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ÅBasic principles of Radiation Therapy

ÅBasic principles of Charged Particle Therapy

Physics for 
cancer

ÅAccelerators

ÅBeam delivery systemInstrumentation

ÅGas ionization chambersBeam monitors

Whatõs next?



The number of cancer survivors is increasing
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As of January 2016 As of January 2026

10,300,00010,000,0008,200,0007,400,000Total survivors
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~24 million new 

cancers/year
~19 million new 

cancers/year



+53% survivors in Italy
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Clinical strategies for Cancer Treatment
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Surgery

Chemotherapy

Radiotherapy

Immunotherapy

Biological and targeted -therapy

Combined and personalized therapy



Clinical strategies for Cancer Treatment
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Surgery

Chemotherapy

Radiotherapy

Immunotherapy

Biological and targeted -therapy

Combined and personalized therapy



Radiation therapy after Marie Curie 
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Reference [3]



Ionizing radiations damage and kill our cells 
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The target is the DNA

INDIRECT 

action

Interact with water and 

generate free radicals OH -, H+

DIRECT 

action

Interact with DNA



Ionizing radiations damage and kill our cells 

9New detectors for beam monitoring in particle therapy   - S. Giordanengo INFN Torino      - Cogne 2020

The target is the DNA

INDIRECT 

action

Interact with water and 

generate free radicals OH -, H+

DIRECT 

action

Interact with DNA



Single and Double Strand Breaks
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Isolated damage

SSB

Single Strand Break

Clustered damage

DSB

Double Strand Break

Lethal effectsSublethal effects



Radiation therapy

Tumor cells are more sensitive to ionizing radiation than normal cells

Ą Healthy cells 

repair themselves 

more easily

NORMAL CELLS

TUMOR CELLS
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Ref 4



The killer amount of Energy 
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The effects DEPEND ON DOSE 

Typical killer dose 60 -80 Gy

The effects DEPEND ON DOSE RATE
Delivered in 30 -35 days Ą~2 Gy/day 

2 Gy delivered in 1 -2 minute (averaged dose rate 2-1 Gy/min)  

The effects DEPEND ON several other parameters like

radiation type, tissue type, beam characteristics,é
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Tumor control vs dose
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General principle to select the best dose



Complication rate vs dose

General principle to select the best dose that minimize the complication rate
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Clinical goal : tumor control without complications

22% Comp Rate

77% T Control
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Radiation oncology research and technological 

improvements

20 40 60 80
(Gy)

Normal tissue 

complication
Tumor control

WITH 

radioprotectors

Using a 

radiosensitizer
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work to increase the therapeutic window 

Therapeutic 

window



Radiotherapy clinical goal

Kill efficiently the tumor cells while minimizing toxicity to normal tissues

Clinical goal

77 Gy

17 Gy

17New detectors for beam monitoring in particle therapy   - S. Giordanengo INFN Torino      - Cogne 2020



X-rays, protons and carbon ions 
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Interact differently with matter

Leading to different Depth Dose Distributions



Photon attenuation
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X-rays Depth Dose Distributions  
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X-rays



To save healthy tissues, several beams coming from different directions around

the patient are used. They are arranged to maximize their overlap into the

region to be treated .

X-rays come from several directions
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Represents the mean kinetic energy Kp loss per distance travelled by charged 

particles traversing matter  (Ὓ ὨὑȾὨὼ)

It is described by di Bethe Bloch formula 

in the range of energies used for therapy

ϳ╢ⱬ

Charged particle Stopping power 

Trend 1/v2
proiettile

Ÿ Bragg peak

Energies used for 

therapy

Ὓ
ὤ

ὑ
ÌÎὑ
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Heavy charged particles do not attenuate
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Protons and ions depth dose distribution
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MOST of the 

energy is 

released in the 

Bragg Peak



Average dE/dx variation over a wide energy range 
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Carbon ions (Z=6)

12C 

ÅNarrow Bragg Peak

ÅDose in the Peak 

tail due to 

fragmentation



Beam energy and range modulation
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Spread Out Bragg Peak for dose modulation in depth



Beam energy and range modulation
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Spread Out Bragg Peak for dose modulation in depth



Range in water vs energy for different ions
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Range in H2O for different ions

Max tumor depth

protons

C ions



Nuclear interactions of heavy ions
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Dose from fragments with carbon ions
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Impact of target fragmentation 

