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MOnitor for Neutron Dose for hadrOntherapy
MONDO

Un tracciatore per neutroni per misure di flussi 
di secondari in terapia con particelle 

Riccardo Mirabelli



2

Riccardo Mirabelli -102° Congresso della Società Italiana di Fisica nM o

I neutroni vengono prodotti (come i protoni) nelle interazioni nucleari del 
fascio con i tessuti. La loro energia tipica è compresa tra qualche MeV e 
l’energia del fascio (tipicamente ~300 MeV):

25

Nature Reviews | Cancer

a

b c

N
eu

tr
on

 y
ie

ld
 (n

 p
er

 m
sr

/t
re

at
m

en
t p

er
 G

y)

105

104

103

102

102 102 103 10410–2 10–210–310–410–510–610–1 10–1100 100101 101

Neutron energy (MeV) Neutron energy (MeV)

0

5

10

15

20

Ra
di

at
io

n 
w

ei
gh

tin
g 

fa
ct

or

200 AMeV carbon ions (5 degrees)
200 AMeV carbon ions (30 degrees)
25 MV photons (10 cm out-of-field)
25 MV photons (40 cm out-of-field)

Considering the uncertainty, an upper limit of 0.2 mSv for 
the uterine dose was estimated40. Both the mother and the 
child are healthy and do not have radiotherapy-related 
complications 3 years after treatment.

Taken together, these data suggest that particle therapy 
is typically not causing an increase in the dose to distal 
organs compared with high-energy IMRT. However, great 
care should be taken in comparing these values, which 
generally refer to the effective dose41,42 (BOX 1), a contro-
versial radiological unit. Indeed, effective doses use tissue 
weighting factors that are estimated by several stochastic 
end points, and do not include any age- or gender-
dependence in cancer risk43. Especially for paediatric 
patients, the assumption that weighting factors are inde-
pendent of age at exposure is tenuous. Cancer is a tissue-
specific disease, and there is no evidence that the shape of 
the dose–response curve is the same for different organs. 
The International Commission on Radiological Protection 
(ICRP) indeed recognizes that the use of effective dose in 
medical applications may be inappropriate and it would be 

more useful to calculate the risks for specific age and gen-
der groups, using absorbed or equivalent doses to organs 
and tissues and age-related risk factors44.

Mechanisms of radiation-induced carcinogenesis
Ionizing radiation has been recognized as a carcino-
genic agent by the World Health Organization for many 
years45,46. Although early indications of radiation-induced 
cancers came from radiologists and other radiation 
workers, certainly the main epidemiological evidence 
of radiogenic carcinogenesis in humans and its dose–
response relationship comes from the 1945 atomic bomb 
(A-bomb) survivor cohort47. Leukaemia and many solid 
cancers (especially lung, colon, breast and thyroid can-
cer) have been linked to radiation exposure46. The risks 
of developing a solid tumour after radiation exposure 
are reasonably well described by linear dose–response 
functions in the dose range from 0.2 Sv to 2 Sv (FIG. 3). 
However, epidemiology does not provide the necessary 
information for SMNs in radiotherapy patients, in which 

Figure 2 | Secondary neutron dose in particle therapy. a | Schematic diagram of a spinal treatment field in particle 
therapy. A small diameter beam of charged particles (red) enters the treatment apparatus, which spreads the beam to a 
clinically useful size and collimates it to spare healthy tissues. Stray neutron radiation (green) is created by proton-induced 
nuclear reactions in the treatment unit and in the patient. The neutron doses provide no therapeutic benefit but increase 
the predicted risk that a patient will develop a second cancer later in life as a result of radiation exposure. b | The energy 
spectrum of photoneutrons produced by megavoltage X-rays and secondary neutrons produced by nuclear interactions of 
charged particles is complex. The figure shows recent neutron spectral measurements at the ELEKTA Linac accelerator in 
the Klinikum Goethe Universität of Frankfurt, Germany, operated at 25 MV, and at GSI, Darmstadt, Germany, with a 200 MeV 
per nucleon 12C pencil beam stopping in a water target. The energy in MeV is on the x axis in log-scale, whereas the 
 y axis gives the number of neutrons counted per unit solid angle (in millisteradiants (msr)) and per unit dose (in Gy) to  
the target. Photoneutrons were measured at 10 cm or 40 cm from the target area. Secondary neutrons produced by the  
12C ions were measured at two angles from the beam path (for details of the measurements see REF. 38). The yield of 
neutrons decreases by increasing the distance from the target or the scattering angle, but clearly X-rays produce mostly 
neutrons around 1 MeV, and particle therapy neutrons with energies around 100 MeV. These different spectra result in 
different (organ-specific) risk factors. c | Neutron radiation weighting factor w

