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Of course, I had to select the material to be included.
And of course, Physics ≠ HEP (but a lot of HEP here, and a lot of CERN examples).

The CERN medical applications-related projects presented in this talk are realized by the CERN scientists and 
engineers: without their skills, ingenuity, and dedication, there would be no knowledge to transfer! Some names 
are acknowledged on the respective slides, but there are many more.

The KT group and myself are privileged to have the opportunity to support these projects in a tailored way, and to 
help bridge the gap between CERN technologies and society.

Many thanks to all the colleagues from CERN, CNAO, CHUV, CNRS, GSI, MedAustron, INFN, TERA who have shared 
their material and wisdom with me; thanks to Ugo Amaldi and Manjit Dosanjh, from whom I first learned about 
hadron therapy.

I am neither a doctor, nor a medical physicist, nor a technical expert in most of the technologies I present, so the 
Q&A will be fun! J



The physics itself
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By Original: Penubag Vector: Victor Blacus - Own work based on: Electromagnetic-Spectrum.png, CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php?curid=22428451



X-Rays
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1895
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1896: accidental discovery
of natural radioactivity

Mme. Curie thesis – 1904
α, β, γ in magnetic field

Henri Becquerel

Pierre Curie and 

Marie Sklodowka-Curie

1898: by studying
the strange 
uranium rays, they
soon discovered
polonium, 
thorium, radium
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Par Radior cosmetics — sitead New York Tribune Magazine, page 12, 
Domaine public, 
https://commons.wikimedia.org/w/index.php?curid=35047170

Par Sam
 LaRussa from

 U
nited States of Am

erica —
 

Radithor, CC BY-SA 2.0, 
https://com

m
ons.w

ikim
edia.org/w

/index.php?curid=5784
1049

Par Cinémagazine, 14 février 1935 — 
https://gallica.bnf.fr/ark:/12148/bpt6k2000628h, CC BY-SA 4.0, 
https://commons.wikimedia.org/w/index.php?curid=97956453

https://www.smh.com.au/national/nsw/from-the-archives-1956-ban-urged-of-x-ray-machines-at-shoe-shops-20210318-p57c1m.html
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Photo of the “Pierre Curie” arm, burned by radium salt 
applied for 10 hours. This was also the time when people 
became aware of the effect of radiation and the possibility 
of using it for medical purposes. In 1900, the German 
dentist Walkhoff noted that radium rays act energetically 
on the skin in a manner analogous to that of X-rays. This 
observation was confirmed a few weeks later by the 
German chemist F. Giesel, with whom Pierre and Marie 
maintained regular correspondence.
© CNRS Audiovisuel ©
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Small tubes containing radium salts are strapped 
to a woman's face to treat what was either lupus 
or rodent ulcer, 1905.

X-ray apparatus used for treatment of 
epithelioma of the face, 1915.
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The technologies
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As of 2014 there were 42,200
accelerators worldwide: 
27,000 (64%) in industry, 
14,000 (33%) for medical purposes
1,200 (3%) for basic research. 

These figures exclude electron
microscopes and x–ray tubes, and 
the security and defense industries. 
Chernyaev, A. P. and Varzar, S. M. (2014). Particle accelerators in 
modern world. Physics of Atomic Nuclei, 77(10):1203–1215. 

Over 70 companies and institutes 
produce accelerators for industrial
applications; these organizations sell
more than 1,100 industrial systems
per year — almost twice the number
produced for research or medical
therapy — at a market value of $2.2B. 

Over $1B of this amount is generated
by the sales of accelerators for ion 
implantation into materials —
primarily semiconductor devices —
whose worldwide value of production 
is about $300B.

Hamm,R.andHamm,M.(2012).Industrial accelerators and their
applications. World Scientific Publishing Co. 

Los Alamos National Laboratory/Flickr, CC BY-NC-NDMANUELA CIRILLI - HEAVY ION THERAPY ONLINE COURSE 13



Accelerator

protons
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Radioisotopes
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electrons

Low
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High
energy
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Ion 
therapy

IORT Intra Operative Radiation Therapy, 
skin cancer

Very High Energy Electron 
(VHEE) 

Particle
therapy

X-rays

neutrons

Radiation 
therapy

neutron 
therapy

Imaging,
diagnosis

therapy

PET

SPECT

brachytherapy

Targeted alpha therapy

target
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Courtesy Maurizio Vretenar
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X-ray linac

Multi heavy ions 
(protons + carbon ions)

Proton multi-room

Proton single-room

2

200

Messi

Higuain

Karius

Mandžukić

17

Courtesy 
(I’ll never thank him enough!)

