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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, 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 let’s see how many of your questions I’m able to answer! ☺



Manuela Cirilli  Summer Student Lecture July 2023 3

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

The physics itself



X-Rays
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1895



1896: accidental

discovery of natural

radioactivity

Mme. Curie thesis – 1904

α, β, γ in magnetic field

Henri Becquerel

Pierre Curie and 

Marie Sklodowka-Curie
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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
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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 Pierre Curie’s arm, burned by 

radium salt applied for 10 hours. 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

ACCELERATORS DETECTORS COMPUTING

Manuela Cirilli - TERA 30th anniversary
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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-ND13Manuela Cirilli  Summer Student Lecture July 2023
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Accelerator

protons

Secondary beam

Radioisotopes

Primary beam ions

electrons

Low

energy

High

energy

Proton 

therapy

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



Radiotherapy
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1956: The first patient to receive radiation therapy
from the medical linear accelerator at Stanford was a 

2-year-old boy.

1953

C J Karzmark and N C Pering 1973 Phys. Med. Biol. 18 321 

P. Howard-Flanders (1954) The Development of the Linear Accelerator as a 

Clinical Instrument, Acta Radiologica, 41:sup116, 649-655, DOI: 

10.3109/00016925409177244 

Manuela Cirilli  Summer Student Lecture July 2023 17



Manuela Cirilli  Summer Student Lecture July 2023 18



Manuela Cirilli  Summer Student Lecture July 2023 19



Protons, ions: hadron therapy, particle therapy, 

(light, heavy) ion therapy
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https://link.springer.com/article/10.1186/1878-5085-4-9
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Berkeley

1931 Invention of cyclotron (Ernest Lawrence)

1946 RR Wilson published his seminal paper on particle therapy

1952 First biological investigation with accelerated nuclei (C Tobias 

and JH Lawrence)

1954 First therapeutic exposure of humans to protons and alphas 

(Tobias and JH Lawrence) 

1975 Clinical trials with accelerated light ions at LBL (Castro) 

Gustav Werner Institute and Theodor Svedberg Laboratory

1949 Synchrocyclotron at the Gustav Werner Institute (Uppsala)

1950s Pre-therapeutic physical experiments with high energy protons 

(B. Larsson) 

1957 First patient treated with proton beam

X rays
Protons,

ions
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1935 Yukawa theory on pi meson

1947 Discovery of pions

1951 Possibility of using negative pions for 

cancer therapy (Tobias and Richman) 

1961 Clinical use of 𝜋- advocated (Fowler 

and Perkins, Nature 1961)

‘70-’80s Clinical trials of negative pions at 

LAMPF, TRIUMF, PSI and Stanford 
William T. Chu

EO Lawrence Berkeley National Laboratory

PTCOG From 1985 to Present and Future 

𝜋- beam therapy

LAMPF: a dream and a gamble

Manuela Cirilli  Summer Student Lecture July 2023 24



From physics labs…
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1932 - E. Lawrence

First cyclotron

1946 – proton therapy

proposed by R. Wilson

1954 – Berkeley treats

the first patient 



…to clinics
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1990

Loma Linda USA

1994

HIMAC Japan
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Image-Guided Radiation Therapy 

Intensity-modulated radiation therapy 

MRI-guided radiation therapy

Dynamic arc delivery techniques

…

How to make it better



Pioneers in scanned beam delivery
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1998

Pilot project at GSI

Germany and proposal for HIT facility

Building Gantry 1 back in the 1990s

(Photo: Paul Scherrer Institute)
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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

Courtesy 
(I’ll never thank him enough!)

Marco Durante (GSI)
JENAS 2019

https://indico.ijclab.in2p3.fr/event/5418/timetable/#20191016.detailed
Manuela Cirilli  Summer Student Lecture July 2023 30



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  Summer Student Lecture July 2023 31



Toward clinical proton therapy LINACs
The RFQ accelerating structure entirely manufactured by AVO (under CERN licence)

Nominal energy for the full system reached in Sep 2022

CERN proton therapy RFQ (5 MeV / 2m) 

TOP IMPLART under development and construction by ENEA in 

collaboration with the Italian Institute of Health (ISS) and the Oncological 

Hospital Regina Elena-IFO.

