
• Nuclear physics at CERN
• What is ISOLDE?
• Introduction to ISOL method
• Examples of physics @ ISOLDE

International Teachers weeks programme: ISOLDE 



Nuclear physics and nuclear scale
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Aim of nuclear physics: 
- unravel fundamental properties of nuclei from

their building blocks, protons and neutrons
- determine emergent complexity
in realm of strong interaction from

underlying quark and gluon degrees of freedom
of Quantum Chromodynamics
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Nuclear physics at CERN
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Heavy-ion collisions: 
Quark-Gluon Plasma

COMPASS/AMBER: 
hardon structure
NA61/SHINE: heavy-ion 
reactions with targets

Radioactive Ion Beams

neutron-
induced 
reactions

PUMA, AEGIS: 
antiprotonic atoms



Open questions in low-energy nuclear physics
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2 kinds of interacting fermions:
Protons and neutrons

How to answer the questions:
Study nuclei with very different 
numbers of protons and neutrons

(NuPECC long-range plan 2010 and 2017)

But how to produce them?

https://www.nupecc.org/?display=pub/publications


RIB facilities
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Light beam

heavy beam

Two main types of (complementary) RIB facilities:

RIB:
Radioactive Ion Beam
Rare Isotope Beam



RIB facilities comparison
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ISOL In-Flight

Projectile light heavy

Target thick thin

Ion beam energy low high

Beam intensity high low

Variety of nuclides smaller large

Release from target slow fast

Beam quality good poor

Examples ISOLDE@CERN,
SPIRAL2@GANIL,
ISAAC@TRIUMF

GANIL, 
GSI/FAIR, 
RIBF@RIKEN, 
FRIB@MSU



What is ISOLDE?

The On-Line Isotope Mass Separator ISOLDE is a facility
dedicated to the production of a large variety of
radioactive ion beams (RIBs)

Isolde history
Dec 1964: CERN approves the online separator project

May 1966: SynchroCyclotron shuts down for the construction of ISOLDE

Oct 1967: First proton beams at ISOLDE



1972: SC Improvement Program – doubles 

the intensity

(now quite a nice museum) 

1976: New experiments in ISOLDE II

June 1983: ISOLDE III approved –

two-stage high resolution separation 

using two magnets

Dec 1990: The Synchrocyclotron 

beam ends

ISOLDE moves to PS booster to 

utilize CERN’s spare proton 

capacity…



◆ Isotope Separator OnLine DEvice

◆ First ISOL facility worldwide!

◆ Produces Radioactive Ion Beams (RIBs)

◆ Approved by the CERN council in 1964

◆ 1st used 600 MeV protons from SC

◆ Then used 1.0 GeV (later 1.4 GeV) 
protons from the PSB

◆ A small facility with a big impact!

◆ 0.1% of CERN budget 

◆ 7% of CERN scientists

◆ 50% of CERN proton pulses

◆ 80% of CERN protons

ISOLDE at CERN

http://timeline.web.cern.ch/timelines/ISOLDE

http://timeline.web.cern.ch/timelines/ISOLDE


Why at CERN?

LINAC2

PSB

PS

ISOLDE
• 1.4 GeV
• 3.3 x 1013 protons per pulse
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ISOLDE

T.E. Cocolios

@CERN

Facility

Physics

WITCH

CRIS

ISOLTRAP

Channeling

In-vivo

Radioactive ion beam production
Thick targets for a small project ile

Proton beam

1.4 GeV

up to 2 µA

typical operation

from Easter until

Ski Season

solid metal, liquid

metal, oxides and

carbides

from Li up to U

Pictures courtesy of A. Gottberg and S. Lukic et al., NIMA 565(2006)784

◆High energy (1.4 GeV) protons are impacted 

onto a thick target e.g. 
238

U

◆The protons split up the heavy nucleus to 

produce a wide variety of nuclei 

simultaneously

◆Requirements for experiment:

◆High production 

◆Pure radioactive beams: 1 kind of isotope

◆There are 3 stages of preparation

◆Production

◆Ionization

◆Separation

Proton beam 

hits the target

Production: Modern-day alchemy

238U

Spallation

Fission

Fragmentation



◆Over 120 materials have been tested and/or used as ISOL targets

◆ Choice of target material and ionizer dependent on radioactive beam of interest

◆Target material and transfer tube heated to 1500 – 2000 degrees

◆Operated by robots due to radiation

Production: Targets

Standard ISOLDE target unit 
with surface ion source

Ions
Radioisotopes

*picture and animation courtesy of M. Delonca



Ion Sources
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• Hot-cavity 
• W heated at > 2000 C
• High ionization efficiencies for some nuclei

