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Detailled structure of the course 

PART 1 - General topics 

 
•  Introduction – potassium 
•  Medical use of radioisotopes: 

•  Imaging, diagnostics 
•  Treatment 
•  Physical and biological properties 

•  Production: 
•  Reactions 
•  Targetry 
•  Radiochemistry  
•  Radioprotection 

PART 2 – Adv. concepts 

 
•  Advanced accelerator concepts: 

•  Neutron production at cyclotrons 
•  ADS Myrrha 

•  ESS 

•  Harvesting at FRIB 

•  Radioactive Ion Beams: 
•  Purification by mass separation 

•  Hadron therapy with PET isotopes 
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Radioisotopes in biological organisms 

Daily, we “internalize” radiomarkers with rather well defined protocols 

M Goma et al 
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40K, a radioisotope “bio” for imaging and treatment ? 
There is ~0.01% natural 40K on Earth 
Our whole body natural activity 
is of ca 4 kBq (0.2 mSv/year) 
 

   Method of production : 
 
 
 
 
 
 
 
 

S. Woosley, Astrophys j  
But none of these production sites are yet commercial ! 

Nucleosynthesis in supernovae explosion 
12C+16OàX, etc 

Neutron capture s-process 
in stars 39K(n,γ)40K 
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Medical use of radioisotopes 
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The early days 

Courtesy prof O. Ratib 

Probably a few GBq open source of 223/224Radium there 
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Courtesy prof O. Ratib 

And today 
Xofigo has been approved by the FDA (Food Drug Administration) and in Europe 
for castration resistant prostate cancer with metastasis   

 
 
How is this image 
done? 
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Functional or molecular imaging 

Injection of a bioligand 
 
 
 
 
 
 
Targeting desired tissue 
 
 
 
 
Imaging by emission of radiation 
Through radioactive decay 
(γ photons 
511keV photon from β+e- anhilation) I. Dijkgraaf et al., JNM 53, 947 

(2012) 
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PET scan imaging 
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List of some PET isotopes 
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SPECT : 99mTc is the principal radioisotope 

99Technecium supply shortage 
 
(10’000 scintigraphy protocols 
/Mi US residents/year) 
 

Photon 
For imaging 

So called generators can be  
dispatched in hospitals: 
99Mo à 99mTc 
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Pharmacokinetics vs isotope T1/2 

• 99mTc MIBI myocardial perfusion (T1/2 = 6h) 

99mTc MIBI  

M. Konijnenberg, 
99mTc sestamibi 2012 
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Targeted internal therapy 

Already seen for imaging (slide # ?) 

This is moving and localising several isotope sources close to the tissue to be treated 
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Targeted internal therapy 

Courtesy Prof. Ratib 
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Theranostic pairs 

F. Bucchegger et al. 

It combines a pair of isotopes, one for imaging and the other for therapy 
 
Ideally with the same bioconjugate 
 
And even more ideally, with 2 radioisotopes of the same chemical element 
 
This leads to an ideal protocol for personnalized medicine : 
the radiopharmaceutics dose can be adjusted 
and the efficacy of the treatment followed. 

A B C 177Lu-DOTA-RM6 
radiopeptide targetting 
grafted “PC3” prostate 
cancer cells in mice 
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Production of medical radioisotopes 
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Which radioisotopes do we need ? 

While there are a few “blockbusters” (99mTc, 18F) 
and some other emerging (177Lu, 223Ra) 

There is room/need for even better suited new radioisotopes 
along with their production  
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What accelerator to produce which isotopes ? 

•  (p,n), (p,2p), (p,α), (p,X), (p,αn), etc…  p+ A/q=1 
•  (d,n), (d,p), etc…     d+ A/q=2 
•  (3He,n), (3He,α), etc…    3He++ A/q=1.5 
•  (α,n), (α,2n), (α,p), etc…    α++ A/q=2 
•  (7Li,Xn), etc …     Li++ Li+++ A/q=3.5, 2.33 
•  (n,γ), (n,2n), (n,p), etc…    n0 A/q=0 

•  And we need accelerators, facilities, concepts better 
suited than explosive supernovae 
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Classical medical isotope production methods 

At nuclear reactors (n,X) 

At medical cyclotrons (p/d/α,X) 
9-70MeV 

More prospective : compact Linacs, 
Heavy ion cyclotrons, high energy p drivers 

The most common methods : 
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Regulation of radiopharmaceuticals : Swiss example 

Fabrication du radionucléide :  
 
Les réactions nucléaires employées…la demi-vie, le type et 
l’énergie du rayonnement ainsi que les effets perturbateurs 
engendrés par les impuretés.  
 