Status in March 2021*: running at 55.5 MeV
* https://www.accelerators.enea.it/TopImplartStatus&Schedules/index.htm

ERHA (Enhanced Radiotherapy with Hadrons) is the 

innovative proton therapy system being developed by 

LinearBeam for the treatment of tumors.

Collaboration with (among others) ENEA, INFN.
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Carbon ions
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16 Dipoles

to bend
24 Quadrupoles

to focus
20 Correctors

to steer

1 RF cavity

to accelerate

Linac

to pre-

accelerate

Sources

to generate



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 patiens

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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Patient treatment at MedAustron

Values October 2021 • values rounded

CNS
Head & Neck

Pediatrics

Re-Irradiation
Sarcoma

Skull Base
Prostate

Gastrointestinal (upper)
Gastrointestinal (lower)

Gynecological Tumors
Urogenital Tumors
Breast/Mamma-Ca

28%
20%
15%
15%

9%

7%
3%
2%
<1%
<1%
<1%
<1%Since 2016:

1174 Patients

30600 Single Fractions
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Chordoma and 
Chondrosarcoma

26%

Sarcoma
11%

Rectal cancer
1%

Meningioma
7%

Other brain tumours
4%

Adenoid cystic carcinoma
18%

Pleomorphic adenoma
2%

Mucosal melanoma
2%

Head and Neck carcinoma 
and adenocarcinoma

22%

Prostate adenocarcinoma
2%

Ocular melanoma
3%

Hepatocellular carcinoma
1%

Pancreatic 
adenocarcinoma

1%

Patients per year

CE clinical trials

 -

 100

 200

 300

 400

 500

 600

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Since 2011:

3700 Patients

55% C-ions

45% Protons

Patient treatment at CNAO
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Non oncological application: ventricular arrhythmia

(Collaboration with San Matteo Hospital, Pavia)

Published: European Journal of Heart Failure

Manuela Cirilli  Summer Student Lecture July 2023 39
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Cost-effective technologies

Reduced footprint

New treatment regimes (e.g. FLASH, microbeams) and 

fractionation schedules

Multi-ions

Radiobiology research integrated in the facility

Challenges for next-generation particle-therapy machines

Many challenges in common with those for future particle

physics facilities. Various initiatives starting/on-going.

https://indico.cern.ch/event/956260/
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Three alternative accelerator designs

42

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 

(superconducting) 

Equipped with the same 

innovative features as warm, but 

additionally 900

superconducting magnets.

Circumference ~ 27 m

Other options considered as less interesting because of cost and/or required R&D: RC synchrotron, FFAG, SC cyclotron, PWFA

Manuela Cirilli  Summer Student Lecture July 2023

Courtesy: TERA

Maurizio Vretenar (CERN)



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

Manuela Cirilli  Summer Student Lecture July 2023 43

The RFQ for C6+ LINAC option

Alessandra Lombardi (CERN)



R&D on gantries

Collaboration CNAO-INFN-

CERN-MedAustron

Developing enabling

technologies for a next-

generation compact and 

lightweight rotating gantry

GaToroid: A Novel Concept for a Superconducting Compact and 

Lightweight Gantry for Hadron Therapy

Manuela Cirilli  Summer Student Lecture July 2023 44
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FLASH therapy – a growing clinical interest
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FLASH therapy – a growing clinical interest

First human patient – skin cancer treated 

with 10 MeV-range electrons

Vozenin et al
Clin Cancer Res
2018

Jean Bourhis (CHUV)
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https://www.mdpi.com/2072-

6694/13/19/4942/htm
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TOPAS-based Monte Carlo simulations of the integrated normalised dose deposited in the 

plane parallel to the direction of an incident Gaussian beam (𝜎=4mm). All beams are in the 

absence of focusing

https://www.nature.com/articles/s41598-021-93276-8#Fig1



The CERN Linear Electron  

Accelerator for Research (CLEAR)

CLEAR is a versatile 

200 MeV electron linac

+ a 20m experimental 

beamline, operated at 

CERN as a multi-

purpose user facility.