R
 (BOX 1) is shown as a function of the neutron 

energy according to the latest International Commission of Radiological Protection recommendation44. The most effective 
neutrons are considered to be those with energies around 1 MeV. Part b courtesy of C. La Tessa, GSI, Darmstadt, Germany.
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SIMULAZIONE

L’energia dei neutroni secondari viene 
poi degradata tramite interazioni 

successive nel paziente e nella sala di 
trattamento (es. muri, lettino) fino a 
raggiungere energie di pochi keV…

NEUTRONI SECONDARI

PER CARATTERIZZARE I NEUTRONI 
SECONDARI BISOGNA MISURARE 

QUELLI DI ALTA ENERGIA

I neutroni più dannosi sono quelli 
con energia di qualche MeV
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NEUTRONI E NEOPLASIE SECONDARIE
SMN: Secondary Malignant Neoplasie

I neutroni secondari sono tra i principali produttori di dose addizionale sul 
paziente, inoltre tale dose viene rilasciata in modo non ancora totalmente 
noto anche in organi molto lontani dal volume in trattamento.

Questo fenomeno è alla base dello sviluppo (anche molti anni dopo il trattamento) di Neoplasie 
Secondarie con impatto diretto sulla valutazione dell’aspettativa di vita del paziente

Le possibili ricadute indotte dalla dose 
dei neutroni sono il limite principale 

alla  Terapia con Particelle, in particolare 
nel caso dei trattamenti pediatrici

Radiation absorbed dose

Risk of SMN mortality

Risk of SMN incidence
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risk factors. The risk estimates in FIG. 4 are therefore 
only qualitative, but the calculation with the colour 
scale clearly shows how the dose is a poor predictor of 
risk, and large organ-specific differences can be found 
between incidence and mortality risks.

Studies comparing SMN risks that are associ-
ated with contemporary proton and photon therapies 
have consistently found that proton therapy confers 
smaller overall predicted risk of SMNs for children 
with medullo blastoma89,90 and for adults with prostate 
cancer91 and liver cancer92. The models found a negli-
gible difference between lifetime risk of SMN incidence 
from passive versus scanned proton craniospinal irra-
diation: the risk was mostly attributable to therapeutic 
radiation, not leakage neutrons93–95. Similar findings 
were obtained for several patients treated for prostate 
cancer91,96. Perhaps the most important findings, how-
ever, are from comparative studies of passively scat-
tered proton therapy and photon IMRT. These studies 
revealed that the largest reductions in predicted risk 
were obtained by replacing IMRT with proton therapy91, 
even after taking into account the stray and leakage neu-
trons that are associated with proton therapy. In fact, 
these findings were significant even when taking into 
account the large uncertainties in neutron RBE values 
(FIG. 2c) for carcinogenesis90.

New challenges
The problem of SMNs in paediatric radiotherapy 
patients is technically complex and challenging. There is 
good epidemiological evidence that radiation therapy  
is making a crucial contribution to long-term survival of 
childhood cancers, but it is also causing a high incidence 
of SMNs among survivors of childhood cancer. Given 
the size and consequences of this problem, it is vital that 
we meet our obligation to ensure that any avoidable and 
detrimental exposures to radiation are as low as can be 
reasonably achievable. However, it will be challenging 
to precisely define a reasonably low level of exposure 
in terms of risk/benefit, and difficult to predict how 
much can be reasonably achieved with finite effort and 
expense97.

Fortunately, there are several avenues of research 
available to reduce SMN risks from particle radiotherapy. 
Modifying treatment units to reduce stray radiation is an 
obvious and attractive approach32. This can be accom-
plished by reducing the production of stray radiation 
inside the treatment unit and by increasing its attenu-
ation with additional local shielding. For example, sim-
ple enhancements to a passively scattered proton nozzle 
(shielding) and treatment technique (distance) reduced 
the dose to paediatric patients by up to 40–50%95. New 
research studies are needed to strengthen the initial evi-
dence used to design personalized treatment strategies, 
such as the selection of radiation type that is likely to have 
the least detrimental effects, and treatment techniques, 
such as beam angles. The long latency times for SMNs 
require that research uses computational approaches to 
develop risk mitigation strategies, supplemented with 
radiobiological and radioepidemiological data as they 
become available.