 
Nucléides obtenus par bombardement de cibles : matériau 
cible et enveloppe de la cible :  
- composition, forme chimique, pureté chimique, état physique 
et additifs chimiques éventuels, susceptibles d’influer sur le 
produit  
- méthode d’irradiation, environnement physique et chimique 
(support de la cible)  
- rendement  

Traitement du radionucléide :  
- description détaillée de l’isolation (séparation de la cible) et de 
l’enrichissement du radionucléide souhaité ; rendement.  
 
Propriétés physiques du radionucléide :  
Il faut indiquer en détail la demi-vie, le type et l’énergie du 
rayonnement ainsi que l’évolution dans le temps à compter de la 
fabrication du radionucléide et jusqu’à la date d’expiration du 
médicament ainsi que les aspects importants pour l’élimination.  

Contrôle du produit fini :  
- identité des nucléides  
- pureté des nucléides  
- pureté radiochimique  
- pureté chimique  
- activité spécifique  
 

Nucléides produits par fission :  
Il convient d’indiquer l’ensemble de la chaîne de nucléides, de la 
matière première initiale (impuretés comprises) jusqu’aux 
nucléides filles stables correspondants, y compris la demi-vie, le 
type et l’énergie du rayonnement. Les effets perturbateurs 
provoqués par les impuretés ou la matière première doivent être 
discutés.  
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Regulation of radiopharmaceuticals : Swiss example 

Fabrication :  
Used nuclear reaction  - isotope half life 
Radiation type and energy 
Pertubation induced by impurities 
 
Nuclides produced by target irradiation 
Target material, target envelop 
Composition, chemical form, purity, physical state,  
Chemical additives, capable to impact the end product 
Irradiation method, physical and chemical environment  
Target support 
Yield  

 
Nuclides from fission 
Full nuclide reaction chain, initial material (including impurities), 
daughter nuclides, half lifes, radiation type and energy 
Pertubation from impurities 
 End product control  

-  identité des nucléides 
-  Nuclide identity 
-  Purity of nuclides 
-  Radiochemical purity 
-   Chemical purity 
-  Specific activity 

Nuclide treatment   
- Description of isolation (separation from the target), nuclide 
concentration, yield.  
 
Physical properties of nuclides 
In detail : half life, type and energy of radiation, evolution over 
time from the fabrication to the date of peremption of the drug, 
important aspects for disposal 
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Cyclotrons: distribution in the world 

One example : cyclotron in France 
For FDG (18F PET isotopes, T1/2 = 2 hours)  
 
Notion of distance between production center, 
end-user, and istope T1/2 

T. Sounalet, ARRONAX Increasing T1/2  

Typical 1-20kW power 
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70 MeV p,d,α 35kW       vs    ~10 MeV p 1kW cyclotrons 

T. Sounalet, Arronax M. Jensen, RISO 

IBA cyclotron at ARRONAX PET trace series of General Electrics 
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What machine to produce a given medical isotope ? 

With protons 

1st information to consider : excitation function 
This is the cross section vs energy of incident particle 
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I[pps] ~ Φ[pps] σ[barn] N[g/cm2]              production rate 
 
R [Bq] = Iλ/(1-λ) = I for 5 T1/2 (λ=0.606/T1/2 )  saturation activity 

From excitation function to production rate 

Incident particle 
Beam intensity 

Target thickness 

Bragg peak possibly 
in a dump 

An individual dose 
 
For imaging is ~100`s MBq 
For treatment ~ 1 GBq 

1010pps     100µA (6.1014) 1mbarn 1g/cm2 for Atarget=30g/mol 
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Optimization vs production and contamination 

General nuclear data: http://www.nndc.bnl.gov/ 
Cross sections neutrons: ENDF : http://www.nndc.bnl.gov/exfor/endf00.jsp 
Cross sections p,d,α, etc : 0-200MeV TALYS/TENDL http://www.talys.eu/tendl-2014/ 
Multipurpose MC code. Dosimetry, production : Fluka http://www.fluka.org 
Tools for nuclear data (decay, shielding, etc): http://www.nucleonica.com/ 
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Linacs vs. cyclotrons 

