
Radioactive Ion Beams : from 
large scale facilities to nuclear 
medicine applications

Thierry STORA - CERN

IAEA International Conference on Accelerators for Research 
and Sustainable Development: From Good Practices Towards 
Socioeconomic Impact (AccConf’22) – May 2022



Thierry Stora – CERN – IAEA - AccConf’22 – May 2022 2

The early days

Courtesy prof O. Ratib

Marie Sklodowska-Curie
1867-1934
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Radioisotopes & Nuclear Medicine

Classification of isotopes for Medicine:

1. Established isotopes        → Industrial suppliers
99mTc, 18F, 123,125,131I, 111In, 90Y  

2. Emerging isotopes         → Small innovative suppliers
68Ga, 82Rb, 89Zr, 177Lu, 188Re

3. R&D isotopes → Research labs
44,47Sc, 64,67Cu, 134Ce, 140Nd, 149, 152, 155, 161Tb, 166Ho, 195mPt, 211At, 212, 

213Bi, 223Ra, 225Ac,…
Courtesy U. Koester 

V IEN N A IN T ERN ATION AL CEN T ER -  ROO M  M 2 -  
 9 - 10  OCT OBER 2 0 18  

9:00 - 9:20       Welcome Session 
Joao Osso, IAEA

Aldo Malavasi, DDG-NA

Mar ia Bet t i, Direct or  JRC

Jehanne Gillo, Direct or  DOE 

  Juer gen Gay, Bayer  

 

10:00 - 10:30       Coffee Break 

  12:30 - 14 :00        Lunch Break 

10:30 - 12:10       Session 1.1: Clinical Applications of Ac-225 Reports 

Clem ens Kratochw il, Universit y  Hosp it al Heidelberg

Mike Sathegke, Universit y  of  Pret or ia

Leszek Krolicki, Med ical Universit y  W arsaw

Mat t ias Eiber , Technical Universit y  Munich

Joseph Jurc ic, Universit y  of  Colum b ia 

D A Y  1 :  T U E S D A Y  O C T .  9 t h

9:20 - 9:4 0       Opening Statements 

Joao Osso, IAEA

Alf red  Morgenst ern, JRC 

9:4 0 - 10:00       Session 1: Clinical Applications of  Ac-225 

TBD g eneral 

12:10 - 12:30       Session 1.2: Alpha-radiopharmaceuticals: f rom bench to bed experience 

14 :00 - 14 :20       Session 2: Production of Ac-225 

 Alf red  Morgenst ern, JRC  

 

Moderator: TBD

 
 

Technical Meeting on 

Novel Multidisciplinary Applications with Unstable Ion Beams 

and Complementary Techniques  
10–14 December 2018 

IAEA Headquarters, Vienna, Austria 
 
 

Information Sheet 
 

 

A. INTRODUCTION 

During the last two decades, nuclear physics research has triggered unique 
developments in accelerator technologies and associated nuclear instrumentation. 
Among the most challenging projects is the production and subsequent acceleration of 
unstable (radioactive) beams with intensities allowing for not only leading fundamental 
research, but also for a variety of applications in domains of large societal impact and 
increased industrial interest, such as human health, environmental and space 
applications, energy, and the development of new materials. 
 
To date, many of these applications are receiving a continuously increasing interest due 
to their unique analytical potential and irreplaceability in certain scientific and 
technological domains. In this context, various industrial applications may emerge from 
research programmes based on the production and use of radioactive ion beams (RIBs).  
 
Under these conditions, applications of RIBs and of new radioisotopes resulting from 
the recent accelerator technologies may have a positive impact on the socio-economic 
development of IAEA Member States, and therefore justifies being explored in a 
coordinated manner. 
 

B. OBJECTIVES 

The purposes of the Technical Meeting are: to assess and facilitate the establishment of 
a worldwide community active in RIB-based applications; to gather the community’s 
interests and priorities and to explore synergies and shared goals; to assess the most 
relevant tools and methods used for RIB production and RIB applications; to enhance 
interaction among experts in the field; to document the need for future developments in 
instrumentation and methods for RIB-based applications and to prepare an IAEA 
technical publication based on the contributed papers.   
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New treatments in nuclear medicine : a large interest in Europe

Helene Langevin-Joliot at MEDICIS,
professor in nuclear physics,
grand-daughter of Marie Curie (2017)

Accelerator Labs Worldwide
(eg PSI, TRIUMF )

Physics & Chemistry Nobel Prizes

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

Finally Monsieur et Madame tout le monde

Time

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

AAA bought by Novartis for
3.8 Bi$ in 2017 (177Lu-based drug)
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Example of theranostics concept in pre-clinical research

▪ PET 152-Terbium radionuclide in antibody-based targeted moleculer therapy

Diagnostics THERAPY

A B
Matched therapeutic Tb

C. Müller et al.,
Journal of nuclear medicine 53.12 (2012): 
1951.
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World map of radioisotope ion beam facilities*

