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Outline

• Hadrontherapy what is it ?
• Tumor control and cures

• Radiation in biological tissues
• Radiotherapy vs Hadrontherapy
• Ion beam in matter
• Nuclear effects in hadrontherapies
• Boron Neutron Caption Therapy
• Flash effect
• Summary
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Tumours around the world

• About 3 ‰ of population
will be diagnosed a new
cancer each year
19.3 million people/year

 Surgery

 Chemiotherapy

 Immunotherapy

 Radiotherapy

 Hadrotherapy
• The increase in lifetime will 

make this number even worse! 
   (28.4 M/year by 2040) 
• No surgery on elderly patients!
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What is hadron therapy ? A treatment with particle beams!

• Typical application:
• Solid tumor
• Otherwise healthy patient
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• Beam of charged particles
• Protons, 12C  (but also 4He, 16O)
 Accelerator

• Advantages:
• Better efficacy
• Spare healthy tissues
• Lower collateral effects

• Disadvantages:
• Higher costs 
 (ITA: 21 k€ hadro  vs  12 k€ radio)
• Less treatment centers
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absorbed energy d𝐸𝐸 (given by radiation) per mass unit d𝑚𝑚
(it does not take into account the biological effects) 

In SI the unit is Gray = 1 J kg-1

Fluence Φ =
d𝑁𝑁
d𝐴𝐴

Number of particles (ad ex. 
protons in a beam)(Ions/cm2)

Flux Φ̇ =
dΦ
d𝑡𝑡

(Ions/cm2s)

N protons

dx

A

Infinitesimal area        to the beam

Dose 𝐷𝐷 =
d𝐸𝐸
d𝑚𝑚

Dosimetric quantities

Dose 
equivalent

𝐻𝐻 = 𝐷𝐷 × 𝑊𝑊𝑅𝑅 × 𝑊𝑊𝑇𝑇

(Sievert)
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Bragg peak

Depth in human body (cm)

The position of the bragg peak is controlled by the beam energy
Changing x,y and energy you can span on all the tumor volume
Accuracy: order of mm

Energy loss

Tumor region

How it works?



Radiation biology
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DNA

Cell

p

An ion traveling in matter releases charges
Charges will produce a release of OH• free radicals in the cell
OH•  free radicals might attach and damage the DNA 

Single strand break
 reparable!

Double strand break
 NOT reparable!

Cell is still alive;
Limited problems on
cell metabolism
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Cancer is a mutated cell that has lost control of 
its reproduction. It proliferates in a disorded
way. 

Cells looses the capability to reproduce

to prevent the indefinite proliferation
not necessary to kill the cell

Hit the DNA, damaging it the hard way

DNA manages  cell 
reproduction

At mitosism the cell goes 
towards apoptosis

Mitosis or meiosis

Effects of a damaged DNA chain

Result: tumor reduction vs time
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γ 60Co

Photon 18 MeV

γ 120 KeV

Proton 135 MeV

C-Ion 254 MeV

Depth in water (cm)  
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C-Ion 300 MeV

Gamma
 Photoelectric
 Compton
 Pair production

 Better dose profile from hadrons 
 Penetration depends on energy
 MORE expensive than γ
 Nuclear effect not completely known

Bragg Peak

Pros and contra γ
Nuclear interaction

Hadrontherapy vs 
Radiotherapy
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Radiotherapy Radio- vs Hadron- therapy Hadrotherapy
12C

p

CN
AO



Hadrontherapy, proton

Radiotherapy IMRT 7 fields

Dose profiles: radio vs hadro



Different bullets, different effects

High Linear 
Energy Trasfer
(LET)

Low Linear Energy Trasfer
(LET)

Low Linear Energy Trasfer
(LET)



Dose vs particle type: RBE and fractioning

• Healthy tissues recover faster than tumor cells
• Treatments are usually done in several steps 

 fractioning
• 20-40 treatments  for doses from 20 to 80 Gy

(LETHAL DOSE if given in one shot!)
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𝑒𝑒±, 𝛾𝛾
p, 12C

