
T. Stora – MEDICIS-PROMED Kick-off week

Production of radioisotopes with the 

ISOL technique

Thierry.stora@cern.ch



T. Stora – MEDICIS-PROMED Kick-off week

Did you say ? (topics to be covered)

Production

(of medical )

radioisotopes

By the ISOL technique
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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+16OX, etc
Neutron capture s-process

in stars 39K(n,g)40K
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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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PET scan imaging
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What accelerator to produce which isotopes ?

• (p,n), (p,2p), (p,a), (p,X), (p,an), etc…  p+ A/q=1

• (d,n), (d,p), etc… d+ A/q=2

• (3He,n), (3He,a), etc… 3He++ A/q=1.5

• (a,n), (a,2n), (a,p), etc… a++ A/q=2

• (7Li,Xn), etc … Li++ Li+++ A/q=3.5, 2.33

• (n,g), (n,2n), (n,p), etc… n0 A/q=infinity

• And we need accelerators, facilities, concepts better 

suited than explosive supernovae
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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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List of some PET isotopes
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Targets (production, not biological !)

•

IAEA, trs465Gas target 

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

Sounalet, PhD

Solid target 

(RbCl for 82Sr, Ga3Ni2 for 68Ge/Ga)

1.4 GeV

p
n

238

U

201

Fr

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

R [Bq] = Il/(1-l) = I for 5 T1/2 (l=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     100mA (6.1014) 1mbarn 1g/cm2 for Atarget=30g/mol
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Some ways to accelarate ions or generate neutrons

At nuclear reactors (n,X)

At medical cyclotrons (p/d/a,X)

9-70MeV

More prospective : compact Linacs,

Heavy ion cyclotrons, high energy p drivers

The most common methods :
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Principle of beam regulation, diagnostics

L. Maciocco, AAA



(ISOL) Isotope mass Separation OnLine

General layout of isotope mass separation « online »



Principle of mass selection : The Lorentz force
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Sandrina da V. 

Fernandes

The “ISOL” principle

Target material
Mass Separation

( Br ~ A1/2)

Element Specific

Ion Source
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Sandrina da V. 

Fernandes

Protons

+/- 8V

500A

+/- 9V

1000A

*

Ionisation

Molecular transport

Effusion

DiffusionDiffusion

Nucl. reaction

Target material 5-200 g/cm2

“Oven - Radiator” (Ta,Mo,Nb, C …)

Ion-source & 

Transfer line 

(Ta,Mo,Nb, C …)

The Release of isotopes from the 

target and their ionization

Isotope

mass Separation

On

Line
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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

~mA   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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Sandrina da V. 

Fernandes

U -C  p h ase d iagr am .U -C  p h ase d iagr am .

ISOL TARGETS

HfO2 felts from Z. Zirconia

Target materials:

• Refractory ceramics: 

Oxides and carbides 

(UC2, SiC, Al2O3, HfO2); 

•Solid metals (Ta, Nb, Mo);

• Molten metals (Pb).

SiC pressed pellets (Saint-Gobain)

Actinide target (UC2)
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Diffusion in target matrices

S. Fernandes
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The isotopes need to find their way 

to the ion source

Monte Carlo numerical simulation of isotope trajectory

(RIBO code)



Courtesy L. Penescu/R. Catherall, “Marie Curie” Conference, Manchester 10-12 April 2006

THE “FEBIAD” ION SOURCE

■ Electrons emitted from a hot cathode (~2000°C)

Forced Electron Beam Induced Arc Discharge



THE “FEBIAD” ION SOURCE

+ ~150V –

~100mA

■ Electrons emitted from a hot cathode (~2000°C)

■ Electrons accelerated by a grid (~150V)

Forced Electron Beam Induced Arc Discharge



THE “FEBIAD” ION SOURCE

■ Electrons emitted from a hot cathode (~2000°C)

■ Electrons accelerated by a grid (~150V)

■ Electron’s path is increased by a magnetic field

Forced Electron Beam Induced Arc Discharge



THE “FEBIAD” ION SOURCE

■ Electrons emitted from a hot cathode (~2000°C)

■ Electrons accelerated by a grid (~150V)

■ Electron’s path is increased by a magnetic field

■ Atoms enter from a hole in the cathode

0 kV

~150V

60kV

■ Atoms ionized in the plasma volume and extracted (60 kV)

Forced Electron Beam Induced Arc Discharge
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I[pps] ~ F[pps] s[barn] N[g/cm2] e [%]

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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10 MeV deuterons

d-to-n converter (Be)

n moderator (wax)

UO2 (10 kg) 

Baking powder

O.Kofoed-Hansen

K.O. Nielsen
Dan. Mat.Fys.Medd. 26, no. 7 (1951)

ISOLDE “0”

89Kr (CO2, H2O, 

NH3)

From CERN 76-13, 3rd conf. nuclei far from stability 
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Case studies :1st Boron 8BF2
+ from carbon nanotubes

8BF2
+ (T1/2 880ms) produced

from multiwall carbon nanotube target (fast diffusion)

and SF6 reactive gaz injection (volatile BF3 molecule)

 

MWCNT

C. Seiffert, Production of radioactive molecular beams 

for CERN-ISOLDE.

PhD thesis TU Darmstadt, CERN (2015)
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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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And today

CERN ISOLDE
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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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• Merci, Questions ?
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• RESERVE
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Case studies :35Ar + from cold nanostructured targets

Fast release of 35Ar from cold nanostructured CaO targets:

Recoil into nanomaterial

J. P. Ramos et al., submitted (2015)

400 nm

SSA = 38 m2/g

48h at 800oC
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R&D towards Mo-99/Tc-99m mass separation at CERN-
MEDICIS

• Method similar to that found in a 

neutron spallation facility (SNS, 

ESS, JSNS, ISIS, etc)

• 238U is fissioned by fast neutrons to produce Mo

• Requires the use of µm thick 238U metallic foil 

target for fission recoil 

• However Mo is a refractory element, it cannot be 

released in atomic form. 

• Our plan: react it with CO gas. Forms a complex 

which is volatile.  

Formation of 

Mo(CO)6 complex 

already achieved

J. Even, et al Radiochim Acta 2014
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• Mo(CO)6 not very stable – can easily oxidize and dissociate at high temperature

• Requires the use of µm thick 238U metallic foil target for fission recoil out

( 25 micron natU foils) at low temperature

• Grow graphene:

does not stop recoil isotopes, reduce oxidation and taylor Mo(CO)6 adsorption

R&D towards Mo-99/Tc-99m mass separation at CERN-

MEDICIS

P.J. Hayward et al., J. Nucl. Mat 187, (1992)

K.S. Novoselov and AH Castro Neto. "Two-dimensional 

crystals-based heterostructures: materials with tailored 

properties." Physica Scripta 2012.T146 (2012): 014006.

D. Prasai, et al. "Graphene: corrosion-inhibiting 

coating." ACS nano 6.2 (2012): 1102-1108.
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R&D towards Mo-99/Tc-99m mass separation at CERN-

MEDICIS

M. S. Henriques, et al. "Preparation of Yb2O3 

submicron-and nano-materials via electrospinning." 

Ceramics International 41(9), 10795 (2015).

• Alternative target materials : towards submicron uranium-based materials

• Work has started as with lanthanide precursors via electrospinning