Principle Operation Focusing Extraction Beam 
quality 

RF 
power 

Cost Maintena
nce 

CYCLOTRON Cyclic (magnet based) CW Weak Lossy Average Low Low Higher 

LINAC Linear (RF based) Pulsed Strong  Clean Good High High? Lower 

Adapted from M. Vretenar, CERN 

GE PET Tracer 

From Linac 4, 20MeV 
352 MHz 
1 RFQs + 2 DTL tanks 
Source W = 45 KeV 
L = 12 m 
Output W = 20 MeV 
Average current = 10 mA 
Peak current = 100 mA 
Duty cycle = 10 % 
2 klystrons @ 352 MHz 
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Targets (production, not biological !) 

•  Main functions of production target: 
- nuclei and beam interaction 
- confine isotope production 
- provide heat dissipation 
- perform chemical reactions 
 
 IAEA, trs465 Gas target  

(ie N2 + trace of O2 for 14N(p,α)11CO2) 

Sounalet, PhD 
Solid target  
(RbCl for 82Sr, Ga3Ni2 for 68Ge/Ga) AccSys, IAEA trs465 

Liquid target (H2
18O for 18F) 
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Heat management : tilted target design 

Tilted target to distribute the beam heat deposition 
And heat exchange surface area 
 
Heat exchange : by contact/convection Q=kc x ΔT x Starget 
                            by radiation Q=kr x (ΔT4) x Starget 
 

Incoming beam 

Starget=Sbeam/θ

Sbeam Starget 

θ 
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M. Stokely, BTI Targetry 

Heat (mis)management and beam delivery aspects 

https://youtu.be/p3sjf7ZMPZQ 

Pulsed p beam on Tantalum bar 
from 1.4GeV Proton Synchrotron Booster 
Instant power : > 1GW !  
J. Lettry, CERN 
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Principle of beam regulation, diagnostics 

L. Maciocco, AAA 
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Target monitoring for mistuning behavior 

Onset of target boiling as seen 
On pressure sensor 

L. Maciocco, AAA 
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Generators for nuclear pharmacy in hospitals 
 

RADIGIS generator from MEDISOTEC, Le Molecules 2014, 19, 7714 

44Ti/Sc D. Schumann, PSI 
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Radiochemistry, transport and use 

Automated chemistry module 
P. Schaeffer et al. 

By the very nature of the activity, 
Radioprotection, shielding, compliance (license) with the regulatory bodies will be  
Influencing/triggering the technical choices 

Hot cell for nuclear medicine preparation 
Lemer-Pax 

AAA 
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Advanced concepts 

Neutron sources  
 
Is (n,γ) more favorable than (d,p)? 
 
the heat load from the beam on the target is decoupled from the target. 
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Reflector/
moderator
Reflector/
moderator

Cooling/moderatorCooling/moderator

neutronsneutronsneutrons

TargetTargetPROTON BEAM

CYCLOTRON

PROTON BEAMPROTON BEAM

CYCLOTRONCYCLOTRON

Activation samplesActivation samples

Shielded capsule 
loader 

Rabbit transfer 
system 

NanoThera 
capsule 

Activator 

Production of neutrons from proton beams of cyclotron 

Adapted from L. Maciocco et al., AAA 

Ø  Concept deriving from the Neutron-driven element transmuter (based on the  
Adiabatic Resonance Crossing concept) proposed by C. Rubbia in 1995-1998 
(TARC experiment-CERN) 

Some ideas 
(p,n) on 7Li or 10Be target 
Moderator : H2O, parafin 
Reflector : iron, graphite 



The THERANEAN activator 
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Ø  Concept deriving from the Neutron-driven element transmuter (based on the  
Adiabatic Resonance Crossing concept) proposed by C. Rubbia in 1995-1998 
(TARC experiment-CERN) 

Ø  First prototype (INBARCA activator, 2 kW) built and tested in 2005-2008 in JRC-
IHCP cyclotron (40 MeV, 50 µA), Ispra (Italy) 