• Relative biological effectiveness

𝑅𝑅𝑅𝑅𝐸𝐸𝑛𝑛 =
𝐷𝐷𝑋𝑋
𝐷𝐷𝑖𝑖𝑖𝑖𝑛𝑛

�
𝑆𝑆𝑋𝑋 = 𝑆𝑆𝑖𝑖𝑖𝑖𝑛𝑛 = 𝑛𝑛

RBE ~ 1.1 for protons
RBE > 1 for ions



How the fraction dose is chosen
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Dose (Gy)
Therapeutic 
window

Tumor Treatment:
 TCP (Tumor Control Probability): probability to control the tumor                
 NTCP (Normal Tissue Complication Probability): probability to have 

complication in the healthy tissue

MAXIMIZE

MINIMIZE

TCP & NTCP increase with the dose

Find the dose range to maximize the TCP - NTCP
Typical dose fraction: 2 Gy/treatment
Each treatment lasts for few minutes 
(2 minutes typically)

tolerance
 Quantity:   5-7%                 
 Space:       3mm



Stopping power: Bethe-Block range
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Medium properties Beam characteristics (z, β)General constants

−
𝑑𝑑𝐸𝐸
𝑑𝑑𝑑𝑑

=
𝜌𝜌𝜌𝜌
𝐴𝐴

4𝜋𝜋𝑁𝑁𝐴𝐴𝑚𝑚𝑒𝑒𝑐𝑐2

𝑀𝑀𝑈𝑈

𝑒𝑒2

4𝜋𝜋𝜖𝜖0𝑚𝑚𝑒𝑒𝑐𝑐2

2 𝑧𝑧2

𝛽𝛽2
𝑙𝑙𝑛𝑛

2𝑚𝑚𝑒𝑒𝑐𝑐2𝛽𝛽2

𝐼𝐼 1 − 𝛽𝛽2
− 𝛽𝛽2 −

𝛿𝛿
2
−
𝐶𝐶
𝜌𝜌

E/u (MeV)

2): Minimum of ionisation

102   103

3): Relativistic rise

104        105

4): Fermi plateau

3) 4)
dE/dx    ̴ z2 / β2hadrotherapic 

range 

 ̴ 1/β2

Kinetic energy of incident particle

1): deep rise ~ 1/β2 

Corrections

Main energy loss: ionization of medium atoms.
Derived for the condition (almost free electron):

𝑣𝑣𝑝𝑝 ≫ 𝑣𝑣𝑒𝑒 ≈  𝛼𝛼 𝑐𝑐



Stopping power: the low energy range
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What happens when 𝑣𝑣𝑝𝑝 ≈ 𝑣𝑣𝑒𝑒 ≈  𝛼𝛼 𝑐𝑐  or 𝑣𝑣𝑝𝑝< 𝑣𝑣𝑒𝑒 ?

No more approximations: 
- Atom energy levels are perturbed by the passing Ion
- Ion recoils against the atom!

𝑆𝑆𝐿𝐿 = −
𝑑𝑑𝐸𝐸
𝑑𝑑𝑑𝑑

= 𝛼𝛼 𝐸𝐸𝛽𝛽

with 𝛼𝛼 and 𝛽𝛽 dependent on medium and ion charge 
First approximation:     𝛽𝛽 ≈ 0.5 → 𝑆𝑆𝐿𝐿  ∝ 𝑣𝑣𝑝𝑝 !

