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• Electromagnetic moments

• Magnetic dipole

• Electric quadrupole

• Future: magnetic octupole, hyperfine 

anomaly

• Nuclear charge radii

• Nuclear spins

• Nuclear masses

These observables are:

• Excellent probes for nuclear configurations, 

shapes, sizes, shell structure, …

• Powerful benchmarks of theory developments

MISSING: other ground-state properties!

• Half-lives, branching ratios, radioactivity,  

fission…

• Perspectives here should be considered for LRP.

I will discuss experimental perspective on
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These observables are:

• Excellent probes for nuclear configurations, 

shapes, sizes, shell structure, …

• Powerful benchmarks of theory developments

MISSING: other ground-state properties!

• Half-lives, branching ratios, radioactivity,  

fission…

• Perspectives here should be considered for LRP.

I will discuss experimental perspective on

LRP2017:

• How does shell structure evolve across the 

nuclear landscape? 

• What shape can nuclei take?

• How do neutron halos and skins evolve across 

the nuclear chart?

Ground-state properties are measured to help 

answer these questions (and perhaps new ones 

we formulate for this LRP).



Push towards ‘terra 

incognita’ of ground-state 

properties
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• Structure near exotic shell closures as tests of nuclear theory
• Many Pre-2019 papers

• Miller, Andrew J., et al. Nature physics 15.5 (2019): 432-436.

• Gorges, C., et al. Physical review letters 122.19 (2019): 192502.

• de Groote, R. P., et al. Nature Physics 16.6 (2020): 620-624.

• Yordanov, Deyan T., et al. Communications physics 3.1 (2020): 107.

• Koszorús, Á., et al. Nature Physics 17.4 (2021): 439-443.

• Reponen, M., et al. Nature Communications 12.1 (2021): 4596.

• Goodacre, T. Day, et al. Physical review letters 126.3 (2021): 032502.

• Sommer, Felix, et al. Physical Review Letters 129.13 (2022): 132501.

• Vernon, Adam R., et al. Nature 607.7918 (2022): 260-265.

• Deformation and shape coexistence
• Marsh, B. A., et al. Nature Physics 14.12 (2018): 1163-1167.

• Geldhof, S., et al. Physical Review Letters 128.15 (2022): 152501.

• Barzakh, A., et al. Physical review letters 127.19 (2021): 192501.

• Structure of lightest nuclei
• Maaß, Bernhard, et al. Physical Review Letters 122.18 (2019): 182501.

• (S)HE: atomic and nuclear structure
• Voss, Annika, et al. Physical Review A 95.3 (2017): 032506.

• Ferrer, R., et al. Nature communications 8.1 (2017): 14520.

• Raeder, S., et al. Physical Review Letters 120.23 (2018): 232503.

• Probing EOS with r2

• Kaufmann, S., et al. Physical Review Letters 124.13 (2020): 132502.

• Pineda, Skyy V., et al. Physical Review Letters 127.18 (2021): 182503.
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Active areas – moments, radii, spins

Only papers since 2017!

… and many more I missed (sorry!)

Very strong theory input in all papers.

See also talk J. Pakarinen

with the many highlights
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Active areas – masses

Slide courtesy of V. Manea

T1/2< 50 ms

unc. > 100 keV

or extrapolated

NUBASE + AME 2020

Study of N = 20, 28 « stuck » 

because of low half-lives and 

unfavorable chemistry

Significant progress around

and above the Ca chain (N 

= 32, 40) 

Coming tantalizingly

close to 78Ni and 
100Sn

A view of last 

≈10 years (focus 

on Europe)

Pushing the resolution limit

(separation of short-lived

isomers)

Probing the N = 82 

shell gap for Z < 50

Charting the region

of deformation at A 

≈ 100

Very few studies of rare-earth

elements due to low yields and 

difficult extraction

Mass measurments

of superheavy 

elements

N=126 line – MNT 

reactions required



7

Significant progress has been made, yet many key cases remain open to investigation. 

Questions outlined in LRP2017 remain active and relevant. 