Manuela Cirilli  Summer Student Lecture July 2023 51Roberto Corsini (CERN)



VHEE activities in CLEAR

Manuela Cirilli  Summer Student Lecture July 2023 52

Calibration of operational medical dosimeters –
nonlinear effects with high-dose short pulses

Verification of FLASH effect using biological 
dosimeters

Experimental verification of dose deposition 
profiles in water phantoms

Demonstration of “Bragg-like peak” deposition 
with focused beams

A. Lagdza, R. Jones et al., Influence of heterogeneous media on Very High Energy Electron (VHEE) dose 

penetration and a Monte Carlo-based comparison with existing radiotherapy modalities, Nuclear Inst. and Meth. 

in Physics Research, B, 482 (2020) 70-81.

M. McManus, A. Subiel et al., The challenge of ionisation chamber dosimetry in ultra-short pulsed high dose-rate 

Very High Energy Electron beams, Nature Scientific Reports (2020) 10-9089.

Small, K.L., Henthorn, et al., Evaluating very high energy electron RBE from nanodosimetric pBR322 plasmid 

DNA damage, Nature Sci. Rep. 11, 3341 (2021). 

D. Poppinga et al., VHEE beam dosimetry at CERN Linear Electron Accelerator for Research under ultra-high 

dose rate conditions, 2021 Biomed. Phys. Eng. Express 7 015012.

Kokurewicz, K., Brunetti, E., Curcio, A. et al. An experimental study of focused very high energy electron beams 

for radiotherapy, Nature Commun. Phys. 4, 33 (2021). 

Strathclyde 

and Manchester

Roberto Corsini (CERN)
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https://www.mdpi.com/2072-6694/13/19/4942/htm



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.

The design of this facility is the result of an intense 

dialogue between groups at CHUV and CERN.

Jean Bourhis from CHUV: 

“The clinical need that we have really converges with the 

technological answer that CERN has.”

FLASH VHEE therapy
CLIC technology for a FLASH VHEE facility 

designed by CERN in collaboration with CHUV 

that will be realized by THERYQ

Manuela Cirilli  Summer Student Lecture July 2023Walter Wuensch (CERN) 54
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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)



5th generation facility:

Superconducting synchrotron

Multi-ion irradiation system

Injector with laser acceleration technology

Rotating gantry with HTS magnets

Microsurgery system

Laser-hybrid Accelerator for 

Radiobiological Applications

Look even further
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Quantum Scalpel
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X RAYS
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https://en.wikipedia.org/wiki/X-ray_detector#/media/File:Projectional_radiography_components.jpg


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

Manuela Cirilli  Summer Student Lecture July 2023 63

Fast forward to 2018 



Medipix

Manuela Cirilli  Summer Student Lecture July 2023 64Michael Campbell (CERN)

A family of pixel detector read-out chips for particle imaging and 

detection developed by the Medipix Collaborations



Hybrid Silicon Pixel Detectors

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

Manuela Cirilli  Summer Student Lecture July 2023 65Michael Campbell (CERN)



Hybrid Silicon Pixel Detectors: counting electronics

Manuela Cirilli  Summer Student Lecture July 2023 66

Voltage

Threshold

Amplifier 

output

Time

Qin ~ 4000e-

noise ~ 60e- rms

threshold ~ 600e-

Cf

Iin

COUNTER

VTH

DOUT

RESET

Clock

Shutter

Amplifier Comparator(s) Counter(s)

Open shutter Close shutter

→ Noise hit free imaging

Michael Campbell (CERN)
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Colour x-ray of a lighter

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-Imaging
68Manuela Cirilli  Summer Student Lecture July 2023



The water has been partly cut away to reveal the bone, 

gold, gadolinium and iodine
Images presented and the European Congress of Radiology, Vienna, March 2017.