*As shown during FPRIB, Saha inst., Kolkata, India
(Apr 2012)

In-flight
Fragmentation
Facilities (in red)

Isotope Separation
OnLine Facilities

ISOL (in black)(      ) RISP/Raon

(         )
E

SPES

ISOL@Myrrha

RAON is expected to 
start this year
SPES is expected to start
ISOL@Myrrha project
has started constructiom
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The main ingredients :An accelerator for isotope production + mass purification
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DHads = 145  ± 15 kJ/mol
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Eur. Phys. Lett. 98, 32001 (2012)
Highlighted in Europhysics news 

Radioisotope Beam Production at ISOLDE
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Primary beam
(MeV/u-GeV/u)

Ion sources: compact, simple and withstand 1 MGy
Ionize trace radioelements in larger impurities loads
Used to measure Ion. Pot. Lr (Z=103)
at “1 atom at a time” rate

Leaks
Release loss

Decay loss

Leaks

Decay loss
Condensation

Decay loss
Condensation

Leaks Neutrals
Sidebands

Multiply charged

Plasma Extracted

ion beam

~nA   for Surface
~A   for FEBIAD
~mA   for ECR

Principles of radioactive beam production
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Isotope purification in MEDICIS Laboratory

Standard ISOLDE target unit with 
surface ion source

Ions
Radioisotopes

Principle of isotope production, release and acceleration

H. Ravn and W. Brian
"On-line mass separators.

" Treatise on heavy ion science. 
Springer US, 1989. 363-439.
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Surface Ion Sources

+

Hot tube

e-0

Saha-Langmuir Equation

Meghnad Saha, 1920

Material work function F

Isotope 1st Ion. Pot. : Wi

For Alkalis,
g0=2 (2S1/2, degeneracy 2), g+=1 

Some additional correction factors such as applied electrical potential or 
surface coverage

http://en.wikipedia.org/wiki/File:SahaInBerlin.jpg
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ISOLDE seminar, CERN, Switzerland, June 9, 2016

Ieff (Lr) on IP*-Ieff curve

Ta surface
2700 K

S-L eq.

Ieff(Lr) = 33±4%

IP1*(Lr)=5.29 eV

IP1*(Lr)=5.29 eV

IP1* = IP1 -kT ln (Qi
 
/Qo)

IP1(Lr) = 4.96±0.08 eV

Theoretical:  4.963(15) eV

The first successful measurement of IP1 
in the heaviest elements region (Z >  100)!!

based on [Rn]5f147s27p1/2 ISOLDE seminar, CERN, Switzerland, June 9, 2016

T. K. Sat o et  al . 

Nat ure 520 (Apr.9) (2015) 209- 211.

Extreme chemistry

“ Exper iment s on rare lawrencium 
at oms il luminat e a relat ivist ic 
region of  t he per iodic t able”

T. K. Sato et al., J. Am. Chem. Soc. 2018, 140, 44, 14609–146132018

Ideas to measure Ionization potential on element Z=104 have started

Clever use of Surface Ion Sources 2015
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The PRISMAP Consortium
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Equation to express production and mass separation yields

Target density
[g cm-3]

Cross section
[cm2]

Target
Atomic Mass

[g]

Diffusion+
Effusion

Efficiency

Ionization
Efficiency

Avogadro
Numb.

RIB intensity
[s-1 A-1]

Proton beam
Intensity
[s-1  A-1]

X X

XLow specific activity
Impurities

High specific activity
And purity
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From CERN- MEDICIS to the lab/Hospital
1st results from MEDICIS operation in 2018

1000+ isotopes of 70+ chemical elements

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

MELISSA (Laser Ion Source) started in 2019 

1st Production of 20MBq of non carrier added 169Er 
(pure b- emitter)

MED011 : R. Formento Cavaier et al, “Very high specific activity Er-169 
production at MEDICIS from external ILL target”, 168/169Er2O3 

http://cds.cern.ch/record/2632033 
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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 [%]
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Day-1 radionuclides from PRISMAP

specification sheet for Er-169 

(Some more information at www.prismap.eu)

Half-life determination of 155Tb from mass-separated samples produced at

CERN-MEDICIS

S. M. Collins et al, in preparation
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Other examples of  isotope supply
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From low to high specific activity radiobioconjugates

223RaCl2

177Lu-DOTATATE
153Sm-EDTMP
(low specific activity)

153Sm-DOTATATE or other ? 

