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Elementary particles and 
Medical Applications
Basic concept:

!“Inject” radiactive material or 
particles inside the patient

If the particle “escapes” the patient 
!Diagnostics: SPECT, PET, Radioguided

surgery
If the particle interacts inside the 
patient

! Radiotherapy: RT, Radio Methabolic
Therapy, Brachitherapy, Hadrotherapy, 
Flash Therapy



Nuclear decays of interest
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Gamma rays: 
escape patient, interact outside it 
extracting electrons
escape patient, interact outside it escape patient, interact outside it 

beta+ decays: positrons       annihilate with e-
and produce 2 photons that escape patient 
and interact outside

: positrons       annihilate with e
and produce 2 photons that escape patient 

Beta- decays: electrons
do not escape patient

Alpha decays: like electrons but 
even shorter path



Accelerators: 
the Cyclotron

Used for 
protons/ions
• 10-30 MeV for 

radio-isotopes 
production 

• up to 200 MeV 
per radiotherapy

230 MeV Protons



Accelerators: the 
syncrotrons

Accelerate 
protons/carbon-ions 
for therapy (up to 
4800 MeV)



Nuclear Decays 
of interest
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Artificial Intelligence

Analysis

• y1 … yN are used as discriminators 
(cuts)

Machine 
Learning

• y1 … yN are input to multivariate 
analysis tools (fisher 
discriminants, neural networks, …)

Deep 
Learning

• The xi  variables are directly input 
to multilayer neural networks

Different Levels of Data Analysis in Particle Physics

Given Nv variables xi (signals from 
detectors), the variables yk(x1,xNv) 

(k=1,…,N) are derived

y1

y2



Possible Research Fields

Diagnostics

Radiotherapy

Artificial Intelligence 
in Medicine



Diagnostics



Diagnostics
• Two major categories:

– Morphologic: sensitive only to densities
• Radiography
• TAC
• ultrasound, …

– Functional: sensitive to organ 
functionalities

• PET
• SPECT
• …



Diagnostics: radiography

! X-rays produced with a 
cathodic tube by 
Bremsstrahlung

! Interaction between 
matter and patient

! X-ray detection

X-rays



Diagnostics: Tomography
• Generic mathematical tool from 1D !

2D 
• CT with X-rays is most renown

Radon 
transform

Filter

From image to sinogram



Diagnostics: SPECT
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! Inject radionuclide 
(typically 99Tc but also 131I)

! Decays with single photon
! Detection ~50cm from 

source with anger camera

Gamma decays

Single Photon Emission Computerized Tomography



Diagnostics: PET

• Inject radionuclide 
(18F in FDG, FET, 11C 
in methionine,  choline)

! !+ decay
• Detect the two 

gammas in coincidence 
outside patient
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outside patient
Beta+ decays

Positron Emission Tomography



Radio-guided surgery
• Administer, before operation to patient 

(either systemically or locally) a drug 
which:
– the tumor takes up significantly more than 

the healthy tissue.
– is linked to a radio-nuclide that emits 

particles via nuclear decay
• Wait for the drug to diffuse to the 

margins of the tumor
• Start operation

– Remove the bulk of the tumor
– Verify with a probe that detects the 

emitted particles the presence of:
• Residuals
• Infected lymph nodes

for the drug to diffuse to the 

Verify with a probe that detects the 

Beta decays



Radioguided surgery
Three approaches
• Gamma: well established, e.g.

sentinel lymph-node
• Beta+: based on the dual 

probe approach
• Beta-: future fronteer pro

be

e.g.

pro
be

pro
be

pro
be
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A CHANGE IN PARADIGM
• Use of !- tracers (electrons): 

pros
– Detect electrons that travels 

~100 times less than !
– Tracers with 90Y can be used 

(already used for Molecular RT)
– No background from gamma 

– Shorter time to have a response
» Smaller administered activity

– Smaller and more versatile detector
– Very reduced effect of nearby 

healthy tissues
– Reduced dose to medical staff

17
EXTEND RGS TO MORE 

CLINICAL CASES

pro
be

pro
be

e- (signal)

E. Solfaroli Camillocci et al, 
Sci. Repts. 4,4401 (2014)



radiomethabolic/
Brachitherapy

• Inject/ position 
radionuclide (e.g. 131I) 

• Beta- decays
• Electrons release 

energy in tumor locally

18

Beta- decays



Available theses
diagnostics
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Scintillators 
in 3D resin

Organic Scintillators with hi-
Z 

Fast Scintillators

We have an R&D work on 
innovative plastic scintillators in 

collaboration with the LEOS group 
(Chemistry) of SBAI.