Ø  THERANEAN activator (70 MeV, 350 µA) designed for industrial production of 
therapeutic activities of β--emitting radioisotopes (optimised for 166Ho) 

ü  Proton target (25 kW) designed through coupled Monte Carlo (power 
deposition) - CFD (thermal hydraulics) - FE structural numerical simulation 

ü  Compact neutron activator (neutron moderation/confinement), designed 
through extensive Monte Carlo simulation using both MCNPX and FLUKA 
codes 

ü  Final activator assembly (supplied with 16 activation channels with remote 
loading, for a total production capacity of 64 capsules) designed for routine 
production and installed in P1 bunker in ARRONAX 

L. Maciocco et al., AAA 
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INBARCA activator at JRC Ispra (40 
MeV, 50 uA) 

���

L. Maciocco, AAA 
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The TheraneaM neutron activator 

•  Capable of producing more than 50 doses per batch of Ho-166 
microparticles for brachytherapy 

•  Energy: 70 MeV 
•  Max experimental proton beam current: 375 µA 
•  Experimentally validated in May 2014 

L. Maciocco, AAA 
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Comparison of numerical and experimental results 

Ø  Maximum total neutron flux in activation channels at 350 µA: 2 x 1012 n/cm2/s 

Ø  Maximum saturation yields per sample mass and unit current [MBq/g/µA]: 

Sample Reaction 
INBARCA 

experimenta
l  (36 MeV) 

THERANEAN (70 MeV) 
Experim.  MCNPX 

(ENDF-B 
VI) 

FLUKA 

Mo metal 
foils 

98Mo(n,γ)99Mo 0.9 2.1 1.0 2.0 

Ho metal 
foils 

165Ho(n,γ)166H
o 153 808 505 NA 

L. Maciocco, AAA 



Sample Reaction INBARCA 
experimental  

(36 MeV) 

THERANEAN (70 MeV) 

Experim.  MCNPX 
(ENDF-B VI) 

FLUKA 

Mo metal foils 98Mo(n,γ)99Mo 0.9 2.1 1.0 2.0 

Ho metal foils 165Ho(n,γ)166Ho 153 808 505 NA 

Comparison of numerical and experimental results 

Higher energy together with optimised neutronic design results in a yield 
improvement of a factor 5/µA for 166Ho with respect to the INBARCA prototype 
Improvement factor for 99Mo limited to factor 2.3 (higher energy cross-section) 

Ø  Maximum total neutron flux in activation channels at 350 µA: 2 x 1012 n/cm2/s 

Ø  Maximum saturation yields per sample mass and unit current [MBq/g/µA]: 

L. Maciocco, AAA 



Ho-therapeutic particles activation capabilities 

Sample Application 6h-Yield 

(after 6h irr. 
and 12h 
decay) 

[GBq/g] 

Athera  

 

 

[GBq/g] 

Irrad time 
for Athera  

 

[h] 

Theranean  Ho oxide sub-micro 
particles suspensions 

Intra tumoral treatment  
19 3.5 (a) 1 

Microparticles Ho-PLLA, 30 µm, 17 %wt 
Ho content (b) 

Intra arterial injection for 
liver cancer treatment 7.8 1-25(c) 1-24 

Ø  Activity for a 6h run and irradiation time to obtain 166Ho therapeutic specific 
activities at EOB+12h (per g of particles, at 350 µA)  

a)  Based on INBARCA animal tests results (50 µl for 1 cm tumour) 
b)  Based on INBARCA activation results (particles supplied by University Medical Centre-

Utrecht) 
c)  Depending on liver weight and effective dose, data from Smits, Nijsen et al., J. of Exp. & 

Clin. Cancer Research, 2010 L. Maciocco, AAA 
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New large scale facilities for medical isotope production 
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MYRRHA (ADS) & ISOL@MYRRHA 

Ø ECR 1+ 
Ø Surface IS 
Ø RILIS 

+ liquid targets 

Courtesy L. Popescu (SCK•CEN) 

Reactor 
•  Subcritical/Critical 
•  65 to 100 MWth 

No beam trip (>3s) in 10 days 

p  Pb, W 
~ 20 n 

Spallation 

~GeV 
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Radioisotope (Mo-99) production capability 
•  Sub-critical @ 73 MW 
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T. Stora CAS Accelerators for Medical Applications 48 

ESS and radioisotopes 

Primary mission: 
Neutron scattering studies for 
material science, biology etc. 
 
