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Outline 

Lecture 1: Introduction to nuclear physics and the CERN-ISOLDE 
facility

This lecture: Nuclear Physics and Applications at ISOLDE

 Nuclear physics: some key questions

 What observables do we measure ?

 Which experimental techniques are used ?

 Recent results with selected methods

 A few selected applied research topics
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Aimed at both physics and non-physics students

Literature:   Focus on Exotic Beams at ISOLDE: A Laboratory Portrait
Journal of Physics G44 (June 2017) 

> 23 papers on the ISOLDE facilities and physics at ISOLDE 



ISOLDE Physics experiments

About 75% of all beam time goes to NUCLEAR physics research!

 40% for low-energy experiments (ground state properties)

 35% for experiments with post-accelerated RIB (excited state properties)
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NUCLEAR

NUCLEAR
NUCLEAR

NUCLEAR

NUCLEAR

BIOPHYSICS
SOLID STATE

About 15% is for Bio and medical physics related research

About 20% is for Solid State (materials) Physics research



The NUCLEAR PHYSICS problem 
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The atomic nucleus consists of a few 100 nucleons (protons and neutrons)

 Too few to apply statistical methods to describe its properties

 Too much to allow for ‘ab-initio’ calculations starting from the ‘nucleon-nucleon 
interaction’ between individual nucleons

 Solution: mean field approach – a nucleon feels the mean field induced by 
all other nucleons

 Apply ‘perturbative’ approaches to include 2N or 3N interactions

 Recent progress: ab-initio calculations for light nuclei – and expanding…

the ‘nuclear’ force between protons and neutrons is not a ‘fundamental’ 
force

 Use ‘empirical’ or ‘effective’ nucleon-nucleon interactions

 Recent progress: interaction derived from QCD via chiral effective field theory

Test predictive power of nuclear models when going to ‘extremes’…

EXPERIMENTS are needed to test new nuclear models



What are the limits of nuclear existence and how do nuclei at those 
limits live and die?

What do regular patterns in the behavior of nuclei divulge about the 
nature of nuclear forces and the mechanism of nuclear binding?

How can nuclear structure and reactions be described in a unified 
way?
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NUCLEAR PHYSICS QUESTIONS

 Strongly related to 
the existence of 
matter and th
production of matter 
in stars
(e.g. r-process)



Experiments to probe nuclear structure
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AX

Coulomb excitation
3-4 MeV/u

(probe collectivity)

Radioactive decay
(a, b, g, n, p, fission) 

AY

T1/2 Ip

Energy

A-1X (d,p)

Few-nucleon transfer
5-10 MeV/u

(probe quantum orbits) 

Nuclear Reaction

Gamma spectroscopy
(excitation schemes)

Mass spectroscopy

Laser spectroscopy
(spin, moments, radius)

T1/2, angular correlations

Ground state

Isomeric state



LOW ENERGY NUCLEAR PHYSICS 
EXPERIMENTS
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Mass Measurements (Penning Trap)

Laser Spectroscopy (Collinear and in the RILIS ion source)

Decay Spectroscopy (ISOLDE Decay Station)



Studies with ion traps

8

REX-TRAP
(beam preparation)

ISOLTRAP
(masses)

WIZARD
(fundamental 
interactions)

Penning trap = cross of static magnetic and electric fields

Ion manipulation with radiofrequencies

Possibility of purifying the ion ensembles

Since more than 30 years ! 

D. Lunney on behalf of the 
ISOLTRAP Collaboration, 2017 
J. Phys. G: Nucl. Part. Phys. 44
064008



Penning-trap mass spectrometry
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Penning trap 

 superposition of static magnetic and electric field

 Ion manipulation with radiofrequencies

Ion q/m

Charge q
Mass m

U

Free cyclotron frequency is inversely
proportional to the mass of the ions! mqBc /

magnetron (-) cyclotron (+)

axial (z)



ISOLTRAP
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Masses and nuclear structure

Mass differences (binding energy 
differences) reveal specific 
effects, e.g. :
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Neutron number

Closed shells visible as a sudden 
drop after the magic number 
(N=20, N=28)
then flat up to next magic number

Two-neutron separation energy
= energy to remove to neutrons from an isotope

- Binding energy (Z,N) = mass (Z,N)= Z . mp + N . mn

Pronounced in Ca (Z=20)



Masses of Ca isotopes: recently extended from N=31 to N=34

 F. Wienholtz et al., Nature 498, 2013
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Masses and nuclear structure

Sudden drop after 
N=32  signature 
for a new magic 
number at N=32 !