• Status ~2017
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• Status now

• Still room to grow in existing facilities, but new facilities will be key.
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Development of new, pure beams and of efficient, fast, accurate techniques

Topics of study are all rooted in evolution of production capabilities.

• Beam development, ion source development, molecular beams, …

• New facilities: higher primary beam intensities, novel reaction channels

• MARA-LEB, S3-LEB; MNT reactions, …

• Ion source developments (laser ion source, molecular sidebands, …), high-energy MR-ToF for ion 

beam purification (ISOLDE), high-resolution magnetic separators (e.g. DESIR HRS)

• Development of 

• RIS-based methods, trap-based methods, combination with decay tags and mass 

spectrometers, …

• Developments of storage rings, mass-selective retrapping in MR-TOF, PI-ICR, …

10

The way forward
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Mass measurement techniques

✓ FRS-ESR@GSI

R. Wolf et al., IJMS 349-350, 123 (2013)

Wolfgang R. Plaß et al., IJMS 349-350, 134 (2013)

U

B

Penning trap

Multi-reflection time-of-flight mass spectrometer

𝝂𝒄 ~ 𝑴𝒊𝒐𝒏
−𝟏

Storage ring

M. Steck, Yu. A. Litvinov, PPNP 115, 103811 (2020) 

M. Mukherjee et al., Eur. Phys. J. A 35, 1–29 (2008)

Recently only measurements

from CSRe@Lanzhou (China) 

and RI-RING@RIKEN
✓ ISOLDE

✓ GSI-FAIR

✓ IGISOL

➢ S3-LEB

✓ ISOLTRAP

✓ SHIPTRAP

✓ JYFLTRAP

✓ TRIGATRAP

➢ MLLTRAP@ALTO-LEB (later DESIR)

➢ PIPERADE@DESIR

Highlight:

→Breaking the 5x105 mass resolving power limit: 

short-lived isomer separation with the MR-TOF MS

→Retrapping after purification: for handling higher

contamination ratios

Highlight:

→new PI-ICR technique 

is universally adopted

@ SHIPTRAP

x 40 resolving

power (>107)

S. Eliseev et al., PRL 110, 082501 (2013)

Highlight (@CSRe):

→ improvement of the accuracy by 

non-destructive velocity measurements

Slide courtesy of V. Manea
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Mass data

Figure courtesy of Dave Lunney
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Mass resolving power of

MR-TOF are getting 

further optimized

PI-ICR enables reliable 

resolution of close-lying 

isomers

Methods to cope with 

contamination are 

continually developed

?

Figure courtesy of Dave Lunney – speculative red arrow courtesy of myself

Mass data
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Boom in laser spec (Europe)
Collinear Resonance Ionization Spectroscopy

• Highly efficient and high-resolution collinear laser spectroscopy 
– required to maximally exploit challenging beams

• Implementation at IGISOL and in FRIB has started

In-gas-jet laser spectroscopy

• Rigorously tested offline in Leuven and Caen; proof-of-concept 
in GSI

Perpendicularly Illuminated LIST

• Developed over the past few years at U. Mainz and ISOLDE; 
demonstrated online with Ac and Po

• Highly efficient and high-resolution in-source laser 
spectroscopy – required to maximally exploit challenging 
beams

RADRIS/JETRIS for superheavy elements

All are ready for “harvesting” over the coming decade!
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• Implementation at IGISOL and in FRIB has started
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• Rigorously tested offline in Leuven and Caen; proof-of-concept 
in GSI

Perpendicularly Illuminated LIST

• Developed over the past few years at U. Mainz and ISOLDE; 
demonstrated online with Ac and Po

• Highly efficient and high-resolution in-source laser 
spectroscopy – required to maximally exploit challenging 
beams

RADRIS/JETRIS for superheavy elements

All are ready for “harvesting” over the coming decade!