Spectroscopic information permits 

material separation

A. Butler, University of Canterbury Manuela Cirilli  Summer Student Lecture July 2023 69
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Slide courtesy of Anthony Butler, University of Canterbury

Presented at 6th Workshop on Medical Applications of Spectroscopic X-ray Detectors, 29 Aug 2022, CERN
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Slide courtesy of Anthony Butler, University of Canterbury

Presented at 6th Workshop on Medical Applications of Spectroscopic X-ray Detectors, 29 Aug 2022, CERN
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1 mm

Ethanol-preserved mouse heart scanned using the WidePIX10x5 detector

60 kVp tungsten spectrum

720 projections, 5 seconds per projection (one hours total)

Spatial resolution ca. 7 µm

Reconstructed using Volex, visualized using CTVox and Amide software

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



It’s really small...

MiniPIX TPX3 
Miniaturized spectral camera supporting Si and CdTe sensors

77Manuela Cirilli  Summer Student Lecture July 2023
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I-131

364 keV

Na-22

511 keV

Cs-137

662 keV

Single Layer Compton Camera with MiniPIX TPX3 – Multiple Gamma Sources

Slide courtesy of D. Turecek, ADVACAM s.r.o. Manuela Cirilli  Summer Student Lecture July 2023
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100 – 150 keV

Manuela Cirilli  Summer Student Lecture July 2023Slide courtesy of D. Turecek, ADVACAM s.r.o.

Single Layer Compton Camera with MiniPIX TPX3 – Multiple Gamma Sources
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150 – 200 keV

Manuela Cirilli  Summer Student Lecture July 2023Slide courtesy of D. Turecek, ADVACAM s.r.o.

Single Layer Compton Camera with MiniPIX TPX3 – Multiple Gamma Sources
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200 – 250 keV

Manuela Cirilli  Summer Student Lecture July 2023Slide courtesy of D. Turecek, ADVACAM s.r.o.

Single Layer Compton Camera with MiniPIX TPX3 – Multiple Gamma Sources
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250 – 300 keV

Manuela Cirilli  Summer Student Lecture July 2023Slide courtesy of D. Turecek, ADVACAM s.r.o.

Single Layer Compton Camera with MiniPIX TPX3 – Multiple Gamma Sources
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300 – 350 keV

Manuela Cirilli  Summer Student Lecture July 2023Slide courtesy of D. Turecek, ADVACAM s.r.o.

Single Layer Compton Camera with MiniPIX TPX3 – Multiple Gamma Sources
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350 – 400 keV

Manuela Cirilli  Summer Student Lecture July 2023Slide courtesy of D. Turecek, ADVACAM s.r.o.

Single Layer Compton Camera with MiniPIX TPX3 – Multiple Gamma Sources
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400 – 450 keV

Manuela Cirilli  Summer Student Lecture July 2023Slide courtesy of D. Turecek, ADVACAM s.r.o.

Single Layer Compton Camera with MiniPIX TPX3 – Multiple Gamma Sources
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450 – 500 keV

Manuela Cirilli  Summer Student Lecture July 2023Slide courtesy of D. Turecek, ADVACAM s.r.o.

Single Layer Compton Camera with MiniPIX TPX3 – Multiple Gamma Sources
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500 – 550 keV

Manuela Cirilli  Summer Student Lecture July 2023Slide courtesy of D. Turecek, ADVACAM s.r.o.

Single Layer Compton Camera with MiniPIX TPX3 – Multiple Gamma Sources
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550 – 600 keV

Manuela Cirilli  Summer Student Lecture July 2023Slide courtesy of D. Turecek, ADVACAM s.r.o.

Single Layer Compton Camera with MiniPIX TPX3 – Multiple Gamma Sources
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600 – 650 keV
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Single Layer Compton Camera with MiniPIX TPX3 – Multiple Gamma Sources
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650 – 700 keV
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Single Layer Compton Camera with MiniPIX TPX3 – Multiple Gamma Sources
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700 – 750 keV

Manuela Cirilli  Summer Student Lecture July 2023Slide courtesy of D. Turecek, ADVACAM s.r.o.