Mass of zinc-82
(12 neutrons more than stable 70Zn)

Combined ISOLDE technical know-how:

 neutron-converter and quartz transfer 
line (contaminant suppression)

 laser ionisation (beam enhancement)

 MR-TOF-MS for further beam purification

13R.N. Wolf et al, Phys. Rev. Lett. 110, 041101 (2013)

After several attempts at ISOLTRAP 
and elsewhere

Neutron-star composition:
- Test of neutron-star models
- 82Zn is not in the crust

Mean-field models:



Laser spectroscopy  

Determine nuclear ground state properties (and long-lived isomers)  

Spin I Magnetic dipole
moment  μ

(probe wave function)

Electric Quadrupole
moment Qs

(shape)

Charge radius δ⟨r2⟩
(size)

Measure the atomic hyperfine splitting and isotope shifts



Collinear laser spectroscopy
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electrostatic
deflection

Photo multiplier

+

+

+
o

exotic ion beam
Ekin~60 keV

laser beam

charge exchange cell (Na)
(neutralize the ion beam)

Laser excitation of the atoms.
Observation of fluorescent 

photons when laser is at 
resonance

Pioneered at ISOLDE in late 70’ies

~Q,m

~m,I
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Cu hyperfine structure:
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68Cu, Ip=1-

Initially: needed 106 ions/s
2008: factor 100 more sensitive !

2014: another factor of 500 more sensitive !
now: 20 ions/s is enough

R Neugart et al 2017 J. Phys. G: Nucl. Part. Phys. 44 064002



Collinear laser spectroscopy on Ca isotopes
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200 ions/s only!

52

Ca

2013: New magic 
numbers suggested from 
masses and energies

2016 1992

107 ions/s 50

Ca
Z=20



In-source laser spectroscopy
Use selective Resonance Ionization Laser Ion Source (RILIS) to do spectroscopy

 More sensitive (< 1 ions/s needed)
 Less resolution (few GHz due to Doppler broadening in hot ion source!)
 Isotope shifts and magnetic moments  (no quadrupole moments)

Scan this step 

Detect ions 
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n

 c
o

u
n
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Scan laser frequency step 1 



Charge radii around lead
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Isotope shifts measured 
with RILIS setup

 Shape coexistence

 Shape staggering

 Onset of deformation

STUDY INTERPLAY BETWEEN 
COLLECTIVE AND SINGLE PARTICLE 
BEHAVIOR

Most exotic Po: < 1/sPo Z=84

Z=82 (magic)

Z=80

T. Cocolios et al.,
PRL 106, 052503 (2011)



Decay spectroscopy: 
the ISOLDE Decay Station (IDS)
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Dedicated (but flexible) set-up since 2014

Different detectors are sensitive to observe:
Alpha particles or Fission Fragments
Beta particles
Gamma rays
Protons or neutrons



Decay spectroscopy:
the Windmill (KU Leuven design)

 Very thin C foils to implant a heavy radioisotope

 40 keV 180Tl stops in a few nm of C

 Ligther Fission Fragments (FF) or alpha particles 
are emitted from the isotope, and can leave the 
very thin C foil 

 Detection using Si-detectors

 Gamma rays detected with HPGe detectors
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C foil for implantation (90 nm thick)

Si detector 
for FF



Beta-delayed fission of mercury-180
WINDMILL setup
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Nuclear shell effects are important in 
fission, but:
 Unexpectedly 180Hg (Z=80, N=100) 

does not fission in two semi-magic 
90Zr (Z=40,N=50) 

 Fission theories do not predict the 
results correctly



HIGH ENERGY NUCLEAR PHYSICS 
EXPERIMENTS

with accelerated RIB’s
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Coulomb excitation  (3-4 MeV/u max)

Transfer reaction (5-10 MeV/u)



RIB from ISOLDE-CERN: 
the HIE-ISOLDE post-accelerator
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Radioactive 
beam from 
ISOLDE

2016: max 5 MeV/u (2 superconducting cavities)
2017 (this week): first beams at 7 MeV/u (3 cavities)
2018: max energy reached (10 MeV/u) (4 cavities)

ISOL Solenoidal
Spectrometer

2016

Stage 1: REX-ISOLDE
Normal cavities to 2.8 MeV/u

Stage 2: HIE-ISOLDE
Superconducting cavities:
5-10 MeV/u

MINIBALL g-detector 
+ T-REX particle detector

Multipurpose
Scattering 
chamber
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Miniball Ge detector

