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Medical applications of nuclear & radiation physics
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• Nuclear medicine 
‣ use of radioisotopes for imaging & treatment 

• Radiation medicine 
‣ x-ray imaging 
‣ radiation therapy 
‣ proton beam therapy 

• Nuclear biophysics 
‣ use of radioisotopes to probe in-vivo chemistry 

kinematics
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• Nuclear medicine 
‣ use of radioisotopes for imaging & treatment 

• Radiation medicine 
‣ x-ray imaging 
‣ radiation therapy 
‣ proton beam therapy 

• Nuclear biophysics 
‣ probing the interaction of charged particles with life 

elements 
‣ use of radioisotopes to probe in-vivo chemistry 

kinematics



Nuclear medicine
✦ isotope production 
✦ radiopharmacy



Radioisotopes for nuclear medicine
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partially fulfilled by solutions based on scintilla-
tors/photomultipliers as in PET, especially due to 
the low energy resolution of scintillators and the 
relatively low (25–35%) quantum efficiency of the 
photodetector. A direct conversion solid state detec-
tor offers a much higher quantum efficiency and 
energy resolution and its granularity is now well 
within in the range of the necessary high spatial 
resolution, whereas its intrinsic efficiency does not 
create a severe DOI contribution, e.g. the mean free 
path of a 140.5 keV in CdTe is about 2.4 mm.

The major concern for the development of the 
next generation of PET systems for small-animal 
imaging is the improvement of sensitivity, always 
pushing the spatial resolution close to its intrinsic 
limit. On the other side, small-animal SPECT has 
almost reached its resolution limit of fractions of a 
mm. In this case, the main challenge is to increase 
the sensitivity and especially the field of view to 
obtain ultrahigh-resolution systems able to visual-
ise the entire animal in one shot.

Computed tomography (CT) is one of the most 
widely used techniques of noninvasive diagnosis, 
which provides a 3D map of the local X-ray attenu-
ation properties of the scanned patient. Dedicated 
scanners for small animals have been built in the 
last decades, with the main goal of obtaining a 
very high resolution, down to tens of microns, and 
a large field of view so that a scan of the entire ani-
mal can be performed in less than one minute. This 

is obtained by using X-ray tubes with a very small 
tungsten anode focal spot (¾10 micron) and low to 
medium X-ray energy (30-50 kVp). A large detec-
tor, such as magnified CCDs or a CMOS flat panel 
with a typical pixel size of 50 micron, is used com-
bined with high geometric magnification. The entire 
system rotates around the animal as in clinical CT 
in a cone-geometry configuration. Spiral CTs are 
also implemented. One critical issue for obtaining 
the design performance is that misalignments in 
the detectors are kept under strict control during 
the construction and the use of the CT. This can 
be done with various techniques, with and without 
special phantoms. A typical CT image of a mouse 
is presented in Figure 4.

CT for small animals can operate in step and 
shoot mode and in continuous mode. The stand-
ard way of reconstructing the image employs the 
Feldkamp algorithm, but iterative methods are 
being increasingly applied. The main issue with 
an animal CT is the high dose that is needed for 
obtaining the requested resolution, i.e. the quantum 
noise reduction. Hence dose limitation and increase 
speed of the examination, for instance for angiogra-
phy studies, are the main topics of research in this 
field. CT scans have mainly been used in connection 
with PET images for providing anatomical informa-
tion to be combined with functional imaging and 
for calculating the PET attenuation. However, they 
have also gained importance as a means of investi-
gation per se in the field of molecular imaging.

Figure 4.
a mouse: from left to right: CT, 

CT image, CT image volume 
rendering.

Radioisotopes are attached to 
biomolecules used to target 
specific receptors in the body 
to image active areas, identify 
cells, or treat cancer.

Medical radioisotopes have to answer 
many criteria: 
➡ available (production) 
➡ can be handled (half-life) 
➡ high benefit / low toxicity (decay 

modes, branching ratios, half-life) 
➡ stable within the biomolecule 



Medical radioisotope production
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Nuclear reactors are used to produce 
many neutron-rich radioisotopes, such 
as the SPECT isotope 99mTc, including 
the BR2 reactor at SCK•CEN in Mol, 
Province of Antwerp. 
These reactors are not economically 
sustainable and survive thanks to large 
subsidies. A supply crisis of 99mTc is 
expected by the year 2016.