=> Thesis on the scintillator characterisation and development

TOPS: Fast timing plastic 
scintillators
After a long R&D work with many samples
we select 4 new fluorophores that show
promising performances in terms of light
spectrum, transparency and time response.

We performed test with cosmics*, protons and
carbon ions beams. The most recent results
have been obtained with cosmic rays at SBAI.

Readout system:
! PMT H10721-20

! rise time (from datasheet) 0.57 ps
! quantum efficiency impacts on the final 

light output (QE peak at 400nm)
DAQ system:
! WaveDAQ

TOPS: Fast timing plastic 
scintillators

Experimental SETUP

Promising results with 2N for timing performances

TOPS: Fast timing plastic TOPS: Fast timing plastic 



Organic scintillators at Hi-Z

We produced few samples at low concentration in 
order to verify the real capability of incorporate 

Bismuth in the scintillators

PVT based scintillator (2N 
10%)+Bi 4%

Photoelectric 
interactions

Photoelectric 
interactions

PVT based scintillator (2T 
14%)+Bi 4%

Final Goal: 
reSPECT

Final Goal: 
reSPECT

=> Thesis on the scintillator characterisation and 
development + MC study on the detector optimisation

and evaluation of the perfromances

=> Thesis on the scintillator characterisation and prototypes realisation (measurement with FOOT experiment)
Thesis topics contacts
M. Marafini (Michela.Marafini@roma1.infn.it)
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Radiotherapy
From conventional to From conventional to 

Hadrotherapy



Radiotherapy
• Goal:

– Deliver energy on tumor cells in 
order to break them in an 
irreparable way

• Mean: 
– passage of particles through matter



Beam

Conventional 
radiotherapyradiotherapy

Photon beams 
on patienton patienton patient Large release of energy 

outside tumor

tumor

Healthy 
brain

Depth[mm]

beam Depth



Conventional 
radiotherapyradiotherapy

Photon beams 
on patienton patienton patient

Large release of energy 
outside tumor
• Multiple beams each 

of smaller energy 
(IMRT)

outside 
• Multiple beams each 

of smaller energy 

Beam

Depth[mm]

beam Depth



Hadrontherapy

Proton/ion beams 
on patient Concentrate release of 

energy inside tumor 
due to release of 
energy in ionization.

Energy loss in extended energy range
energy in ionization.

Beam

Depth[mm]

beam Depth



Comparison 12C vs IMRT

Better 
confinement of 
energy release

More effectiveness 
in killing cells 



The FLASH effect
Recently (starting from 2015, 
exploding from 2019) the 
‘fractionation’ paradigm has
been questioned.• Before: dose has to be 

delivered in several
fractions, and slowly as the 
‘healty’ tissue has better
healing capabilities and can 
recover in a better way à
60 Gy treatments are 
currently delivered in 30 
fractions of 2 Gy that can 
last more than 1 month!

• Now: the FLASH revolution overturns that idea. A better
sparing can be achieved if high doses and ultra high dose rates 
(3 orders of magnitude larger wrt conventional irradiation!) are 
used. Instead of going with 0.1 Gy/s one goes 100 Gy/s!• Mechanism is yet to be understood… but.. It works!

Oriatron eRT6 5.6-MeV
linac located at Lausanne University 

Hospital → specifically
engineered for accelerating 
electrons in a FLASH mode



Accelerators

Required 
proton/Carbon 
energy

p/C Energy(MeV/u)

Bragg Peak 
depth (mm)

100/200

160/300160/300160/300160/300

190/350

Proton Kinetic Energy between 100-250 MeV
Carbon Kinetic Energy between 200-400 MeV/u



Present of hadrotherapy



HT: accelerators
• Cyclotrons: past, mostly for low 

energy applications (e.g. ocular 
tumors)à today up to 250 MeV/u

• Syncrotrons: present à cover also 
carbon-therapy

• Future applications: CYCLINACS, 
proton LINACS, …



HT:Monitoring the dose
• Why is so crucial to monitor the dose in 

hadrontherapy ? Is like firing with machine-
gun or using a precision rifle..  