Marco Durante (GSI)
JENAS 2019

https://indico.ijclab.in2p3.fr/event/5418/timetable/#20191016.detailed



The image shows an optimized plan with two opposite 
fields for a chordoma patient using protons (left) or 12C 
ions (right). 

Image from the GSI patient project archive, 
distributed under Creative Commons CC BY 4.0.

From pioneering rasterscanning & 
carbon ion pilot project @

440 patients
1998-2008

Since 2009*:
2841 patients with p
3793 patients with C-ion * Until Dec 2020, source ptcog.ch
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https://creativecommons.org/licenses/by/4.0/


From PIMMS @
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Three alternative accelerator designs
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Linear accelerator

Linear sequence of accelerating 
cells, high pulse frequency. 
Length  ~ 53 m

Improved synchrotron (warm) 
Equipped with several innovative 
features: multi-turn injection for 
higher beam intensity, new 
injector at higher gradient and 
energy, multiple extraction 
schemes, multi-ion.
Circumference ~ 75 m

Improved synchrotron 
(superconduc5ng) 
Equipped with the same 
innovaZve features as warm, but 
addiZonally 900 superconducZng 
magnets.
Circumference ~ 27 m

Courtesy: TERA

Maurizio Vretenar (CERN)



1990
RFQ2 
200 MHz
0.5 MeV /m
Weight :1200kg/m
Ext. diametre : ~45 cm 

2007
LINAC4 RFQ
352 MHz
1MeV/m
Weight : 400kg/m
Ext. diametre : 29 cm

2014
HF RFQ
750MHz
2.5MeV/m
Weight : 100 kg/m
Ext. diametre : 13 cm

Protons: 
the LINAC way

TOP IMPLART
C. Ronsivalle, M. Carpanese, C. Marino, G. Messina, L. Picardi, S. 
Sandri, E. Basile, B. Caccia, D.M. Castelluccio, E. Cisbani, S. Frullani, 
F. Ghio, V. Macellari, M. Benassi, M. D’Andrea, L. Strigari, The TOP-
IMPLART project, Eur. Phys. J. Plus 126: 68 (2011) 1–15, 
http://dx.doi.org/10.1140/epjp/i2011-11068-x.

Compact High-Frequency Radio Frequency 
Quadrupole (RFQ)
M. Vretenar, A. Dallocchio, V. A. Dimov, M. Garlasché, A. 
Grudiev, A. M. Lombardi, S. Mathot, E. Montesinos, M. Timmins, 
“A Compact High-Frequency RFQ for Medical Applications”, in 
Proc. LINAC2014, Geneva, Switzerland, September 2014 LInac BOoster (LIBO)

U. Amaldi et al., “LIBO-a linac booster for protontherapy: construction and test of a 
prototype,” Nucl. Instrum. Meth- ods Phys. Res. A, vol. 521, pp. 512-529, 2004.MANUELA CIRILLI - HEAVY ION THERAPY ONLINE COURSE 21



Collaboration CERN-CIEMAT-CDTI-Spanish industry
2.0 m long
750 MHz
Will deliver Carbon (or Helium) at 5 MeV 
(total energy)
Designed at CERN built in Spanish Industry

First (of 4 sections) completed

The RFQ for C6+ LINAC option

Manuela Cirilli - Heavy Ion Therapy Online Course 22Alessandra Lombardi (CERN)
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FLASH therapy – a growing clinical interest



An intense beam of electrons is produced in a photoinjector, 
accelerated to around 100 MeV and then is expanded, 
shaped and guided to the patient.

Jean Bourhis from CHUV: 
“The clinical need that we have really converges with the 
technological answer that CERN has.”