Small cyclotrons, with energies ranging 
from 15 to 100 MeV are used to create 
specif ic isotopes for local ly-based, 
dedicated applications, such as 18F for PET 
or 82Sr for heart imaging. IBA, a Belgian 
company based in Louvain-La-Neuve, 
Province of Walloon Brabant, is a spin-off 
from the Cyclotron Research Centre and is 
a world leader in medical cyclotrons.



The New Radioisotopes Conundrum
• With the closure of many reactors in 2016, the 

medical community foresees a crisis in 
supplying 99mTc for medical imaging. Everybody 
panics and alternatives have to be found. 

• Targeted radiotherapy is very limited, although 
very potent, and its latest new addition (RaCl2) 
took >10 years to get validated. 

• Any new isotope, whether for imaging or 
therapy, requires lengthy clinical tests and 
validation during which there is no market value 
for its production.

7

No production
No test

No demand



Free beam for “free” radioisotopes at CERN
• 80% of the proton beam 

goes through the ISOLDE 
target unaffected 

• That beam is then sent 
onto another target 

• The target can be removed 
from the target area 
towards a Class A 
laboratory (video) 

• An off-line separator is 
used to extract 
radioisotopes of interest
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Figure 3. The MEDICIS cycle. 
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CERN-MEDICIS from A to Z
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CERN-MEDICIS from A to Z
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CERN-MEDICIS: the ion source
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GND
          + 30-60 kV 

CATHODE (LINE)
~ 330 A

T ~ 2000 C

Ga ionization scheme
RILIS TiSa/dye + 
Nd:YAG 532 nm

ANODE
> +100 V : VADIS + RILIS ions
< +10 V:  RILIS ions only

Ga
 atoms

Magnet: 0 - 300 Gauss 

Figure 1: VADIS principles and new operational modes.

denum rather than graphite components. This modification was
implemented because of the apparent sensitivity of the FEBIAD
to an outgassing of CO [2, 9]. As such, the results presented
here are expected to be equally applicable to FEBIAD variants
used at radioactive beam facilities across the world.

The ISOLDE RILIS, described by Rothe et al. in these pro-
ceedings (Rothe), uses tunable lasers, to target a progressive
series of atomic resonances before a final ionizing transition,
either to an autoionizing state or non-resonant ionization to
the continuum. The lasers are pulsed with a repetition rate of
10 kHz, which is well suited to the mean e↵usion time of 100 µs
for atoms along the length of the hot cavity. During this time the
cavity walls confine the atoms, providing a complete overlap of
the RILIS lasers with the reaction products. The geometry of
the VADIS anode cavity limits the laser-atom overlap region to
just 7 % of the anode volume, however, the mean atom resi-
dence time within this volume is expected to be of the order of
10 ms [6], two orders of magnitude longer than for the hot cav-
ity. Correspondingly, neglecting wall sticking times, there will
be two orders of magnitude more laser pulses passing through
the cavity during the transit of reaction products.

3. Experimental set-up

Here we describe only the experimental setup used for the
first VADLIS tests, which were conducted at the ISOLDE o↵-
line separator. This is representative of the setup used for the
subsequent tests performed at the o↵-line separator and also at
the ISOLDE GPS separator (o↵-line and on-line). Any signifi-
cant di↵erences in the experimental setups are highlighted indi-
vidually. The o↵-line facility is a replica of the ISOLDE on-line
front-end, attached to a dipole separator magnet capable of sin-
gle atomic mass unit resolution. For simplicity, the ionization of
gallium in the VADIS anode cavity was investigated during all
tests at the o↵-line separator. Gallium ionization in both the hot
cavity (surface and laser ionization) and the Laser Ion Source
Trap (LIST) [11] has been well characterised. The ionization
potential (6 eV) ensures that Ga is surface ionized at typical op-
erating temperatures of 2000 � C, but with low e�ciency (¡1%),
thereby providing a reliable benchmark with which to judge the
relative e�ciencies of other ionization methods. The boiling
point of 2205 � C and the natural isotope abundance signature
make it a reliable and easily identifiable beam for ion source
development work. Furthermore, the two-step laser ionization

scheme 294nm—532nm requires only one tunable RILIS laser.
The experimental setup is summarised in Figure 2 below.