Single Layer Compton Camera with MiniPIX TPX3 – Multiple Gamma Sources
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250 – 300 keV 350 – 400 keV 500 – 550 keV 650 – 700 keV

131I  284 keV (7%) 137Cs  662 keV22Na 511 keV131I 364 keV

Manuela Cirilli  Summer Student Lecture July 2023Slide courtesy of D. Turecek, ADVACAM s.r.o.

Single Layer Compton Camera with MiniPIX TPX3 – Multiple Gamma Sources



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 

93

Gamma camera applications: Thyroid diagnostic

Manuela Cirilli  Summer Student Lecture July 2023Slide courtesy of D. Turecek, ADVACAM s.r.o.



In-line images of a hadron therapy beam

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

Manuela Cirilli  Summer Student Lecture July 2023 94Slide courtesy Jan Jakůbek (IEAP, Prague)
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NASA astronaut Megan McArthur in the International Space 

Station - along with the HERA detector (Image: NASA)



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
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Pierre Carbonez (CERN)

Marie Nowak CERN PhD. Student 2017-2020



Energy spectra for each height for a given person

Shift in energy from head to toes = non homogenous exposure
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TimePIX 3 photon fluence 

measurement in hospital theatres

Pierre Carbonez (CERN)

Marie Nowak CERN PhD. Student 2017-2020

Courtesy of M. Nowak



PET
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Positron Emission Tomography
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Neutron-deficient
radioisotope
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Positron range
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detector

Photon (511 keV )

~180o

Photon (511 keV) 

detector
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Haderian 
glands

Medulla oblongata

Glottis / tongue

Olfactory bulb cerebellum ClearPET

PET for small anymals

Rat brain FDG image, Julich, Germany

ClearPEM

Dedicated scanner for breast imaging

EndoTOFPET

Ultrasound endoscopic PET for 

diagnosis of pancreas & prostate 

cancer 

Etiennette Auffray (CERN)
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Current status commercial TOF-PET

107

TOF PET SIEMENS: BIOGRAPH VISION

Webpage SIEMENS:

https://static.healthcare.siemens.com/siemens_hwem-hwem_ssxa_websites-context-

root/wcm/idc/groups/public/@global/@imaging/@molecular/documents/download/mda4/mz

my/~edisp/biograph_vision_technical_flyer-05440720.pdf

3.2mm section crystals

CTR 215ps

See presentation KT/EP seminar 6 September 2021

from Maurizio Conti

Manuela Cirilli  Summer Student Lecture July 2023Etiennette Auffray (CERN)

https://indico.cern.ch/event/1061254/
https://indico.cern.ch/event/1061254/


In the CERN Crystal Clear group: <160 ps with DOI

8

Obtain high Depth Of 

Interaction resolution

Type of array
Crystals dim. 

[mm3]

DOI resolution

FWHM [mm]

En. Res. FWHM @ 

511 keV [%] 

CTR FWHM [ps], central pixels 

No correction With DOI correction

DOI 3.1 x 3.1 x 15 3.0 ± 0.1 8.9 ± 0.2 234 ± 2 157 ± 2

DOI information extracted without degradation of timing properties M. Pizzichemi et al, Phys. Med. Biol. 61 (2016) 

4679

Manuela Cirilli  Summer Student Lecture July 2023Etiennette Auffray (CERN)
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Radioisotopes
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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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68Ga-PSMA-11 PET/CT scans of patient B. In comparison to initial tumor spread (A), restaging after 2 

cycles of β-emitting 177Lu-PSMA-617 presented progression (B). 