Boom in laser spec (Europe) 1. All these RIS-based devices can be 

coupled to decay stations, mass 

spectrometers, …

- Study of (isomerically) pure beams

- And background suppression for laser 

spectroscopy

2. More complex spectroscopy schemes 

and technologies necessitate more 

advanced ancillary (laser) laboratories!
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Combined spectroscopy – one experiment, all observables 

Reponen, M., de Groote, R.P., et al. Evidence of a sudden increase in the nuclear size of proton-rich silver-96. Nat Commun 12, 4596 (2021)

- Use of Penning traps as mass separator

- Tailor-made hot cavity ion source, optimized for heavy-ion fusion evaporation 

Result: 

Ultra clean background conditions: 95Ag studied with an ”on resonance” detection rate of 1 ion per 20 mins
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Combined spectroscopy – one experiment, all observables 

Z. Ge, M. Reponen, et al., in preparation
Reponen, M., de Groote, R.P., et al. Evidence of a sudden increase in the nuclear size of proton-rich silver-96. Nat Commun 12, 4596 (2021)



Molecules
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• Recent demonstration of production of radioactive molecules

• Molecular spectroscopy of RaF and AcF performed thanks to the 

sensitivity of CRIS technique

• Many interesting results:

19

Molecular beams

Garcia Ruiz, Ronald Fernando, et al. Nature 581.7809 (2020): 396-400.

Udrescu, S. M., et al., Physical Review Letters 127.3 (2021): 033001.

M. Athanasakis-Kaklamanakis et al, in preparation



• Recent demonstration of production of radioactive molecules

• Molecular spectroscopy of RaF and AcF performed thanks to the 

sensitivity of CRIS technique

• Many interesting results:

• Heavy molecules are relevant for searches for new physics 

(eEDM, anapole moments, …) => synergy with fundamental 

interactions WG

• Probes for molecular theory

• Complimentary probes for nuclear structure? Radii, EM 

moments, hyperfine anomalies… can be extracted too!

• Important avenue for future research using radioactive atoms.

• Whitepaper: arXiv:2302.02165
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Molecular beams

Signatures of P,T-violating moments can 

be much stronger than in atoms!

Gaffney et al., 

Nature 497 (2013)

Garcia Ruiz, Ronald Fernando, et al. Nature 581.7809 (2020): 396-400.

Udrescu, S. M., et al., Physical Review Letters 127.3 (2021): 033001.

M. Athanasakis-Kaklamanakis et al, in preparation

https://arxiv.org/abs/2302.02165


Precision frontier

21
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Precision laser spectroscopy of radioactive ions

Yang, X. F., et al. "Laser spectroscopy for the study of exotic nuclei." Progress in 

Particle and Nuclear Physics (2022): 104005.



Precision laser spectroscopy of radioactive ions

• Magnetic dipole moments

• Electrical quadrupole moments and charge radii

• Hyperfine anomaly

• Relates to the distribution of magnetization inside 

nuclear volume

• Higher-order moments

• Magnetic octupole, electric hexadecupole, …

• Higher-order moments of the charge radii

• E.g. <r4> relates to surface thickness of nuclear 

density

• Beyond-standard model physics from Hz-level isotope 

shift spectroscopy

GHz

sub-Hz

In-source optical spectroscopy

Collinear, in-gas-jet, …

Laser-rf methods on fast ion 

beams and thermal beams in traps

Atom/ion traps + laser cooling + 

ultra-narrow lines

Current state-of-the-art

Currently only on stable species

100 kHz

Under development
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Precision laser spectroscopy of radioactive ions

• Magnetic dipole moments

• Electrical quadrupole moments and charge radii

• Hyperfine anomaly

• Relates to the distribution of magnetization inside 

nuclear volume

• Higher-order moments

• Magnetic octupole, electric hexadecupole, …

• Higher-order moments of the charge radii

• E.g. <r4> relates to surface thickness of nuclear 

density

• Beyond-standard model physics from Hz-level isotope 

shift spectroscopy

GHz

sub-Hz

In-source optical spectroscopy

Collinear, in-gas-jet, …

Laser-rf methods on fast ion 

beams and thermal beams in traps

Atom/ion traps + laser cooling + 

ultra-narrow lines

Current state-of-the-art

Currently only on stable species

100 kHz

Under development

Takeaway: new observables come into view. Is theory ready? 