Figure 2: Experimental setup used at the during tests at the ISOLDE o↵-line
separator

Light from a Ti:Sa laser was frequency tripled to produce the
first step of 294 nm. A frequency doubled Edgewave Nd:YAG
laser was used for the non-resonant final step at 532 nm. The
wavelength of the Ti:Sa was monitored using a High Finesse
WS6 wavemeter. The lasers were directed through the exit aper-
ture of the anode of a VADIS. A sample of stable gallium was
evaporated from a resistively heated mass-marker attached at
the rear of the ion source. The laser parameters were main-
tained constant whilst the VADIS parameters (anode voltage,
cathode heating, magnetic field strength) were varied to deter-
mine the optimal conditions for the extraction of laser-ions. At
the o↵-line separator, the target and ion source is held at 32 kV
so that the grounded extraction electrode, located downstream
of the anode aperture, accelerates the ions, creating a 32 keV
ion beam.

A LeCroy Waverunner 104MXi oscilloscope was synchro-
nised with the 10 kHz laser trigger and configured to build up
a time structure histogram of the signal from a microchannel
plate (MCP) over a time period equivalent to hundreds of thou-
sands of laser pulses. The ion current incident on the MCP
was limited to below 1 pA, for ion currents in excess of 1 pA
a Faraday cup was used as a more robust measurement device
but without the time resolution capabilities of the MCP.

Further o↵-line testing and on-line operation took place at
ISOLDE, details of the facility can be found in the paper of
Borge. M in these proceedings (reference Maria).

4. O↵-line testing and characterization

With the lasers directed into the VADIS anode for resonance
ionization, the gallium ion beam extracted from the VADLIS is
ionized by up to three distinct processes: electron impact ion-
ization, surface ionization and resonance laser ionization. At a
constant cathode temperature, adjusting the anode voltage in-
fluences both the total ion quantity and the relative contribution
from each ionization process. Operation in the 1-5 V region of-
fers a selective mode of laser ion extraction, where only laser
and surface ionization is observed. A su�cient positive volt-
age on the anode grid provides active suppression of surface
ions ionized outside the anode cavity, leaving only the internal

2

CERN-MEDICIS will use an ISOLDE-type 
target-ion-source module. For versatility, the 
choice of ion source is the VADIS, a plasma 
ion source that has demonstrated high 
efficiencies. 
Recent developments by the ISOLDE Target 
Group, RILIS, and Windmill Collaboration 
have combined VADIS with laser ionisation. 
Further simulation and characterisation of 
this ion source are ongoing by a KU Leuven 
PhD student at CERN.



CERN-MEDICIS: the separator
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Figure 2. Due to the high activity of the targets the mass separator is surrounded by

heavy concrete used for shielding. The mass separator is separated from the target

storage area by a steel shielded door which has a small window that the robot will

open to pass the target through. The mass separator system works to remove the

isotopes from the targets. The systems includes a electrostatic acceleration stage [1]

that ionises the isotopes by stripping them of their electrons. Techniques that have

been developed by ISOLDE give a high degree of accuracy to ionisation and mass

separation leading to high precision in isobars.

Figure 1: Target storage area

Figure 2: MEDICIS collection area
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• Physical constraints: fitting three collection chambers in the small space will

shape what system is feasible

• Cost: safety is the first priority and decisions my have to made to compromise

the medical research in favour of safety due to a limited budget

• Engineering: the feasibility of a system being able to work in practice. For

example, Lead is heavy therefore it may need a lot of support

• CERN standards: to allow for in-situ maintenance and operation of the equip-

ment

• Adaptability: the MEDICIS project has many collaborators and additional

collaborators are coming on-board all the time, therefore the system should

be as flexible as possible to suit many di↵erent needs

Figure 3: 2D building plans

12

Dipole magnet & switchyard from 
the LISOL separator, used for 40 
years in Louvain-La-Neuve!

New collection chamber 
prototypes.



MEDICIS timeline
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Ground breaking 
3 Sept 2013

Building delivered 
15 Oct 2014

Separator delivery 
Ongoing



MEDICIS-Promed
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A Horizon2020 Marie Skłodowska-Curie Actions:  
Innovative Training Network

— CERN — The University of Manchester — University of Mainz —  
— AAA — C2TN — CNAO — Lemer Pax — KU Leuven —  

— CHUV — HUG - EPFL — Medaustron —  
— Oxford University Consulting — ARRONAX — ILL — 
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Radiochemistry in Belgium
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Institut des Radioéléments - IRE 
One of the 5 world producers of 99Mb generators 