Clemens Kratochwil et al. J Nucl Med 2016;57:1941-1944
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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 Derivative

Cristina Müller, Konstantin 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: https://doi.org/10.2967/jnumed.112.107540
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ISOLDE has been running @CERN for > 50 years

Thierry Stora (CERN)



CERN-MEDICIS
Non-conventional isotopes collected by mass 

separation for new medical applications

Manuela.Cirilli@cern.ch 116Thierry Stora (CERN)



MEDICIS
Laboratory

MEDICIS
Target

Irradiation

Rail
Conveyor

System

Principle of isotope production

CERN protons

Thierry Stora (CERN)
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CERN Courier webinar 25 February 2021

RN from CERN-ISOLDE & CERN-MEDICIS

Conjoint work between CERN-ILL-PSI-CHUV

RN from CERN-ISOLDE & CERN-MEDICIS

Conjoint work between CERN-NPL-ILL-University of Manchester

Topical issue in Frontiers in Medicine

>20 manuscripts being submitted

(ca 10 with MEDICIS results)

Manuela.Cirilli@cern.chThierry Stora (CERN)



Radiation-detected Nuclear Magnetic Resonance

Manuela.Cirilli@cern.ch 119

Development of a new medical diagnostic modality

NMR is versatile and powerful but not sensitive due to:

Small degree of spin polarization 

Inefficient detection

Our combined paths to increase sensitivity => radiation-detected NMR:

(Hyper)polarisation of spins

Detection of asymmetry in decay radiation

Magdalena Kowalska (CERN)



Radiation-detected Nuclear Magnetic Resonance

Manuela.Cirilli@cern.ch 120

Development of a new medical diagnostic modality

NMR is versatile and powerful but not sensitive due to:

Small degree of spin polarization 

Inefficient detection

Our combined paths to increase sensitivity => radiation-detected NMR:

(Hyper)polarisation of spins

Detection of asymmetry in decay radiation

Magdalena Kowalska (CERN)

Up to 10 orders of magnitude more sensitive than conventional 

NMR/MRI;

& Up to 5 orders of magnitude more sensitive than 

hyperpolarised NMR/MRI
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The ISEULT whole body 11.7 T MRI magnet

NEUROSPIN: a unique concept in 

neuroscience research
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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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Digital Technologies



Human phantoms
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Image of Polygon-Surface Reference Korean Male Phantom (PSRK-

Man), implemented in Geant4. Courtesy of C.-H. Kim & C. Choi, 

Hanyang Univ.



Geant4-DNA applications

Model of nucleosome created using DnaFabric*, imported into 

Geant4 to model irradiation, repair mechanisms.

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

based on Geant4

Tools provide specific capabilities for creating setups, 
measuring 

create setup, steer simulation via ‘text commands’

output adapted for application-area

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

TOPAS (US) - protontherapy

GAMOS (ES) - for nuclear medicine applications

Developed by external parties - using capabilities of G4 
toolkit

Example GATE geometries 

130Manuela Cirilli  Summer Student Lecture July 2023

http://opengatecollaboration.org/
http://topas-mc.org/
http://fismed.ciemat.es/GAMOS/
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/fleə(r)/ n [U,C] natural or instinctive ability (to do something 

well,

to select or recognize what is best, more useful, etc.

[Oxford Advanced Dictionary of Current English]

Flair – fluka advanced interface

is more than a graphical Interface

→ is a complete integrated working environment for FLUKA

Greatly enhanced productivity

→ users focus on their problem rather than on technicalities

Improvements for medical simulations

Process DICOM standard files for radiotherapy purposes

Provides easy-to use tool for treatment plan re-simulation and 

quantitative comparison

Enables precise description of patient model and beam 

delivery system

Vasilis Vlachoudis (CERN)

In this presentation: a selection of 

results obtained by the CERN group

FLUKA.CERN
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3D spatial dose distribution simulated with FLUKA

Importing the RT DOSE with the activity mapping of 68Ga

Simulation of the 68Ga decays

Very fast setup time

less than a few minutes with a few clicks from the user

Run FLUKA simulations with no programming skills or file 

editing requirements!