When: 2019, complete 2025 
 
Where: Lund, Sweden 
 
 
Alternative uses: 
Workshop on using ESS for basic 
research, i.e. neutron, neutrino, 
nuclear, muon and medical physics in 
2009.  
 Courtesy prof Cederkall 



T. Stora CAS Accelerators for Medical Applications 49 

ESS and radioisotopes 

 
 ref: ESS TDR 

 

62.5 mA, average 
current 

Courtesy prof Cederkall 
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The LANSCE concept and beam skimming (E. Pitcher, T. Shea, ESS) 

50 

•  Isotope production targets placed directly in proton 
beam path 

•  Rapid target insertion and removal using “rabbits” 

•  Isotopes produced via (p,x) reactions placed in front 

•  Isotopes produced via (n,x) reactions placed in back 

Courtesy prof Cederkall 
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Radioisotope harvesting in the water beam dump of FRIB  
FRIB is a future heavy ion fragmentation facility at MSU, USA 
Up to U beams at 200GeV/c, 400kW 



T. Stora CAS Accelerators for Medical Applications 52 

Radioisotope harvesting in the water beam dump of FRIB  
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Medical radioisotope ion beam purification 
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Radioisotope beam formation at ISOLDE, CERN 
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Principles of radioactive beam production 

Primary beam 
(MeV/u-GeV/u)  ‏

Leaks 
Release loss 

Decay loss 

Leaks 

Decay loss 
Condensation 

Decay loss 
Condensation 

Leaks Neutrals 
Sidebands 

Multiply charged 

Plasma Extracted 
ion beam 
~nA   for Surface 
~µA   for FEBIAD 
~mA   for ECR 

spallation 

fragmentation 

fission 

1.4 GeV 
protons 

There is an overall efficiency 
For these extraction processes 
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I[pps] ~ Φ[pps] σ[barn] N[g/cm2] ε [%]  

Intensity 
Purity 

The  « ISOL » filter 
In-target production rate 

Beam production rate 
(Mass separation filter) 

A=83 A=152 

1000+ isotopes 
(for 73+ elements) 
“online” 

Isotope mass separation online 
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CERN-MEDICIS : Isotope production in the dump and 
mass separation in the lab 

spallation 

fragmentation 

fission 

1.4 GeV protons 

1000+ isotopes 
of 70+ 
chemical elements 

Isotope collection 

Isotope production 

purification 
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Isotope mass separation added value 

Non carrier added radioisotope fraction (high specific activity) 
Efficiencies to be developed 
Can this process be applied in large scale ? 
A first terrifying use: 235 uranium enrichment of “Little Boy” 
And later a much more positive application : 
isotope enrichment for medical isotope production 

The Calutron (E. Lawrence) 
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MEDICIS-PROMED training network is 
recruiting 15 PhD students soon 

www.cern.ch/medicis-promed 
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Medical radioisotope ion beam : another option for hadron 
therapy ? 
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Treatment with 11C PET isotopes 

Pa
ge 
61/

7 

Preliminary Fluka simulations 
R. Augusto et al. 
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11C Beams for combined PET/Hadron therapy 

Comparison of in-beam PET with fragment 12C (11C, 15O) and direct 11C use 
 
These studies have been performed at HIMAC, NIRS 



Possible acceleration schemes : efficiencies matter 

•  T.M. Mendonca et al., CERN-ACC-2014-0028 
S. Hojo, et al. NIMB 240, 75 (2005). 

“A la Isolde” 

Directly in the ECRIS 

11CO2 
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Conclusion 

A medical radioisotope is a radioisotope, with some extra requirements. 
 
A few blockbusters exist, large room for emerging ones. 
 
A large family of different facilities for their production : 
From those, compact cyclotrons and linacs for local individual dose production. 
Larger infrastructures cover central production before dispatching. 
Future large scale facilities are expected to fill some missing gaps. 
 
Beams of radioisotopes will be exploited in the medical field for purification and 
possibly for hadron therapy 
 
 
QUESTION ? 
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Reserve 
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Systemic (intravenous) and external radiotherapy 
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Intracavity injection+resection of Glioblastoma 
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