θP

EP

Double sided 
silicon strip 

detector

target 196Pt

2 mg/cm2

74Zn 
4 MeV/u

Coulomb excitation

74Zn

196Pt



Coulomb excitation
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Excitation of an accelerated (radioactive) nucleus by the 
electromagnetic field of the target (made of stable nuclei)

Observables: Transition energies and intensities 
=> Determine new excited levels and  study 
deformations

HIE ISOLDE (2015)

74Zn

Conflicting data for 

4.0 MeV/u (~ 5 hours)

2.8 MeV/u (~ 16 hours)

74Zn



Octupole deformation from Coulex

220Rn
224Ra

144Ba
148Nd

L.P. Gaffney et al, Nature 497 (2013) 199

Octupole shape – very rare nuclear shape

 Test ground for nuclear models

 Important in searches for permanent electric-
dipole moments (EDM) –

beyond Standard Model Physics



Materials research with RIB’s

Use known radiation from not too exotic radioisotopes to ‘look’ into 
materials and learn about their properties

Profit from radionuclides:

 Pure samples of radioisotopes  

 High detection efficiency for radiation  

Techniques for materials research using the radioisotope as a ‘spy’ inside the 
material:

 Emission Channeling

 PAC (Perturbed Angular Correlations)

 Photoluminescence
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Material science using emission channeling 
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Emission channelling pattern

Decay electrons are preferentially 
emitted along crystal axis

 Study of the implantation site in materials
(e.g. semi conductors, LED’s, ..)



Heavy-ion toxicity in body
Studied with Perturbed Angular Correlation method

29 Vibenholt J et al, Inorg. Chem (2012)

Determine the binding site of Hg 

using radioactive Hg isotope



Metal ions in biomolecules
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Role of metal ions in human body 
depends on adopted environment

Right concentration of the metal is 
crucial for correct functioning of cellular 
processes

Nuclear Magnetic Resonance (using 
stable metal isotopes, e.g. 23Na) can 
shed light on their role and interactions, 
but it is often not sensitive enough

NEW ultra-sensitive Beta-NMR method 
using radioactive metal isotopes (e.g. 
28Na) might be the right tool to study 
metal ion interaction with biomolecules

Na+/K+

http://www.levkingroup.com/


Beta(-detected) NMR
Same principles as conventional NMR

Ingredients:

 The radioactive isotopes are strongly spin-
polarized using a laser beam

 Implant radioactive (short-lived and 
polarized) beta-decaying isotopes in a 
biomolecule (liquid !)

 Detect beta particles (electrons) emitted 
along the spin direction

Detection of resonance:

 Change in the asymmetric beta decay

when an rf-field with resonance frequency is 
applied

Host material

RF-coil
b-particle 
detectors

++
+

+
++ ++

Polarizing laserProbe nuclei
T = 0.5 T
Meas. time, ca 
5min
T1 = ca 150 ms Beta-NMR can be up to 1010 more sensitive 

than conventional NMR



Experimental setup commissioned 2017

32M. Kowalska et al., 

J. Phys. G: Nucl. Part. Phys. 44 (2017) 084005

Radioactive ions 
from ISOLDE

Laser light

Laser spin polarization 

B-NMR

Vacuum-liquid interface
3

456
7

8

9

Design:
F. Wienholtz
W. Gins
R. Harding

Beam diagnostics
4 4 4

4

4



Application: new medical isotopes

After U. Koster,  C Müller et al. 2012 J. Nucl. Med. 53, 1951

Collection at ISOLDE
Radiochemical 
purification and 
labeling

Injection into mouse
PET/SPECT imaging and 

tumor treatment

Theranostics = therapy and diagnostics together

 Production of isotopes at ISOLDE

 Chemical selection and mice treatment in PSI

Since this year at ISOLDE  now at MEDICIS



New spin-off facility: MEDICIS 

MEDical Isotopes Collected from ISOLDE  

(new building constructed 2014-2016 – operation 

2018)



Now production of medical isotopes for trials (not commercial use) via ISOLDE’s 
“dumped” protons at MEDICIS

Parasitic medical isotope production 

Isotopes for 
ISOLDE

Beam dump

ISOLDE Target 
station

MEDICIS 
Target station

90% of the protons are normally lost into the ISOLDE Beam Dump



Summary 
Research topics with radionuclides:

 Nuclear and atomic physics

 Astrophysics

 Fundamental studies 

 Applications 

Studied properties:

 mass, radius, spin, moments, half-life, decay pattern, transition probabilities

Examples of ISOLDE experimental techniques

 Ion traps

 Laser spectroscopy

 Decay spectroscopy

 Coulomb excitation

 Nucleon-transfer reactions

Applications 

 Material science

 Life sciences: biophysics and new medical isotope production 
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For visit, REGISTER via
https://indico.cern.ch/event/743053/overview   

before tomorrow evening



A visit to ISOLDE ?