Vasilis Vlachoudis (CERN)

FLUKA.CERN



Sensitivity studies of Monte Carlo TP recalculations

133

Proton prostate patient case (MedAustron)

W.Kozlowska PhD

Manuela Cirilli  Summer Student Lecture July 2023Vasilis Vlachoudis (CERN)

Wioleta Kozlowska, CERN PhD student

One of the major contributing factor to radiation therapy accidents 

related to the TPS is the lack of independent calculations for beam 

intensities 
IAEA Human Health Report No.7 Vienna (2013) 

Calibration of HU to density

HU to tissue conversion methods

Size of the scoring grid

Ionization potentials of tissue materials 

Accuracy of primary beam description 

... 

FLUKA.CERN



Head and 

Neck case

134

Head and Neck case (CNAO)

W.Kozlowska PhD

Manuela Cirilli  Summer Student Lecture July 2023Vasilis Vlachoudis (CERN)

Wioleta Kozlowska, CERN PhD student

FLUKA.CERN



BioDynaMo: An open-source software framework

www.biodynamo.org
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An open-source software platform to easily create, 

run, and visualise 3D agent-based simulations, built 

up around CERN-developed technologies 

Fons Rademakers (CERN)
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Courtesy Nicolo Cogno, TU Darmstadt (Germany)

From De Montigny et al., Methods, 2020

Fons Rademakers (CERN)



Courtesy Jean de Montigny and Roman Bauer
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What is CAiMIRA ?

▪A model for estimating the risk of secondary on-site transmission, 

via the airborne route, of respiratory pathogens in indoor settings, 

using different compensatory measures (masks, ventilation, 

filtration, vaccination, occupancy, etc.

Andre Henriques (CERN) Manuela.Cirilli@cern.ch



Extension to the medical field of AI tools for 

functional and dependency analysis of complex critical infrastructure 

digital imaging for radiography autonomous defects detection

Background work:

the CASO platform: AI-assisted diagnosis and predictive maintenance for critical infrastructures 

operation

the CAFEIN platform: AI-assisted X-ray image analysis for quality control of LHC welds

Manuela.Cirilli@cern.ch 139Luigi Serio (CERN)
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Final Output- Screening Tool

Luigi Serio, Ioannis Stathopoulos (CERN) Manuela.Cirilli@cern.ch 141



MARCHESE: Remote Monitoring of Health Parameters

Background: response time of a rescue team of CERN Fire Brigade could 

take up to 22 minutes in the LHC tunnel. 

The research is oriented towards the development of robotic solutions: 

workers’ detection and health contactless monitoring during emergencies 

situations is important to support in search and rescue scenarios.

Manuela.Cirilli@cern.ch 142Mario Di Castro, Roberto Cittadini (CERN)

PHOTOPLETHYSMOGRAPHY

• Optical technique used to detect volumetric changes in the blood 

in the peripheral circulation.

• Blood volume changes in microvascular tissue (i.e. at cheeks

and forehead level)
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SEPARATION of SKIN 

PIXELS from NO-SKIN 

PIXELS

Remote PPG: Video pre-processing

NEURAL 

NETWORK

30 FPS
30 images/second

Logitech 1080p FULL HD

GPU NVIDIA GTX 1080p

REAL TIME 

Mario Di Castro, Roberto Cittadini (CERN) Manuela.Cirilli@cern.ch
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Medical Applications

In contact with Medical Staff in the Hospital
Understand which are the needs of the real scenario

Develop technologies useful

NEWBORN and 

PATIENTS WITH BURNS

• Fragile skin

• No abrasions and damage of epidermis

• Continuous and constant monitoring

ASSISTIVE ROBOTIC 

REHABILITATION

• adjust the exercise level (increase or

decrease) according to the patient’s

physiological response

• Exploit residual patient capabilities

(assistance-as-needed)

SMART HOSPITAL 

ROOM

• Hospital room for remote monitoring

• Avoid medical staff infections

• Hospitalization more comfortable for 

patients

• Group or single patient monitoring

Mario Di Castro, Roberto Cittadini (CERN) Manuela.Cirilli@cern.ch



From HEP to society: 

a long and winding road…
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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

https://kt.cern/