3% cell killing

40% cell killing
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Nuclear interactions of protons
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TISSUE TUMOR

Summary The physical strength of ions isΧ

TISSUE

TISSUE TUMOR TISSUE

ΧǘƘŜ ŀōƛƭƛǘȅ ǘƻ ǎǘƻǇΗΗ

PHOTONS

HADRONS
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Protons vs photons for head&neck tumors
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Protons vs photons for pediatric tumors
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Pediatric brain tumors



X-rays, protons and carbon ions 
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Show different Linear Energy Transfer

Leading to different radiobiological effectiveness  



The relative biological effectiveness - RBE
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RBE is a function used to describe the biological 

effect of a radiation compared with X -rays effect



Survival curve and RBE 
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Same Biological Damage



Relative Biologic Effectiveness (RBE) depends on 

Linear Energy Transfer (LET)
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Microscopic distribution of the hadronic ionizations 

 
res R 

Kin En. 
d_av 

- 260 mm 
200 MeV 
d=90 nm 

- 75mm 
100 MeV 
d=50 nm 

- 4 mm 
20 MeV 
d=15 nm 

- 0.2 mm 
4 MeV 
d=4 nm 

20 nm   

keV/ m˃  0.45           0.55            2.5             10 

2 nm 

- 260 mm 
4800 MeV 
d=4 nm 

- 100 mm 
2800 MeV 
d=3 nm 

- 42 mm 
1800 MeV 
d= 2 nm 

- 1 mm 
200 MeV 
d=0.3 nm 

keV/ m˃  10             14             20           140 

SSB 
  

DSB 
  

ÅRBE for protons is

costante (~ 1,1)

ÅRBE for carbon ions

Change along the 

path with a 

maximum in the 

Bragg peak

RBE



Carbon ions vs X-rays
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Carbon ions

X-rays



Centers worldwide and patients treated
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Protons

Carbon ions

30000

January 2020

217400

2020

220000

[Ref 5]



Italian particle therapy centers

1

3

2
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Italian particle therapy centers

CATANA ðCatania

1st patient 2002

400 patients

1

3

2

1

Beam line in the INFN Physics laboratory
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CATANA in Catania
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First center to treat with protons 

eye tumors

1st patient in 2002

~200 treated patients

Centro di AdroTerapia e 

Applicazioni Nucleari Avanzate



CATANA BEAM LINE
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Exit 

Window

Range Shifter 

and 

Modulator

CollimatorFinal Collimator

Motorized 

Chair

Centering 

Laser

INFN - LNS



Italian particle therapy centers

CNAO - Pavia

1st patient 2011

2500 patients 2019

1

3

2
2

Experimental beam line

End of commissioning 2020
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Centro Nazionale di Adroterapia Oncologica - CNAO

https://fondazionecnao.it/it/

One of the 6 facilities in the world 

with both Proton and carbon ions beams

48New detectors for beam monitoring in particle therapy   - S. Giordanengo INFN Torino      - Cogne 2020

Å1 experimental room under 

commissioning

3 treatment rooms 

https://fondazionecnao.it/it/


1991 the idea Ą 2011 first patient
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1991 : Ugo Amaldi (CERN) proposed a center 

for teletherapy with hadrons

First Italian center built 

for:

ÅPatientsõ treatment with 

carbon ions and

protons

ÅClinical and 

radiobiological research 

2011, September : beginning of the treatments with protons

2012, October :  beginning of the treatments with carbon ions



CNAO experimental room
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The CNAO nozzle
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CNAO Dose Delivery System: Particle detectors integrated with 

the synchrotron to guide and monitor the beam in real time

Developed by Fondazione CNAO, INFN and University of Torino

TORINO
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Particle therapy: beyond cancer
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X-rays	 C-ions	X-rays	 C-ions	

Courtesy of M. Durante

2016



Not only cancer
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January 22, 2020



Italian particle therapy centers

Proton Therapy Trento 

1st patient 2014

700 patients

1

3

2

3

Experimental beam line
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PROTONTERAPIA TRENTO and TIFPA

https://protonterapia.provincia.tn.it/
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Two treatment rooms with gantry 

One experimental room for research

First treatments Ą end of 2014 

1000 patients Ą end of 2019

https://protonterapia.provincia.tn.it/