Production of Sm-153 with 
high specific activity for 
targeted radionuclide therapy

M. van Voorde et al., 
European Journal Of Nuclear 
Medicine And Molecular 
Imaging; 2021; Vol. 48; pp. 
S410

https://limo.libis.be/primo-explore/fulldisplay?docid=LIRIAS3666667&context=L&vid=Lirias&lang=en_US&tab=default_tab
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Expected scope of projects to be received in the consortium

• Biomedicine at large

• Protocols, technology (imaging, pharma targets, whole body PET)

• Radionuclide grade (non carrier added, isotope decay chain)

• Innovative isotopes for imaging and treatment in theranostics

• Studies on cells, animals « preclinical », possibly pilot clinical phases

Field of 
Application

Radiation Chemical elements Half lives

PET b+ Alkaline earth
Halogen
Lanthanide
Transition metals
…

Hours
Days
Months

SPECT g

TAT a

Beta therapy b-

Auger therapy e-
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Where are the needs ? Example of Targeted Alpha Therapy

VIEN N A IN TERN ATION AL CEN TER -  ROOM M2 -  
 9 - 10  OCTOBER 2 0 18  

9:00 - 9:20       Welcome Session 
Joao Osso, IAEA

Aldo Malavasi, DDG-NA

Mar ia Bet t i, Direct or  JRC

Jehanne Gillo, Director  DOE 

  Juergen Gay, Bayer  

 

10:00 - 10:30       Coffee Break 

  12:30 - 14 :00        Lunch Break 

10:30 - 12:10       Session 1.1: Clinical Applications of Ac-225 Reports 

Clemens Krat ochw il, Universit y  Hosp it al Heidelberg

Mike Sat hegke, Universit y  of  Pretor ia

Leszek Krolicki, Med ical Universit y  W arsaw

Mat t ias Eiber , Technical Universit y  Munich

Joseph Jurcic, Universit y of  Columbia 

D A Y  1 :  T U E S D A Y  O C T .  9 t h

9:20 - 9:4 0       Opening Statements 

Joao Osso, IAEA

Alfred  Morgenst ern, JRC 

9:4 0 - 10:00       Session 1: Clinical Applications of  Ac-225 

TBD general 

12:10 - 12:30       Session 1.2: Alpha-radiopharmaceuticals: from bench to bed experience 

14 :00 - 14 :20       Session 2: Production of Ac-225 

 Alf red  Morgenstern, JRC  

 

Moderator: TBD

 
 

Technical Meeting on 

Novel Multidisciplinary Applications with Unstable Ion Beams 

and Complementary Techniques  
10–14 December 2018 

IAEA Headquarters, Vienna, Austria 
 
 

Information Sheet 
 

 

A. INTRODUCTION 

During the last two decades, nuclear physics research has triggered unique 
developments in accelerator technologies and associated nuclear instrumentation. 
Among the most challenging projects is the production and subsequent acceleration of 
unstable (radioactive) beams with intensities allowing for not only leading fundamental 
research, but also for a variety of applications in domains of large societal impact and 
increased industrial interest, such as human health, environmental and space 
applications, energy, and the development of new materials. 
 
To date, many of these applications are receiving a continuously increasing interest due 
to their unique analytical potential and irreplaceability in certain scientific and 
technological domains. In this context, various industrial applications may emerge from 
research programmes based on the production and use of radioactive ion beams (RIBs).  
 
Under these conditions, applications of RIBs and of new radioisotopes resulting from 
the recent accelerator technologies may have a positive impact on the socio-economic 
development of IAEA Member States, and therefore justifies being explored in a 
coordinated manner. 
 

B. OBJECTIVES 

The purposes of the Technical Meeting are: to assess and facilitate the establishment of 
a worldwide community active in RIB-based applications; to gather the community’s 
interests and priorities and to explore synergies and shared goals; to assess the most 
relevant tools and methods used for RIB production and RIB applications; to enhance 
interaction among experts in the field; to document the need for future developments in 
instrumentation and methods for RIB-based applications and to prepare an IAEA 
technical publication based on the contributed papers.   
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Earth alkali in nuclear medicine

https://medicis.cern/approved-projects

https://www.frontiersin.org/research-topics/16233/
(advances in radioactive ion beams for nuclear medicine)

https://www.prismap.eu/radionuclides/user-forum/
https://www.prismap.eu/news/events-feed/2022-public-event/

MED-028 : 

Study of the 128Ba/128Cs in vivo generator in a 
preclinical model of osteosarcoma

D. Viertl et al, CHUV

https://medicis.cern/approved-projects
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15th June

Thank You !!!

Question ?!* 

• Do you need some new isotopes ?

https://www.prismap.eu/radionuclides/user-forum/

https://www.prismap.eu/news/events-
feed/2022-public-event/

•1667 The first human blood transfusion is administered
•Jean-Baptiste Denys, physician to King Louis XIV of France, 
transfused sheep blood into a 15-year-old boy. He survived!
•1844 Charles Goodyear patents vulcanization
•1954 The Union of European Football Associations is founded
•1977 Spain holds the first free elections since 1936
•1991 Mount Pinatubo explodes
•most violent eruption of the 20th century

•2022 : PRISMAP Public Event (hybrid)
1st projects received
in the European Medical Radionuclide programme 