Fenomenological combination of 
High Energy (Bethe-Block: 𝑆𝑆𝐻𝐻)  
and Low Energy (𝑆𝑆𝐿𝐿)  regimes: 

1
𝑆𝑆 =

1
𝑆𝑆𝐻𝐻

+
1
𝑆𝑆𝐿𝐿

 →  𝑆𝑆 = −
𝑑𝑑𝐸𝐸
𝑑𝑑𝑑𝑑 =

𝑆𝑆𝐻𝐻𝑆𝑆𝐿𝐿
𝑆𝑆𝐻𝐻 + 𝑆𝑆𝐿𝐿

Stopping power for protons in water

20
0 

M
eV

25.8 cm

Proton kinetic energy

Peak stopping power 𝑆𝑆𝑝𝑝𝑒𝑒𝑝𝑝𝑝𝑝, 
braking force : 𝑆𝑆𝑝𝑝𝑒𝑒𝑝𝑝𝑝𝑝 = F ≈ 16 nN
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If the material is a compound  Bragg additivity rule

𝑅𝑅 = �
0

𝑅𝑅
𝑑𝑑𝑑𝑑 =  �

0

𝐸𝐸0 𝑑𝑑𝐸𝐸
𝑑𝑑𝐸𝐸
𝑑𝑑𝑑𝑑

=  …  ≈ 𝐸𝐸02 or better = 𝐸𝐸01.75

Energy 

𝑑𝑑𝐸𝐸
𝑑𝑑(𝜌𝜌𝑑𝑑) 𝑡𝑡𝑖𝑖𝑡𝑡

=
∑𝑖𝑖 𝜌𝜌𝑖𝑖

𝑑𝑑𝐸𝐸
𝑑𝑑(𝜌𝜌𝑑𝑑) 𝑖𝑖
𝜌𝜌𝑡𝑡𝑖𝑖𝑡𝑡

Range of charged particles depends on their kinetic Energy  very useful in hadrontherapy 

Possibility to go to deeper region of the human body just changing the beam energy

Range : depth at which half of protons-ions come to rest

𝑅𝑅(𝐸𝐸) = 𝛼𝛼𝐸𝐸𝑝𝑝
In general 

α depends on material, 
p on Energy 

Path range



Energy loss distribution is not a Gaussian around a peak, but it is a Landau

Energy loss

Few releases of 
large energy

Width depends on projectile and on material  

dE/dx is a stochastic process (hundreds of interactions)

Range fluctuationdE/dx Fluctuation   

Example proton 200 MeV in water 
 Range = 25.8 cm
 Range fluctuation (RMS) = 2.5 mm (1%) 𝑟𝑟𝑠𝑠𝑡𝑡𝑠𝑠𝑝𝑝𝑠𝑠 = 𝑘𝑘𝑅𝑅𝑚𝑚

In water
k = 0.012
m = 0.935

Range straggling (cm)

Range (cm)

Range straggling important in hadrontherapy
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Different depth of the treatment

Energy loss and range fluctuations



𝐹𝐹 𝜃𝜃, 𝑑𝑑 =
1

2𝜋𝜋𝜎𝜎𝜃𝜃
𝑒𝑒
− 𝜃𝜃2
2𝜎𝜎𝜃𝜃

2 Gaussian shape around the direction of incident particles
total effect of a large number of independent small-angle scattering

𝜎𝜎𝜃𝜃 =
13.6 𝑀𝑀𝑒𝑒𝑀𝑀
𝛽𝛽𝑐𝑐𝑐𝑐

𝜌𝜌𝑝𝑝
𝑑𝑑
𝑑𝑑0

1 + 0.038𝑙𝑙𝑛𝑛
𝑑𝑑
𝑑𝑑0

𝜌𝜌𝑝𝑝 Charge of incident particle

𝑐𝑐 Momentum of incident particle

𝑑𝑑
𝑑𝑑0

crossed material in units 
of radiation length  

𝑑𝑑0Width of material to reduce 
the particle energy of 1/e 

p

𝜎𝜎𝜃𝜃

Lateral straggling

Rms of the lateral displacement (cm)
at the stopping point

Proton Range cm 

𝑟𝑟𝑠𝑠𝑚𝑚𝑠𝑠 = 𝑎𝑎𝑅𝑅𝑏𝑏
In water
a = 0.0294
b = 0.896



Spread out Bragg peak: range fluctuations
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p, E=220 MeV p, E< 220 MeV



