
“High-resolution laser spectroscopy: 
a powerful tool to unravel the mysteries of the atomic nucleus"

Hirschegg 2023 - Effective field theories for nuclei and nuclear matter

Liss Vázquez-Rodríguez1,2

1Experimental Physics Department, CERN, Geneva, Switzerland
2Max-Planck-Institut für Kernphysik, Heidelberg, Germany

M
ax

-P
la

nc
k 

In
st

itu
te

 fo
r N

uc
le

ar
 P

hy
si

cs
 –

IS
O

LD
E-

CE
RN



1

Outline

Introduction

Fundamentals of laser spectroscopy and hyperfine structure

Experimental set-up, COLLAPS at ISOLDE/CERN

Recent results, from Sn to Pb

Perspectives

Hirschegg 2023 - Effective field theories for nuclei and nuclear matter

• … 

•What should be EFT and many-body priorities in nuclear structure research in light of the advent 
of new experimental facilities for the study of exotic nuclei?

Main topics and goals of this meeting:
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What nuclei are possible? 

Z=50

Z=82

N=82

N=126

N=184

N=50

Z=20
Z=28

N=28

- About 286 stable isotopes

- About 3307 radioactive isotopes

Nuclear Physics Research Aim

- Unravel the fundamental properties of nuclei from their basic constituents
Lofty goal: Find a comprehensive and quantified model of atomic nuclei

Stable nuclei
Known nuclei
Predicted nuclei

Picture taken from A. Gade, FRIB Science

Introduction
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Z=50

Z=82

N=82

N=126

N=184

N=50

Z=20
Z=28

N=28

Stable nuclei
Known nuclei
Predicted nuclei

What nuclei are possible? 

- Where is the boundary of nuclear existence?

Picture taken from A. Gade, FRIB Science

- How do nuclear properties 
change across the nuclear chart? 

Open questions

Introduction
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Z=50

Z=82

N=82

N=126

N=184

N=50

Z=20
Z=28

N=28

Stable nuclei
Known nuclei
Predicted nuclei

What nuclei are possible? 

Experiment: access key regions of the nuclear chart to constrains models 
and identify missing physics

Theory: identifies key nuclei and properties to be studied

- Where is the boundary of nuclear existence?

- How do nuclear properties 
change across the nuclear chart? 

Introduction
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- Robustness of the shell closures: kink in charge radius
- Structure/ wavefunction: spin

- Ordering of shell-model orbits: magnetic moment
- Shape coexistence/ Deformation: quadrupole moment

More than 1000 nuclei probed! 

Laser spectroscopy: a powerful tool to study the atomic nucleus

Survey of nuclei probed by laser spectroscopy

Introduction
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- Not yet available as ISOL-beams

- Atomic or ionic transitions from the ground state lie mainly in the vacuum UV region (< 90 nm)

- Not suitable for atomic hyperfine structure studies

Introduction

- Ab-initio
- Configuration interaction
- Energy density functional
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Actinide region

- Not yet available or the production is very low

- Atomic or ionic transitions from the ground state lie mainly in the vacuum UV region (< 90 nm)

- Not suitable for atomic hyperfine structure studies

Introduction
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ISOLDE- beams 

- Target and ion 
source 

developments

- Not yet available or the production is very low

- Atomic or ionic transitions from the ground state lie mainly in the vacuum UV region (< 90 nm)

- Not suitable for atomic hyperfine structure studies

Introduction
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- PS Booster upgrades up to 
1.7 GeV proton beam

Courtesy of Simon Stegemann, ISOLDE workshop 2022 

Ratio of ISOLDE production yields 
1.7GeV/1.4GeV

Magnesium

- Not yet available or the production is very low

- Atomic or ionic transitions from the ground state lie mainly in the vacuum UV region (< 90 nm)

- Not suitable for atomic hyperfine structure studies

Introduction
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- Not yet available or the production is very low

- Atomic or ionic transitions from the ground state lie mainly in the vacuum UV region (< 90 nm)

- Not suitable for atomic hyperfine structure studies

- New developments are needed on the laser spectroscopy side!

Introduction
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Atomic laser spectroscopy: a fruitful marriage of atomic and nuclear physics

laser beam

fluorescenceelectrons excited

What can we learn from laser spectroscopy?

Model (nuclear) independent 

Nuclear properties (spin, μ, Q, charge radius)

Fundamentals of laser spectroscopy and hyperfine structure
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Fundamentals of laser spectroscopy and hyperfine structure

+ Magnetic
interaction

+ Quadrupole
interaction

Nuclear
properties

μ, Q

Hyperfine
parameters

A, B
ν x 10-6

ν=
10

9 
M

H
z

Hyperfine structure
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Fundamentals of laser spectroscopy and hyperfine structure

𝛿𝜈!
","! ∝ 𝛿 𝑟$ ","!