37

REGISTER via
https://indico.cern.ch/event/743053/overview   

before tomorrow evening

Contact person:
Hanne.Heylen@cern.ch

THE FIRST 36 PERSONS THAT SIGN UP 
WILL GET A GUIDED TOUR



Nuclear shell model
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Created in analogy to the atomic shell 
model (electrons orbiting a nucleus)

Based on the observation of higher 
stability of certain nuclei

 filled shell of neutrons or protons 
results in greater stability

 neutron and proton numbers 
corresponding to a closed shell are 
called ‘magic‘

Assumption: independent nuclei move in a  
self-created potential  solve Schrodinger 
Equation to derive quantum levels

Quantum levels for 
Harmonic Oscillator 
potential

Quantum levels 
when adding 
spin-orbit and 
l2 term



Nucleon-transfer reactions
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g-decay
d

p

study single-particle properties of nuclei
= > Similar configurations = large overlap of 
wave functions = Large probability of transfer 
reaction

Miniball + T-REX setup (Si detector barrel)

gamma detectors and particle identification 

Typical reaction: transfer of a neutron

Observables
• energy of protons and emitted RIB (single-particle) level energies
• g-rays from N+1 isotope
• angular distributions of protons (+ g-rays)     spin/parity of levels

Information:

Accelerated RIB
(5-10 MeV/u)



Collinear Resonance Ionization Spectroscopy 
(CRIS)

λ1
Narrowband 
laser (< 10 MHz)

λ2

Broad band pulsed 
laser

detect a resonantly
excited ion

Atomic ground state

excited  state Hyperfine 
splitting
(~100 MHz)

continuum

- ultra-low background ( 1 event /10 min)
- high efficiency (~1-5 %)
- high resolution (~ 20-60 MHz)
- current sensitivity 10-20 ions/s  

sensitivity improved by another factor 10 - 100 !
Most recent result @ ISOLDE

HFS of 63-78Cu
(R.P. de Groote et al., PRC 96, 041302(R) (2017))

1 hour, 103/s

2 h, 100/s

10 h, 20/s



Penning-trap mass spectrometry
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determination of 
cyclotron frequency

(R = 107)

removal of 
contaminant ions

(R = 105)

Bunching of the
continuous beam 

Beta- and gamma decay 
studies

10 ms, 1-10%

10-100 ms, >50%

50 ms - 1 s,
100%

50 ms - 10 s, 
100%

ISOLTRAP setup

B
m

q
c

p


2

1


From cyclotron 
frequency to mass

Relative mass 
uncertainty 
around 10-8



Nuclear moments and spins near exotic 
(doubly magic?) 78Ni
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Theoretical models predict 78Ni is doubly magic

Closest we can get: 78Cu = 78Ni –p –n 

20 ions/s produced at ISOLDE 
 To measure shape: need CRIS !

Quadrupole moments

 TEST MODERN THEORIES

R.P. de Groote et al., PRC 96, 041302(R) (2017)



Charge radii of Be isotopes
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A. Krieger et al, 

Phys. Ref. Lett. 108 (2012) 142501 

discussed

8
8

8

11

11

Halo: nucleus built from a core and at least one neutron/proton with spatial 
distribution much larger than that of the core

 Interaction of the core and halo nucleons not well understood

experiment

FMD model

10Be 11Be 12Be

COLLAPS 

N6 84



Combination of techniques: 
Charge radii of Hg & Au

Several techniques combined

RILIS lasers to probe the hyperfine 
structure of Hg & Au isotopes

Detection:
 Alpha spectroscopy with Windmill

 Selective ion counting in MR-ToF

44

Bonn et al., PLB38 (1972) 308
Ulm et al., Z Physik A 325 (1986) 247

Au

RILIS, Windmill, ISOLTRAP teams



RILIS
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3 Ti:Sa lasers

Harmonic 
generation unit 
for Ti:Sa system

Nd:YAG pump laser 
for the Ti:Sa lasers

Dye lasers with 2nd

harmonic generation 
and UV pumping option

Nd:YAG laser for dye 
pumping or non 
resonant ionizationNarrow band dye laser 

for high resolution 
spectroscopy or isomer 
selectivity

Dye laser 3rd

harmonic generator

Resonant Ionization Laser Ion Source



COLLAPS – Ne charge radii
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Intrinsic density distributions of 
dominant proton FMD configurations