• Plasma
• Electrons are extracted from a hot cathode and accelerated into a low 

pressure plasma
• When passing through the plasma, the atoms get ionized with very high 

efficiency (up to 50%)
• LASER – RILIS (Resonance Ionization Laser Ion Source)

• Used at ISOLDE since 1994
• Based on the selective ionization of a single atomic species

• Now delivering ~ 75% of beams at ISOLDE 



ISOLDE Robots



ISOLDE today offers the largest range of 
available isotopes of  any ISOL facility 
worldwide. 
➢ 1200 isotopes of ~73 elements 
➢ Rich playground for fundamental studies 

using hyperfine Interactions
➢ Novel (and sometimes unique) isotopes 

which utilize hyperfine Interactions for 
solid state and biophysics. 
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1992

1999

2004

2012
2014

2014

User and Operations facility building

2014

Groundbreaking MEDICIS building

2013

2007





Low-energy installations

HRS

GPS

Condensed-matter  
physics

Laser spectroscopy:
nuclear charge radii and
moments.

COLLAPSISOLTRAP
IDS

MIRACLS
MR-TOF

Protons

Precision 
nuclear 
masses

Decay station for
α,β,γ and neutrons

CRIS

TAS

VITO

WISArD

Total absorption 
spectrometer for 
β-decay feeding

Laser-polarised beams 
for nuclear physics, 

chemistry and biology 
using β-NMR etc.

Scalar and tensor 
currents in weak 

interactions: βν(θ)

Emission channeling, 
perturbed angular 

correlations, Mössbauer, 
isotope collections….

.

nuclear physics, condensed matter, fundamental 
interactions, chemistry, biology, medicine…

Travelling setups

MEDICIS
Medical isotopes research

HRS

GPS

Protons



High-energy installations

Protons

2001 –2012 
REX-ISOLDE NC Linac
accelerates RIB’s to 
3.1 MeV/nucleon

40-60 keV
RIB from ISOLDE

An accelerator of Radioactive Ion Beams (RIB’s)

2015-2018: HIE-ISOLDE 
superconducting LINAC
accelerates RIB’s 
up to 9.5  MeV/nucleon

Now 3 experimental set-ups available

SEC +
movable
set-ups

ISOLDE Solenoidal
Spectrometer (ISS)

Miniball



Research with radioactive beams at ISOLDE 

Nuclear physics
and 

atomic physics

Search for beyond 
Standard model 

physics

Material science

Life sciences and 
biophysics

Radioisotopes for 
medical 

applications

Astrophysics



Medical physics
2%

Nuclear structure beta decay
15%

Nuclear structure from ground state 
properties

16%

Solid state 
7%

Biophysics
7%

Coordinator reserve
18%

TISD
7%

ISS
18%

Miniball
5%

XT03
5%

HIE ISOLDE
28%

Beam pie 2022

Medical physics Nuclear structure beta decay Nuclear structure from ground state properties Solid state Biophysics Coordinator reserve TISD ISS Miniball XT03



Laser spectroscopy and nuclear properties

Lasers allow studying ground-state (and isomeric) properties of nuclei, based on:
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Atomic hyperfine structure (HFS)
(interaction of nuclear and atomic spins)

HFS details depend on:

➢ Spin -> orbit of last proton&neutron

➢ Magnetic dipole moment -> orbits 
occupied by protons&neutrons

➢ Electric quadrupole moment -> 
deformations

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

IS between 2 isotopes depends on: 

➢ difference in their masses & charge radii

Cocolios et al, 
Phys. Rev. Lett, 
106, 052503 (2011)

Yordanov et al, 
Phys. Rev. Lett., 
110, 172503 (2013)



Shape staggering of mercury isotopes with RILIS

26Nature Physics 14, 1163 (2018)

https://www.nature.com/nphys


Penning trap 

➢ superposition of static magnetic and electric field

➢ Ion manipulation with radiofrequencies

Penning-trap mass spectrometry
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Ion q/m

Charge q
Mass m

U

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



Masses around 100Sn with ISOLTRAP
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Nature Physics 17, 1099 (2021)
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https://www.nature.com/nphys


Decay spectroscopy
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Different detectors to sensitive to emitted:

➢ Alpha particles

➢ Beta particles

➢ Gamma rays

➢ Protons or neutrons

Isolde Decay Station

soon: polarised beams at VITO



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

Excitation of a projectile nucleus (radioactive) by the 
electromagnetic field of the target (made of stable nuclei)

target

HIE-ISOLDE
ISOLDE E up to 10 MeV/u

PPAC detector

Beam

Si detector
Beam dump

Beam

impurities

DE-E detectorGe g detectors



Nuclear astrophysics at HIE-ISOLDE
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Isolde 
Solenoidal 

Spectrometer

neutron excitations in 207Hg by neutron-
adding (d,p) reaction in inverse kinematics