Ridge filters: taking advantage of lateral spread

Ridge filters have crests smaller than the beam size
They are tuned to form passively a Spread-Out Bragg Peak
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Beam lateral size
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World

Europe

p

(p & C)

Distribution of treatment centers in the world

p
C

Total patients (2022):   361549
p:                                      311252
C:                                        46710



Nuclear effects in hadron therapies
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12C + 12C  @ 95 MeV/n  
Main effect: Fragmentation i.e. production of ligher nuclei
Target fragmentation  local ionization
Beam fragmentation  longer path

16O (284 MeV/u) on HDPE

10% of energy deposit due 
to target fragmentation

LE
T 

depth (cm)

Ionization after the 
Bragg peak due to 
light ions produced in 
beam fragmentation

Organ at risk 
position?



24

C beam 400 MeV/u

At the entrance there are 
all particles of the primary 
beam (in this case C) 

Number of primary particles 
decreases ( decrease deposited 
energy) due to nuclear interaction 
(projectile fragmentation)

Number of secondary particles 
increases ( deposited energy)

(projectile fragmentation  
lower Z  lower dE/dx  
larger range  beyond cancer 
volume

Projectile fragmentation

Projectile fragmentation

About same Ekin/A
All fragment have 
about the same 
velocity
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p beam 230 MeV on H.B.

Target fragmentation

About same Ekin/A of the target i.e. 0
Down here target fragmentation of a 180 
MeV p on H2O 

1/100

1/400

R=1/8

R=1/40
• Cell killed by 

ionization• Cell killed by recoil 
fragment generated
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Production of different fragment

Useful to measure σ of each produced 
fragment wrt its energy (not beam energy)

6Li 7Li 7Be

9Be 10Be 10B

11B 10C 11C

n p D

T 3He 3He

Experimental Nuclear proton cross section: p + 12C  X



DIRECT KINEMATIC

C,O at rest

proton 
200 MeV

INVERSE KINEMATIC

C,O 200 MeV/A

p + C,O   fragments

Target (2mm)

C C2H4

𝑑𝑑𝜎𝜎
𝑑𝑑𝐸𝐸𝑝𝑝𝑖𝑖𝑛𝑛

𝐻𝐻 =
1
4

𝑑𝑑𝜎𝜎
𝑑𝑑𝐸𝐸𝑝𝑝𝑖𝑖𝑛𝑛

𝐶𝐶2𝐻𝐻4 − 2
𝑑𝑑𝜎𝜎
𝑑𝑑𝐸𝐸𝑝𝑝𝑖𝑖𝑛𝑛

𝐶𝐶

Impossible to detect fragments

p + C,O   fragments C,O + p   fragments

Lorentz transformation
measure beam direction (x, y, z)
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Low range fragments

Target fragmentation

proton 
at rest

Inverse kinematics



FOOT Detector

Start Counter = thin plastic scintillator
Beam Monitor = drift chamber
Vertex detector & Intermediate Tracker = 

monolithic silicon pixel detector
Large tracker = silicon strip detector
DE/TOF Detector = plastic scontillator
Calorimeter = BGO crystal calorimeter
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For the fragment 
with Z>2 
measurements of 
TOF, P, Ekin, DE

Expected target fragmentation 
performances:
σp/p ~ 5%
σTOF ~ 100 ps
σEkin/Ekin ~ 1-2%
σ∆E ~ 2%



FOOT Experiment p + C, O, N
C + C, O, Si
Fe + C, Si, Al

𝐝𝐝𝝈𝝈
𝐝𝐝𝜴𝜴

,
𝐝𝐝𝝈𝝈
𝐝𝐝𝑬𝑬𝐤𝐤𝐤𝐤𝐤𝐤

Goal accuracy <5%

Particle identification

Electronic set-up results (selection)
O+CHe+X

O+CC+X

𝐝𝐝𝝈𝝈
𝐝𝐝𝜽𝜽

𝐝𝐝𝝈𝝈
𝐝𝐝𝜽𝜽

Production cross section for 
specific elements

Measurements at GSI, Beam: 16O, 400 MeV/N, Target: C

Results from first engineering runs (no tracking sensors included)



