ, M. L. Bissell, K. Blaum, B. Cheal, J. Ekman,
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