Based in Fleurus, Province of Hainaut



Radiation medicine
✦ proton therapy centres 

➡ UZ Leuven 
➡ Charleroi



IBA cyclotrons
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� FIXED BEAM TREATMENT ROOM

� CYCLOTRON & BEAM TRANSPORT SYSTEM

� 360° GANTRY TREATMENT ROOM

� DIAGNOSTIC & ADMINISTRATION

RESEARCH ROOM �

360° GANTRY TREATMENT ROOM �

7 // IBA PLUS®Proteus

The ProteusPLUS 
environment is designed 
to be patient- and staff-
friendly and to support 
clinical procedures, 
helping to optimize 
patient flow and 
throughput.

The IBA Proton Therapy 
System is currently 
the only commercially 
available proton therapy 
system that has obtained 
clearance on three 
continents, thereby 
assuring quality and 
safety. 

hospital is unique. Everyone has the right 

Physicians need flexibility when it comes 

goals. Administrators need optimization to 

solutions for accurate patient positioning.

renowned clinical institutions worldwide has 

allowed our teams of experts to gain a deep 

parts (imaging, software, patient positioning 

IBA 
Louvain-La-Neuve, 

Brabant Wallon 
World leader in proton 

therapy centres 
Large research division 

and partnership with 
many academic 

institutions, in Belgium 
and abroad



2 new proton therapy centres in Belgium
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KU Leuven & Université 
Catholique de Louvain 
are joining up for the 

construction of a €40M 
proton therapy centre in 

UZ Gasthuisberg in 
Leuven.

The Wallonia Region 
will also invest €47M in 

the construction of a 
proton therapy centre in 
a Centre of Excellence 

in Charleroi, Province of 
Hainaut.



Nuclear biophysics
✦ reactions on C, N, O 
✦ in-vivo β-NMR 



Double use of the proton therapy centres
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• Possible multiple extraction / delivery of the proton beams 
from the cyclotron 

• Have 1 room dedicated to therapy 
• Have 1 room dedicated to research 

• this room may be retrofitted for therapy if the demand 
increases in the future 

• used for different research topics, including biophysics 
• studying the nuclear reaction cross-sections on life 

elements: C, N, O



In-vivo β-NMR
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Bio �-NMR: Motivation

Mg2+, Cu+ and Zn2+

(+) Some of the most abundant ions in human body
(+) Closed shell ions ! silent in most spectroscopic tech-
niques

Human body:

99% 4 major elements:
O (43 kg), C (16 kg), H (7 kg),
N (1.8 kg)

1% 21 other elements:
Ca, Mg, Fe, Zn, Cu ...

Property NMR �-NMR
# molecules 1018 105

Nuclear polarization External field Optical pumping, tilted foils, etc
(⌧ 1%) up to 100%

Isotopes Mostly stable Radioactive
Detection Magnetic response � asymmetry

Alzheimer Parkinson Prion Wilson
[Chem. Rev. (2006) 106] [Neu. Aging (2014) 858] [Progr. Neu. (2014) 33]

R. F. Garcia Ruiz KU Leuven, Belgium On behalf of the VITO Collaboration Versatile Ion-polarized Techniques On-line (VITO) at ISOLDE, CERN



In-vivo β-NMR at ISOLDE
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Bio �-NMR: First results

�-NMR spectrum of 31Mg in an Ionic Liquid

For the first time (August, 2012):
�-NMR measured in a liquid medium
Signal recorded from metal ions (Mg II) in
a body-like liquid environment

A. Gottberg, M. Stachura, and et al., In preparation

R. F. Garcia Ruiz KU Leuven, Belgium On behalf of the VITO Collaboration Versatile Ion-polarized Techniques On-line (VITO) at ISOLDE, CERN

A. Gottberg, M. Stachura, M. Kowalska et al.  
ChemPhysChem 15 (2014) 3929.



VITO Beamline: Final Design
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�5 mbar
10

�3 mbar
10

�1 mbar

3 mbar

water feedthrough

R. F. Garcia Ruiz KU Leuven, Belgium On behalf of the VITO Collaboration Versatile Ion-polarized Techniques On-line (VITO) at ISOLDE, CERN

In-vivo β-NMR: the setup
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Developments together with COLLAPS & CRIS 
Nuclear Moments group of G. Neyens



For more information on radioisotopes in Belgium, visit Rad4Med.be
Thank you for your attention!
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http://rad4med.be