A little mismatch in 
density by CT 
"sensible change in 
dose release

density by CT 
"sensible change in 
dose release



Measuring the dose

Based on nuclear reactions between 
the projectile and the patient

Possible nuclear reactions

Don’t exit 
patient

No detectable 
signal

Reactions of 
interest
! !+ decays
• Prompt "
• Charged 

products



Available theses
Radiotherapy
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Target fragmentation in proton therapy: gives contribution also outside the
tumor region!

About 10% of biological 
effect in the entrance 

channel due to secondary 
fragments

Largest contributions of 
recoil fragments 
expected from 
He, C, Be, O, N

See also dedicated MC 
studies:

- Paganetti 2002 PMB
- Grassberger 2011 PMB

Courtesy of F.Tommasino

250 MeV proton 
beam in water

Target fragmentation & RBE

R=1/8

R=1/40
• Cell killed by 

ionization• Recoil fragment 
generated

4516/12/2019 INFN - Roma
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Target
performances

• !p/p <3.5%
• !TOF <70ps
• !Ekin/Ekin <2%
• !(dE)/dE ~3%
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MONDO
In Particle Therapy (PT) the beam interacts with the patient producing
secondary particles. Secondary neutrons can release additional dose also far
away from the volume under treatment. The incidence (also years after the
treatment) of SMNs (Secondary Malignant Neoplasm) impacts directly on the
quality and life expectation of the patient.

MONDO: 16 x 16 x 20 cm3MONDO:

Tile (4x4 
chips)

Module 
Fibre

Chip (SBAM)
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnM o

MONDO: 16 x 16 x 20 cm3

The first tile prototype has been produced

The first tile prototype has been produced

@-A%'$)%'B.#&.+0-.CD#<#0'(1#*&.'3.+.*'<#0.*#E&4'*.&4+)F#4.3'4.
&"#.)"+4+)&#4%$+&%'* '3.$#)'*9+4G.*#E&4'*$.#1%&&#9.%*.;+4&%)0#.
!"#4+(GH.E*9#4.(4#$$.'*.IJK.>.2LM6N7 6OLPOL.9'%Q.
"&&($QRR9'%-'4SR6M-6M6ORT-*%1+-LM6N-6OLPOL

(90Sr)

MONDO is a tracking detector that
exploits double neutron elastic
scattering to reconstruct the energy
and the direction of the secondary
neutrons produced in PT.
A dedicated readout silicon based
system is under development in
collaboration with FBK.

Thesis topics contact
M. Marafini(Centro Fermi) 
(michela.marafini@roma1.infn.it)
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Protontherapy: Low Energy Proton Vertical Line

Thesis topics contacts
E. Cisbani (evaristo.cisbani@roma1.infn.it)

Main activities: 

• Characterization of fluence monitors 
and dosimeters based on Silicon, 
naked Diamond and LiF detectors

• Inter-calibration campaigns

• Data analysis and optimization of 
working conditions

§ Peculiar facility for radiobiological and 
other irradiation experiments

§ part of TOP-IMPLART LINAC

§ Essential to define optimal delivery 
protocols of the unique p-LINAC beam

mailto:evaristo.cisbani@roma1.infn.it
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Thesis with Sapienza 
SBAI group

Title: Compact cryogenic electron source for advanced radiation sources
A new generation of particle sources is foreseen in order to provide beams of unprecedented six-dimensional brightness which can be 
employed to drive novel radiation sources, such as FELs and Compton sources. Radio-frequency photo-injectors operated at cryogenic
temperatures are capable to achieve very high accelerating fields which enhance the peak brightness of the electron beam reducing its
emittance. The design of such advanced devices is a challenging task which demands strong efforts, either technologically and for a 
successful control of the dynamics of the ultra-bright beam itself. (esperimento: INFN-ARYA) 