Laser spectroscopy 

Geithner et al, PRL 101, 252502 (‘08)
Marinova et al, PRC (‘12)



HIE-ISOLDE
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Quarter-wave resonators 
(Nb sputtered)

• SC-linac between 1.2 and 10 MeV/u

• 32 SC QWR (20 @ b0=10.3% and 12@ b0=6.3%)

• Energy fully variable; energy spread and bunch 
length are tunable. Average synchronous phase 
fs= -20 deg

• 2.5<A/q<4.5 limited by the room temperature 
cavity

• 16.02 m length (without matching section)

• No ad-hoc longitudinal matching section 
(incorporated in the lattice)

• New beam transfer line to the experimental 
stations



EDM
Static Electric Dipole Moment implies CP-violation

Schiff Theorem: neutral atomic system of point particles in 

electric field readjusts itself to give zero E field at all charges.

BUT: finite size and shape of nucleus breaks the symmetry



EDM

E

VS

J

J
S PTz








ˆˆ

1
2

related to Q3 P,T-violating n-n interaction

energy splitting of parity doublet

Schiff moment:

Schiff moment enhanced by ~ 3 orders of 

magnitude in pear-shaped nuclei

224Ra

SKOL
219,221Rn inferior to 223,225Ra

J Dobaczewski (Trento, 2010)

V Spevak, N Auerbach, and VV Flambaum 

PR C 56 (1997) 1357 



EDM searches

224Ra

SKOL

219,221Rn inferior to 223,225Ra

odd-A Rn [TRIUMF] 

odd-A Rn: Next step: 223,225Rn
HIE-ISOLDE (CERN)

odd-A Ra: Next step: 225Ra directly
ISR@HIE-ISOLDE

odd-A Ra [Argonne] odd-A Ra [Groningen]



EDM



Laser spectroscopy and nuclear physics
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- Spin (orbital+intrinsic angular momentum), parity (Ip)
- Nuclear g-factor and magnetic dipole moment (gI and mI)

- Electric quadrupole moment (Q)
-Charge radius (       )r

2
r

2

Give information on:
- Configuration of neutrons and protons in the nucleus

- Size and form of the nucleus

r
2

r
2

volume 

deformation 

pairing  

0d5/2

1s1/2

0d3/2

Ip=2+

m = +0.54 

0d5/2

1s1/2

0d3/2

Ip=2+

m = +1.83 

gI and mI Q

Q<0
oblate

Q=0
spherical

Q>0
prolate

Ip

0d5/2

1s1/2

0d3/2

1/2+

3/2+

0d5/2

1s1/2

0d3/2



Laser spectroscopy
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HFS
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Isotope shifts in atomic transitions
(change in mass and size of different isotopes of 
the same chemical element)

Isotope shift

Isotope A  Isotope A’



Beta-detected NMR
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Beta particles (e-,e+) can be used as a detection tool, instead of rf absorption 
(beams down to 1000 ions/s can be studied)

crystals

RF-coil
plastic

scintilators

magnet 

poles

Beam from ISOLDE

Beam from ISOLDE

)180()0(

)180()0(






NN

NN
A

Measured asymmetry:

Results:
Magnetic and electric moments of nuclei 
(position of last nucleons, shapes) 

zzNImag VQBgE 
2

1
m

Nuclear Magnetic Resonance – NMR
(Zeeman splitting of nuclear levels)

0B0B



Self-consistent Mean-field models

Mean field is derived iteratively by solving 
the HF equations and by assuming a 
potential for the nucleon-nucleon interaction

No inert core 

Very good at describing deformations

Can predict properties of very exotic nuclei

Not so good at closed shells
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Pear-shape: beyond Standard Model
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Pear shape shown experimentally in 
radium-224

Best candidates for EDM searches 
identified: radium-223, 225

Enhanced atomic EDM moment 

 Schiff moment enhanced by ~ 3 orders   
of magnitude in pear-shaped nuclei

 In radium atoms, additional 
enhancement due to near-degeneracy 
of atomic states

Outlook - HIE-ISOLDE:

 Coulomb excitation on odd-mass radium and radon isotopes

 Searches for permanent EDM in trapped radium isotopes

=> Looking for physics beyond the Standard Model

L.P. Gaffney et al, Nature 497 (2013) 199
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Results: Enhanced electric-octupole transitions

 direct measure of octupole correlations 