CERN – CHUV - THERYQ collaboration on FLASH 
VHEE therapy

CLIC technology for a FLASH VHEE facility designed 
in collaboration with CHUV and realized by THERYQ

MANUELA CIRILLI - HEAVY ION THERAPY ONLINE COURSE 24Walter Wuensch (CERN)
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The remarkable connection between CLIC technology and 
FLASH electron therapy

Very intense electron beams
CLIC – to provide brightness needed for delicate physics 
experiments
FLASH – to provide dose fast for biological FLASH effect

Very precisely controlled electron beams
CLIC – to reduce the power consumption of the facility
FLASH – to provide reliable treatment in a clinical setting

High accelerating gradient (that is high beam energy gain per 
length)

CLIC – fit facility in Lac Leman region and limit cost
FLASH – fit facility on typical hospital campuses and limit cost 
of treatment

CERN KT Seminar on April 26th, 2021 
https://indico.cern.ch/event/975980/

Walter Wuensch (CERN)



IMAGING
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First mouse imaged at CERN 
with Na-18F in 1978

David Townsend, Alan Jeavons



First 3D colour X-ray of human extremities using the Medipix3 technology developed at CERN

Fast forward to 2018 
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Hybrid Silicon Pixel Detectors
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Noise-hit free particle detection
Standard CMOS can be used allowing on-pixel signal processing 
Sensor material can be changed (Si, GaAs, CdTe..)

p+

n-

ASIC
n-well

p-substrate

Semiconductor 
detector

Bump-bond 
contact

Charged particle

gm
Iin Vout

Michael Campbell (CERN)
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31-50 keV14-23 keV9-14 keV

RGB:
9-50 keV

S. Procz et al.



Titanium implant in sheep bone

Enables better understanding of 
- process of bone ingrowth 
- bone / implant interface 

Spectral imaging of joints

Slide courtesy of A. Butler, University of Otago, New Zealand 
and MARS Bio-ImagingMANUELA CIRILLI - HEAVY ION THERAPY ONLINE COURSE 31



The water has been partly cut away to reveal the bone, gold, gadolinium and iodine

Images presented at the European Congress of Radiology, Vienna, March 2017.

Spectroscopic information permits material separation

MANUELA CIRILLI - HEAVY ION THERAPY ONLINE COURSE 32A. Butler, University of Canterbury



Spectral CT image showing wrist implant
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1 mm

Ethanol-preserved mouse heart scanned using the WidePIX10x5 detector
60 kVp tungsten spectrum

720 projecRons, 5 seconds per projecRon (one hours total)
SpaRal resoluRon ca. 7 µm

Reconstructed using Volex, visualized using CTVox and Amide soXware

Slide courtesy of J. Dudak, IEAP, Czech Technical University



It’s really small...

MiniPIX TPX3 
Miniaturized spectral camera supporting Si and CdTe sensors

MANUELA CIRILLI - HEAVY ION THERAPY ONLINE COURSE 35



Gamma camera applications: Thyroid diagnostic
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Thyroid cancer diagnostics and treatment monitoring:

The second most frequent cancer for women (after breast cancer)

Current imaging methods offer resolution of about 12 mm in 2D

This technology allows 
◦ 5 times better resolution and 3D (2.5 mm)
◦ 4 times lower dose 

Slide courtesy of D. Turecek, ADVACAM s.r.o.



In-line images of a hadron therapy beam
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Protons 48 MeV

Protons 221 MeV Carbons 89 MeV/u

Only protons and 
their scattering, no 
secondaries.

Many secondaries, 
(delta electrons 
fragments).

Carbons and protons 
and their scattering, 
no secondaries.

Carbons 430 MeV/u

Carbons and many 
secondaries.

Timepix chip combined with Si detector

Slide courtesy Jan Jakůbek (IEAP, Prague)



53 cm

170 cm135 cm

96 cm

Colour maps of the photon fluence measured with a Timepix III in 
an hospital theatre at four horizontal eights.
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Reference person: 1.76 m

Eye lens - 170 cm

Chest - 135 cm

Belt - 96 cm

Knee - 53 cm

TimePIX 3 photon fluence 
measurement in hospital theatres

Courtesy of M. Nowak

Pierre Carbonez (CERN)
Marie Nowak CERN PhD. Student 2017-2020



Radioisotopes & Nuclear Medicine

Manuela Cirilli - Heavy Ion Therapy Online Course 39

Classification of isotopes for 
Medicine:
1. Established isotopes        à Industrial suppliers
99mTc, 18F, 123,125,131I, 111In, 90Y  

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

3. R&D isotopes à Research labs
44,47Sc, 64,67Cu, 134Ce, 140Nd, 149, 152, 155, 161Tb, 166Ho, 195mPt, 211At, 
212, 213Bi, 223Ra, 225Ac,…

Courtesy U. Koester 

V I E N N A  I N T E R N A T I O N A L  C E N T E R  -  R O O M  M 2 -  

  9 - 1 0  O C T O B E R  2 0 1 8  

9:00 - 9:20       Welcome Session 

Joao Osso, IAEA

Aldo Malavasi, DDG-NA

Maria Betti, Director 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 Kratochwil, University Hospital Heidelberg

Mike Sathegke, University of Pretoria

Leszek Krolicki, Medical University Warsaw

Mattias Eiber, Technical University Munich

Joseph Jurcic, University of Columbia 

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

9:20 - 9:40       Opening Statements 

Joao Osso, IAEA

Alfred Morgenstern, JRC 

9:40 - 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 

 Alfred 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.   
 