Title: Plasma accelerators for novel radiation sources
Plasma based accelerator can profit off an extremely high accelerating field, order of magnitude higher than conventional accelerators. 
Experimental studies have been performed to produce ultra-short driver and witness beams with excellent transverse properties, starting
from the optimization of beam generation device (laser on photocathodes) and then finely tuning the following linear accelerator to produce a 
high brightness beam at entrance of the plasma cell. Among others, the main activities concern simulation studies for the optimization of 
plasma density profile, experimental studies for the beam transport optimization, design and construction of an ultra-compact beam position 
monitor, executive design of Cherenkov effect based beam diagnostics as well as studies on graphene-copper photocathodes. 
(esperimento: INFN-SL_Comb2Fel)

Title: Medical electron accelerators for Flash Therapy
The Radiation Therapy (RT) is nowadays one of the most common methodology to treat cancer cells. The most important requirement is to 
destroy the cancer cells and to minimize the damage of the healthy cells as well as any side effect. In this scenario, an innovative technique
has been proposed and already tested: the FLASH Therapy, which uses short pulses of electrons at very high dose rates. It foresees
millisecond pulses of radiation (beam on time < 100-500ms) delivered at a high dose-rate (>40-100 Gy/s), over 2000 times faster and more 
than 1000 more intense than conventional RT. These bursts of radiation are less harmful to healthy tissues but just as efficient as
conventional dose rate radiation to inhibit cancer growth. We will work on the implementation of this methodology based on an electrons
linear accelerator. (esperimento INFN-ARYA)

Title: Compact linear electron accelerators for sterilization

The use of ionizing radiation is a well-established approach for the sterilization of industrial and medical devices. In order to be achieved, 
bursts of high doses are required (few kGy). High intensity pulses of electron and X-ray beams, which destroy the DNA of bacteria and other
pathogens, are able to deliver the required dose in a short amount of time (few seconds) for the sterilization process. Nowadays, RF 
accelerators and in particular linacs (linear accelerators) are important devices used for such purpose. Nevertheless, most linacs work in S-
band are bulky and expensive machines that often are not suitable for small facilities. In this scenario, there is a need for the development
of a novel design of an ultra-compact linac that can be proposed as a viable solution for the production of high pulsed beam currents (up to 
few mA) and medium-low energies (below 9 MeV). The choice of the operation RF frequency range, such as C-band, will need to be explored
with RF and beam dynamics optimization procedure. Moreover, up-to-date fabrication techniques will be investigated in order to obtain the 
design of an ultra-compact and low-cost linac that can be installed also in small facilities.  

Thesis topics contact
L. Palumbo
(luigi.palumbo@uniroma1.it)

mailto:michela.marafini@roma1.infn.it
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AI Applied to Medical Imaging
Aim: help the clinician to take clinical decision based on images 

(CT, MRI, PET..)

Various tasks: 
- segmentation of lesion (e.g. tumor)
- tumor staging and re-staging
- prognosis
- evaluation of response to therapy

The image can be
directly input to a 
Neural Network that learns
a specific task

Radiomic pipeline
=> compute mathematical
quantities (features) from the 
images and then use a AI 
algorithms to learn the task ..

OR



Available theses
Artificial Intelligence in Medicine
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Emulate a low energy 
nuclear interaction model 
with Deep Learning
! Nuclear reaction models are of utmost 

importance for MC simulation in hadrontherapy
! Geant4 is one of the most used tools to 

develop MC simulation also in this domani (also 
through a dedicated program, TOPAS)

! It’s models fail to simulate nuclear reactions 
below 100 MeV/u

! We interfaced a model developed by 
theoreticians but it’s far too slow

! It’s possible to use Deep Learning generative  
algorithms (such as VAE and GAN) to emulate 
the model

! We published a paper with preliminary results 
but it has to be optimised and finalised

! Several tasks could become a thesis

http://www.roma1.infn.it/exp/geniale/

• A. Ciardiello et al. Phys. Med. 73 (2020). 
doi: 10.1016/j.ejmp.2020.04.005. arXiv: 2004.0496

• C. Mancini-Terracciano et al. Phys. Med. 67 (2019), 
doi: 10.1016/j.ejmp.2019.10.026.

geniale/

Thesis topics contact
C. Mancini Terracciano (carlo.mancini.terracciano@roma1.infn.it)
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Different strategies:

- improve raw signal
processing
89% Software Defined

Radio technology
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Possible Research Fields

Diagnostics

Radiotherapy

Artificial Intelligence 
in Medicine

COLLABORATIONS




