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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…



Why at CERN?

LINAC2

PSB

PS

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



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
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1992

1999

2004

2012
2014

2014

User and Operations facility building

2014

Groundbreaking MEDICIS building

2013

2007



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



ISOLDE Robots



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 





Experiments with low-energy RIB’s

• Masses
• ISOLTRAP (Penning trap + MR-TOF-MS)

• Decay spectroscopy
• Modular and versatile 

Isolde Decay Station (IDS) since 2015

• Moments, radii and spins
• LASER SPECTROSCOPY (COLLAPS, CRIS, RILIS)

> 30 years

> 50 years

> 40 years



Experiments with low-energy RIB’s

• Fundamental 
Interaction Studies

• WISArD experiment

• Material research with 
short lived isotopes

• Emission channeling, PAC, b-
NMR, Mossbauer



Martin Henry
Defects in Semiconductors 
and Radioactivity:
The early years
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REX-ISOLDE + MINIBALL : Octupole
deformation in 220Rn and 224Ra
L.P. Gaffney et al, Nature 497 (2013) 199

ISOLTRAP: Mass of 54Ca and 3-body forces
F. Wienholtz et al, Nature 498 (2013), 346

RILIS: Ionisation potential of Astatine
S. Rothe et al, Nature Communications  4 (2013), 1835

Least abundant element on Earth
High-precision study via Rydberg states

Candidates for searches for permanent EDMs:
• Radon-221 not suitable
• Radiums-223 and 225 - promising

• Confirmation of N=32 as magic 
number far from stability

• Validation of three-body forces 
using chiral perturbation theory











Solid state physics in a nutshell

Structural information: location 
of atoms in lattice

Electronic information: what 
states are the electrons? 



Materials being studied

hex.- MnBi
L10- MnAl
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2D materials

Solar cells

Future magnetic materials

Quantum bits

Multiferroics
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Use of radioactive isotopes in materials science:

• Nuclear radiation acts as “marker” for a specific element:
Radiotracer diffusion

• Half-life of nuclear decay correlates with signal intensity from “classical” 
spectroscopy:

Photoluminescence (PL)
Deep Level Transient Spectroscopy (DLTS)
Hall-effect

• Nuclear radiation transmits information with atomic resolution:
Mössbauer Spectroscopy (MS)
Perturbed Angular Correlation (PAC)
Emission Channeling lattice location (EC)
Beta Nuclear Magnetic Resonance (β-NMR)





Offline labs based at ISOLDE 



121Sn-vacancy: identification and quantification
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1.36
1.45
1.54
1.63

• 30% of the implanted Sn in split vacancy configuration!

• Sn exactly at the bond-center (precision of 0.04 Å)

• Other IV elements (ongoing): 31Si, 73Ge, 121Sn, 209Pb

Sn

Phys. Rev. Lett. 125, 045301 2020
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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%



Perovskite related structues



Future possibilities: available in 2022-23

• ASPIC‘s Ion Implantation chamber 

• Decelerates ions from 60 keV to ≤ 20 eV



High field magnetic spectrometer to study magnetic materials using PAC 



The early days

Courtesy prof O. Ratib

Marie Sklodowska-Curie
1867-1934



PET scan imaging
Fluorodésoxyglucose (18F)
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PET-CT scan imaging

Courtesy Ugo Amaldi

https://home.cern/news/news/knowledge-sharing/forty-years-first-pet-image-cern



Nuclear Physics : ISOLDE and MEDICIS

14 years ago – now : 
Innovative radioisotopes

33

Matched pairs for theranostics

Terbium: a unique element for nuclear medicine
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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.



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/