Emulsion set-up
16O, 400 MeV/N on C

16O, 200 MeV/N on  C, C2H4

𝜎𝜎𝐻𝐻 =
1
4
𝜎𝜎𝐶𝐶2𝐻𝐻4

− 2𝜎𝜎𝐶𝐶
Two target technique to extract 
cross sections on H



Boron Neutron Capture Therapy (BNCT)
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10B[n,α]7Li
reaction

neutron

α

7Li

10B 

10B is about 20% in the natural boron

𝜎𝜎10𝐵𝐵 𝐸𝐸th = 3940 barn

Break-up reaction



Boron Neutron Capture Therapy (BNCT)
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10B[n,α]7Li
reaction

neutron

α

7Li

10B 
Fragment ranges are of the order of 
the cell size   highly localized dose!



Boron loading : 20-50 μg/g 10B
Main development in the last 20 years: 
to find the optimal boron vector
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4-BORONO-L-PHENYLALANINE   (BPA for friends) 

Tumor/blood 10B ratio   (1.5 – 5.0)
Tumor/normal tissue 10B ratio

10B human body 
content: 0,14 μg/g



Which neutrons ?
First tests with thermal neutrons from reactors: difficult control
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Therapeutic fluence  φ≈1012 n/cm2

Be target: O(700) W/cm2  

Fast neutrons

Epithermal 
neutrons

thermal 
neutrons

Neutron source

Now BNCT is done with the help of ion accelerators: much better control
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The FLASH effect and FLASH therapy
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It has been discovered that the irradiation rate has an effect on cell survival probability
Conventional: 2 Gy delivered in minutes  
Flash: 2 Gy delivered in milliseconds or microseconds

Minimal visible damage (V. Favaudon et al. 2014, Sci. Transl. Med.)

Flash therapy 
as good as 
conventional 
therapy on 
cancer cells

Initially healty pig skin

(Vozenin et al. 2019, Clin. Canc. Res. )



Enlarged therapeutic window
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Advantages (choose one only):
- lower number of treatments
  (increasing doses)
- lower complicances probabilities
  (same dose)
- treatment of moving tumors
  (lung, abdomen)



Advances in accelerator technology
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 need controlled intensity pulses



Dose monitoring
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Dose monitoring is crucial. Current 
detectors do not fit the needs of FLASH 
therapy. Need to reach 200 Gy/s
 Accuracy needed better than 3%
 advances in the detector technology

Ion chamber (for e and ion therapies)

New detectors under study
(A. Shuller et al, Physica Medica 80 (2020) 134–150 )

Redundancy needed 
for clinical practice!



Flash effect observed!  Is it understood ?

NOT REALLY!
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‘in-vitro’ studies 
can help 

explaining the 
effect?

Which physical processes helps 
in sparing healthy tissues ?

A threshold effect seems to be present.. The FLASH effect ‘kicks in’
only when the overall dose exceeds a certain threshold.. Why?

The assessment of this 
‘new’ approach 

potential requires, now, 
answering many open 

questions..

In medicine you can use a treatment if proven to be effective; no
necessity to understand all the tiniest details!



Summary

Hadrontherapy is a stable clinical practice
and a very interesting field of research for different
communities (FIS, BIO, MED)

We’re doing at the same time:
- fundamental research
- applied research
- and trying to bring positive effects to the society
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Thanks for the attention

Credits for slides, images and data
R. Spighi, M. Franchini, V. Patera, A. Sarti, G. Bisogni,
G. Battistoni, M. Pullia, M. Necchi, S. Rossi, A. Pella, 
M. Colonna, S. Lorentini, and many others! 42
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