Beta-NMR in organic samples

33Phys. Rev. X 10, 041061 (2020) 33

b detector

b detector

Spin hyperpolarisation

+ beta decay anisotropy

Unstable probe nuclei with spin > 0 in magnetic field

Beta decay, I>0
B0

՜
𝐈

𝛽

Up to 10 orders of 
magnitude more sensitive 
than conventional NMR,

100 x more precise than 
solid state NMR

26Na
t1/2=1.1 s
about 1e8 
nuclei

b
d

ec
ay

[MHz]

Applications in biology (metal ion interactions)
And nuclear physics: distribution of magnetisation



Radioactive molecules & Beyond SM

Nature 581, 396 (2020)

From M. Udrescu







Material science 
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229mTh: towards a nuclear clock with VUV and EC
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S Kraemer et al, Nature 617, 706 (2023)

Video: https://videos.cern.ch/record/2297990

230Th

Determination of isomer energy with 
vacuum UV spectroscopy:

➢ 229Ac decay to 229mTh

➢ Internal conversion decay branch 
removed via study in a crystal

➢ CaF as host (wide band gap material) 

➢ Implantation site verified with 
emission channeling

https://www.nature.com/
https://videos.cern.ch/record/2297990




◆Pear shape - octupole deformation

◆Very rare nuclear shape

◆Coulomb excitation with MINIBALL

◆Determine electric octupole transition 
strengths (direct measure of octupole 
correlations) 

◆Pear shape shown for the 1st time 
experimentally

◆Test of nuclear models

◆ Important in searches for permanent atomic 
electric-dipole moments (EDMs)

MINIBALL: Pear shape in 
224

Ra

• L.P. Gaffney et al, 

• Nature 497 (2013) 199

40

Gamma rays following 
Coulomb excitation of 224Ra
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EC characterization of 27Mg colour centers in 
diamond (800°C)

• EC from 800°C implanted 
27Mg show 14% on S and 
30% on bond-center (BC)
sites

• The occupation of BC sites 
is due to MgV in the split-
vacancy configuration.

• High yield of formation 
(30%) of the MgV defect

• However, ~56% of emitters 
are in “random” sites: could
be within MgV2 and MgV3
complexes: 
lower symmetry
 quite weak channeling

Ti=800°C

ISW, 30.11.2022

MgV

~30%

MgV2

??%

MgV3

??%

Mg(S) 

~14%
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Radioisotopes and Nuclear 
Medicine

3 

99mTc, 18F, 123,125,131I,111In,90Y

68Ga, 82Rb, 89Zr, 177Lu, 188Re

44,47Sc, 64,67Cu, 134Ce, 140Nd,
149,152,155,161Tb, 166Ho,195mPt, 211At, 212,213Bi, 
223Ra,225Ac..



Medical Physics : ISOLDE and MEDICIS

14 years ago – now : 
Innovative radioisotopes

33

Matched pairs for theranostics

Terbium: a unique element for nuclear medicine



Page 44

149Tb

Tu Tu

KiKi

Bl

MIP MIP

PET/CT scan of a AR42J tumor-bearing mouse performed 2 h after injection of 149Tb-DOTANOC

Useful for α-Therapy and PET Imaging

Muller et al., EJNMMI Radiopharmacy and Chemistry, (2016) 1:5.



Logistics: The Travel Challenge : 149Tb

110 MBq

200 MBq



CERN-MEDICIS:  new Facility for medical
isotopes (and solid state/materials?) 

46

HRS



4
7

MEDICIS isotope production chain

Animation: V. Barozier



Mass separation as applied in MEDICIS in a snapshot

From CERN- MEDICIS to the lab/Hospital

120MBq Auger 165Tm >99%
Produced/delivered in 24hr

“Free” proton beam
(otherwise lost in the dump)

A dedicated
medical isotope
Mass separation facility
in Europe.

Some MEDICIS isotopes :

High activity Sm-153, Ba/Cs-128, Tm/Er-165



From CERN- MEDICIS to the lab/Hospital

120MBq Auger 165Tm >99%
Produced/delivered in 24hr

Isotope separation for experiment MED011
from external 168/169Er source From CERN- MEDICIS to the lab/Hospital

(Countries: BE, CH, FR, PK, PT, LV, UK)



How to supply “novel” radionuclides with mass 
separation

• PRISMAP proposes to federate a consortium of high energy 
cyclotrons, research reactors, and isotope mass separation facilities in 
Europe.

Contract ENER/17/NUCL/SI2.755660 
Final Report – EC-01-08-D-30/07/2018 

© 2018 NucAdvisor / Technopolis Group Page 93 of 314 

 

Figure 31 : Main medical radioisotopes production process 

The main imaging radioisotopes are today produced efficiently in reactors (Mo-99/Tc-

99m for SPECT) or cyclotrons (F-18 for PET, and probably Ga-68 in the near future161). 