Isotope A

Isotope A+2

Differences in mean square charge radii

Isotope A Isotope A+2

Isotope shift
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Nuclear properties from laser spectroscopy

Isotope shift ∝ ms charge radii

𝐴
𝐼
𝝁
= const

𝐵
𝑸
= const = 𝑒𝑉!!

Fundamentals of laser spectroscopy and hyperfine structure
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TRIUMF
NSCL/FRIBATLAS

BRIF-BISOL

HAIF

ALTO

CFBS

LaSpec

CARIBU

LUMIERE

S3-LEB

BECOLA

CRIS
COLLAPS

TRILIS

VITO
RILIS

IGISOL

RISE
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Operational Commissioning Planning

• About 8 operational experimental setup for the study of nuclear properties (high-resolution)
• About another 8 in commissioning (in the last 20 years)

Distribution of laser spectroscopy experiments

Fundamentals of laser spectroscopy and hyperfine structure



16Hirschegg 2023 - Effective field theories for nuclei and nuclear matter

TRIUMF
NSCL/FRIBATLAS

BRIF-BISOL
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Operational Commissioning Planning

Distribution of laser spectroscopy experiments

“Senior” experiment
in operation since 1980

Fundamentals of laser spectroscopy and hyperfine structure

• About 8 operational experimental setup for the study of nuclear properties (high-resolution)
• About another 8 in commissioning (in the last 20 years)
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Photographic service CERN, 23-04-1980CERN, 20-12-2022

Experimental set-up, COLLAPS at ISOLDE/CERN

COLLAPS collaboration
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Experimental set-up, COLLAPS at ISOLDE/CERN

Hirschegg 2023 - Effective field theories for nuclei and nuclear matter

The CERN accelerator complex
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Experimental set-up, COLLAPS at ISOLDE/CERN

Laser spectroscopy: 
the art of shining light on atoms

Challenges:
- Production rates of ions of 

interest will be low;

- Wavelengths are difficult to 
produce 

Aim:
- Find a spectroscopic scheme 

that is efficient, sensitive and 
possible to produce
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D. T. Yordanov, L. V. Rodríguez, et al. Commun. Phys. 3, 107 2020

Pump laser
cw: 532 nm

Dye, 572 nm
Ti:Sa, 904 nm

SHG

cw: 286 nm
cw: 452 nm

Laser systemSn

Experimental set-up, COLLAPS at ISOLDE/CERN
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Two very successful experiments!

Results:
Spin, electromagnetic moments and charge radii 

of g.s. and isomeric state

Sn: A = 108 to A = 134 
(crossing N=82 for the first time)

Pb: A = 186 to A = 208

Recent results, from Sn to Pb
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Very rich isomerism!

Isomeric states:
h11/2 and i13/2 : unique-parity orbitals

Recent results, from Sn to Pb
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Recent results, from Sn to Pb

Linear trends in Q observed in Cd (Sn-2p)

Cd (Sn -2p)

Produced by the neutrons (seniority)
or

by the two p-holes
or

a combination of both?
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182-214Pb
187-195,197-198,202-213Bi

202-228Fr
208-232Ra

2

8

187-208Tl

202-225Rn

32-44,46Ar

17-28Ne

182-193, 196-198 Ir

240-244Am212-215,225-229Ac
232Th

235-238U
237Np

238-244Pu

249Cf
249Bk

253-255Es

248Cm

50
44,45Ti
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147-159Tb

120-148Ba

255Fm

146-160Gd

87-102Zr

3-8He
1-2H

Pr
ot

on
 N

um
be

r

Neutron Number

21-33Mg

86-102Y

135,137,138La

7,9-12Be

57-78Cu

90-108Mo

90-93,99,101,103Nb

63-67,69-82Ga

42-46Sc

146,148Ce

26-32Al 50-64Mn

62-80Zn

195-211,217-219At

252-254No

52,53Fe

135-137Pr

143-146Pm

54, 58-68, 70Ni

69,71,73Ge

97-99Tc

153-177Yb

133-134Sb
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Bi (Z=83)

Hg (Z=80)

Au (Z=79)

Perspectives

Motivation: Pushing COLLAPS to the limit
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COLLAPS: 10ˆ4 ions/s
bunched beam COLLAPS+ re-ionization: 10 - 100 ions/s, continuous beam

Io
n 
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ou
nt

s
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Work in progress …

Perspectives
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Thank you for your attention!