24
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Double-resonance methods

~ 50 Hz

PhD thesis N. C. Lewty, U of Singapore

Further future?

Spectroscopy of a single 

trapped stable barium ion

~ 50 kHz~ 50 MHz

Routine Near future

R.P. de Groote, Phys. Lett. B 827, 136930 (2022)



Data evaluation and role of 

complimentary techniques

26



• Mass database presents a comprehensive and complete set of 

results 

• https://www-nds.iaea.org/amdc/

• Database for nuclear moments and charge radii is less advanced

• Moments

• https://www-nds.iaea.org/nuclearmoments/ is an excellent initiative 

that should be supported further

• References are old and not always reliable (in particular evaluation 

of older atomic/sold state calculations)

• Radii 

• https://www-nds.iaea.org/radii/

• Analysis approach is not always transparent (uncertainty budgets)

• Atomic theory input for all odd-Z isotopes is required – these active 

collaborations should be further nurtured

27

Data evaluation – a key part of the scientific method

https://www-nds.iaea.org/amdc/
https://www-nds.iaea.org/nuclearmoments/
https://www-nds.iaea.org/radii/


• Key difference: access to absolute radii, quadrupole 

moments, rich insight into the charge distribution 

• Essential to calibrate existing laser spectroscopy data (esp. 

odd-Z elements) – 3 isotopes required.

• Muonic X-rays: now possible down to 20 years half-life

• Electron scattering: DESTIN@PERLE

Neutron skins?

• Opportunities for the (long-term) 

future in Europe!

28

Electron scattering, muonic X-rays



Nuclear moments with gSPEC@ GSI/FAIR

• Regions around the doubly-magic nuclei

• Nuclear m moments of excited isomeric states 

• Single-particle structure and M1 operator

• Collective properties and deformation

• Custom superconducting electromagnet, fields up to 2T

• Custom ancillary and reformatted HpGe detectors with
optimized timing properties

@GSI/FAIR

gRISING G. Neyens et al., APP, B38, 1237 (2007)

gSPEC R. Lozeva et al.,  HI, 240, 55 (2019)
Slide by R. Lozeva



Concluding remarks
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• Investment into technique developments are bearing fruit. 

• Challenges remain: 

• the most exotic, most short-lived, challenging chemistry, complex or unknown 

atomic structure, … Beam developments drive the science programs!

• Combination of techniques provides access to the most exotic isotopes

31

In conclusion…
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• Exploitation of different facilities brings new opportunities
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• New labs e.g. GANIL/S3LEB, GSI/FAIR, MARA-LEB… and techniques (mu-X, 

electron scattering) will open exciting new avenues
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• Investment into technique developments are bearing fruit. 

• Challenges remain: 

• the most exotic, most short-lived, challenging chemistry, complex or unknown 

atomic structure, … Beam developments drive the science programs!

• Combination of techniques provides access to the most exotic isotopes

• Exploitation of different facilities brings new opportunities

• Further exploitation and refinement of existing laboratories is key

• New labs e.g. GANIL/S3LEB, GSI/FAIR, MARA-LEB … and techniques (mu-X, 

electron scattering) will open exciting new avenues

• Growing precision frontier – work to do!

• Theory support (atom, molecule, nucleus) is vital

• New developments in ab initio, large scale shell 

model, DFT… demand experimental falsification!

• Atomic and molecular theory is required

34

In conclusion…
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Yang, X. F., et al. Progress in Particle and Nuclear 

Physics (2022): 104005.

Courtesy of Pascal Reiter



From isotope shift to charge radii

38

The atomic parameters are essential to extract ∂<r2>

Given 3 independent <r2> measurements,

one may extract these experimentally…

A. Kellerbauer et al., Isotope shift of the electric-dipole transition in Os−, Physical Review A 84 (2011) 062510.

Many elements – all odd-Z 

& heavy elements – do not 

possess 3 stable isotopes 

to work with!

Interdisciplinary Research Group

Instituut voor Kern- en Stralingsfysica

Department of Physics & Astronomy
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