However, the main therapeutic radioisotopes (Ra-223, Sc-47, Y-90, I-131, Ho-166, Lu-

177, Re-188, Bi-213, Ac-225, Pb-212, etc.) or brachytherapy compounds (Ir-192, I-125, 

Co-60) are only or at best produced in research reactors. While a reactor is versatile 

enough to mass-produce all necessary radioisotopes simultaneously under the required 

GMP conditions, it is not the case for cyclotrons.  

For Mo-99, as well as for the new radiotherapeutics, securing a cost-efficient, high-

quality and mass supply of all the necessary radioisotopes in Europe is essential to avoid 

EU-dependence on foreign supplies. This raises the question of the sustainability of 

Research-reactor production of radioisotopes in Europe.  

European Research Reactors, among them HFR (The Netherlands), BR2 (Belgium), Maria 

(Poland) and LVR-15 (Czech Republic) are producing about 60% of global needs for Mo-

99 for SPECT imaging, which is the imaging workhorse (>80% of the annual 10 million 

nuclear medicine imaging procedures in Europe) and for the time being the main 162 

radioisotope produced in the reactors. Despite the increase in PET imaging, SPECT Mo-99 

radioisotope imaging is rather stable or slightly declining in MS such as France and 

Germany (about 30% of EU procedures). Despite the lack of reliable EU-28-wide and 

global figures, there is no sign that the massive use of Mo-99 will decline in the near 

                                                 
161

 Radioisotope currently subject to extensive studies. 
162 In terms of volume and monetary value. 

European Commission
ENER/17/NUCL/SI2.755660

(2018)

I[pps] ~ F[pps] s[barn] N[g/cm2] production rate

1010pps     100µA (6.1014) 1mbarn 1g/cm2 for Atarget=30g/mol

Accelerator Research reactorIsotope mass separation

I[pps] ~ F[pps] s[barn] N[g/cm2] e [%]

Contract ENER/17/NUCL/SI2.755660 
Final Report – EC-01-08-D-30/07/2018 

© 2018 NucAdvisor / Technopolis Group Page 46 of 314 

 
Figure 8: Possible market evolution for radiotherapeutics – source MedRaysIntell (2016) 

Defining reliably the European fraction of the market is impossible. Given the different 

business models in USA and in Europe, such an evaluation would require that the 

activities of the US centralised radiopharmacies players are removed from the total or 

that the activities of the European hospitals-integrated radiopharmacies are considered 

as a separate “business”, which does not make sense. A very rough yardstick could be 

the relative fractions of Mo-99 procedures, which represent at the moment the largest 

fraction of the imaging procedures. The world distribution of these procedures is roughly 

55% (USA), 25% (Europe) and 20% (rest of the world). With this very rough yardstick, 

the EUR 3.8 bn European share of the global market would be around EUR 3.8 x 25% = 

EUR 1 bn. It must be stressed that this figure cannot be analytically justified and does 

not take into account the anticipated development of radiotherapeutics.         

 
5.1.4. Other applications 

Other applications concern the Dental and the Veterinary sectors. 

 

Sources: (5) https://www.grandviewresearch.com/industry-analysis/dental-x-ray-market, 

(6) https://www.marketsandmarkets.com/Market-Reports/veterinary-imaging-market-80889726.html 

 

Table 7: Other Health markets 

5.1.5. Conclusion: Ionizing radiation based medical-equipment market 

The total value of the market, when adding Diagnostics-imaging equipment + software 

(all modalities, with services) to Radiation-oncology equipment, Dental and Veterinary 

equipment, and radioisotopes, amounts to EUR 44.3 bn; it is growing at an attractive 

pace, with a sharp increase in the radiotherapeutics market being forecast. When 

accounting for the IR-based equipment + software alone, including equipment and 

software servicing, the global market comes to about EUR 28.3 bn.  

  

2016 Market data US$ bn EUR bn (iv) Source

Global Dental X-Ray (2015) 1,8 1,5 (5)

Global Veterinary imaging market (2017) 1,4 1,2 (6)

Economics, Innovators

Time

€, $ AAA bought by Novartis for
3.8 Bi$ in 2017 (177Lu-based drug)



PRISMAP – The European medical radionuclides programme (2021-2025)

▪ Achievements in 2022:
▪ 15 projects for biomedical research with novel radionuclides were selected for services across Europe

▪ PRISMAP is invited to present research needs in the field of novel biomedical radionuclides
to the EU Commissioner for research and education Mariya Gabriel 

www.prismap.eu/access/user-projects (BE, CZ, DE, ES, FR, IT, PT, UK)

https://medical-radionuclides.eu

http://www.prismap.eu/access/user-projects
https://medical-radionuclides.eu/