Thierry Stora (CERN)



Auger therapy
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Theranostics

A Unique Matched Quadruplet of Terbium Radioisotopes for PET and SPECT and for α- and β−-Radionuclide Therapy: An In Vivo 
Proof-of-Concept Study with a New Receptor-Targeted Folate Deriva]ve
Cris]na Müller, Konstan]n Zhernosekov, Ulli Köster, Karl Johnston, Holger Dorrer, Alexander Hohn, Nico T. van der 
Walt, Andreas Türler and Roger Schibli
Journal of Nuclear Medicine December 2012, 53 (12) 1951-1959; DOI: hhps://doi.org/10.2967/jnumed.112.107540
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MEDICIS Laboratory

MEDICIS
Target
Irradiation

Rail
Conveyor
System

Principle of isotope production

CERN protons

Thierry Stora (CERN)
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Digital Technologies



Geant4-DNA applications

MANUELA CIRILLI - HEAVY ION THERAPY ONLINE COURSE 43

Model of nucleosome created using DnaFabric*, imported into 
Geant4 to model irradiation, repair mechanisms.

* S. Meylan et al, Comp. Phys. Comm. 204 (2016) p159 

Simulation using Geant4-DNA of irradiation of a pBR322 
plasmid, including radiolysis

- movie courtesy of V. Stepan (NPI-
ASCR/CENBG/CNRS/IN2P3/ESA



Tools for specific 
applications
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based on Geant4

Tools provide specific capabili0es for crea0ng setups, measuring 

◦ create setup, steer simula0on via ‘text commands’

◦ output adapted for applica0on-area

GATE (FR, DE, GR, PL, AT) - PET/SPECT,

TOPAS (US) - protontherapy 

GAMOS (ES) - for nuclear medicine applica0ons

Developed by external par0es - using capabili0es of G4 toolkit

Example GATE geometries 

http://opengatecollaboration.org/
http://topas-mc.org/
http://fismed.ciemat.es/GAMOS/


BioDynaMo: An open-source software framework
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www.biodynamo.org

An open-source so,ware pla0orm to easily create, run, 
and visualise 3D agent-based simula<ons, built up 
around CERN-developed technologies 
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Courtesy Nicolo Cogno, TU Darmstadt (Germany)

From De Montigny et al., Methods, 2020



Courtesy Jean de Montigny and Roman Bauer

MANUELA CIRILLI - HEAVY ION THERAPY ONLINE COURSE 47Roman Bauer (Univ. of Surrey), Fons Rademakers (CERN)
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Developed by CERN personnel to assess the COVID airborne 
risk in indoor spaces with a risk-based approach.

Includes hourly fluctuations in outdoor temp (GVA data) and 
detail window modelling for natural ventilation, complex 
occupancy and ventilation profiles.

Andre Henriquez (CERN)



From HEP to society: 
a long and winding road…
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US-CDP
EU-FP6/FP7ITER wires

HL-LHC
wires

SSC R&D

≈ 6 BEUR/y 
business

≈ 0.7 BEUR/y 
business

MANUELA CIRILLI - HEAVY ION THERAPY ONLINE COURSE 50

Courtesy Luca Bobura (CERN)
On the unreasonable request of high JC



The ISEULT 
magnet -
a French-German
initiative

Full field of 11.72 
teslas achieved
on July 18, 2019

The ISEULT whole body 11.7 T MRI magnet

First images released
Oct. 7, 2021https://www.cea.fr/presse/Pages/actualites-communiques/sante-sciences-du-

vivant/premieres-images-irm-iseult-2021.aspx
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In the end, utility resulted, but it
was never a criterion to which
his (Faraday’s, ndr) ceaseless
experimentation could be subjected. 

I am not for a moment suggesting that
everything that goes on in laboratories
will ultimately turn to some unexpected
practical use or that an ultimate
practical use is its actual justification. 1939!
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Visit kt●cern
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https://kt.cern/