Moreover, we should compare the stray therapeutic 
radiation with the dose from diagnostic procedures, 
which is rapidly increasing and causing concern for 
long-term risk in the population98,99. In most cases 
imaging during therapy accounts for less than 20% of 
the stray therapeutic radiation, but with the extensive 
applications of IGRT with daily portal imaging or cone-
beam CT using MV X-rays, whole-body exposures of up 
to 100 mGy per day are possible, thus exceeding those 
caused by the scatter radiation from the therapeutic 
beam100. When possible, orthogonal pairs of images with 
kV X-rays should be used to reduce the dose, consid-
ering that for paediatric patients the dose to important 
structures from kV cone-beam CT can be twofold to 
threefold higher than for adults101

The main research issues for SMNs in distal organs 
and for those in the radiation field for paediatric patients 
are summarized in TABLE 1. In both high- and low-dose 
regions, the shape of the dose–response curve and its 
dependence on fractionation for carcinogenesis should 
be determined: this is clearly organ-specific, and it is 
therefore important to collect information about organ 

Figure 4 | Dose and risk distribution for second cancer. 
A 9-year-old girl received craniospinal irradiation for 
medulloblastoma using passively scattered proton beams 
at the M.D. Anderson Cancer Center, USA. The colour scale 
illustrates the difference for absorbed dose, incidence and 
mortality cancer risk in different organs. Radiation 
absorbed dose depends strongly on patient anatomy and 
treatment factors. Risk of second malignant neoplasm 
(SMN) incidence and mortality varies strongly with 
radiation dose, but, importantly, it also varies strongly 
between organs, the age of the patient at exposure and the 
attained age, sex and genetic profile, as well as other 
factors. Consequently, as this figure illustrates, dose is a 
poor biomarker for SMN risk. In future, novel risk 
visualization and analysis methods will be needed to 
facilitate routine risk-adapted, personalized clinical 
decision making.
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risk factors. The risk estimates in FIG. 4 are therefore 
only qualitative, but the calculation with the colour 
scale clearly shows how the dose is a poor predictor of 
risk, and large organ-specific differences can be found 
between incidence and mortality risks.

Studies comparing SMN risks that are associ-
ated with contemporary proton and photon therapies 
have consistently found that proton therapy confers 
smaller overall predicted risk of SMNs for children 
with medullo blastoma89,90 and for adults with prostate 
cancer91 and liver cancer92. The models found a negli-
gible difference between lifetime risk of SMN incidence 
from passive versus scanned proton craniospinal irra-
diation: the risk was mostly attributable to therapeutic 
radiation, not leakage neutrons93–95. Similar findings 
were obtained for several patients treated for prostate 
cancer91,96. Perhaps the most important findings, how-
ever, are from comparative studies of passively scat-
tered proton therapy and photon IMRT. These studies 
revealed that the largest reductions in predicted risk 
were obtained by replacing IMRT with proton therapy91, 
even after taking into account the stray and leakage neu-
trons that are associated with proton therapy. In fact, 
these findings were significant even when taking into 
account the large uncertainties in neutron RBE values 
(FIG. 2c) for carcinogenesis90.

New challenges
The problem of SMNs in paediatric radiotherapy 
patients is technically complex and challenging. There is 
good epidemiological evidence that radiation therapy  
is making a crucial contribution to long-term survival of 
childhood cancers, but it is also causing a high incidence 
of SMNs among survivors of childhood cancer. Given 
the size and consequences of this problem, it is vital that 
we meet our obligation to ensure that any avoidable and 
detrimental exposures to radiation are as low as can be 
reasonably achievable. However, it will be challenging 
to precisely define a reasonably low level of exposure 
in terms of risk/benefit, and difficult to predict how 
much can be reasonably achieved with finite effort and 
expense97.

Fortunately, there are several avenues of research 
available to reduce SMN risks from particle radiotherapy. 
Modifying treatment units to reduce stray radiation is an 
obvious and attractive approach32. This can be accom-
plished by reducing the production of stray radiation 
inside the treatment unit and by increasing its attenu-
ation with additional local shielding. For example, sim-
ple enhancements to a passively scattered proton nozzle 
(shielding) and treatment technique (distance) reduced 
the dose to paediatric patients by up to 40–50%95. New 
research studies are needed to strengthen the initial evi-
dence used to design personalized treatment strategies, 
such as the selection of radiation type that is likely to have 
the least detrimental effects, and treatment techniques, 
such as beam angles. The long latency times for SMNs 
require that research uses computational approaches to 
develop risk mitigation strategies, supplemented with 
radiobiological and radioepidemiological data as they 
become available.

Moreover, we should compare the stray therapeutic 
radiation with the dose from diagnostic procedures, 
which is rapidly increasing and causing concern for 
long-term risk in the population98,99. In most cases 
imaging during therapy accounts for less than 20% of 
the stray therapeutic radiation, but with the extensive 
applications of IGRT with daily portal imaging or cone-
beam CT using MV X-rays, whole-body exposures of up 
to 100 mGy per day are possible, thus exceeding those 
caused by the scatter radiation from the therapeutic 
beam100. When possible, orthogonal pairs of images with 
kV X-rays should be used to reduce the dose, consid-
ering that for paediatric patients the dose to important 
structures from kV cone-beam CT can be twofold to 
threefold higher than for adults101

The main research issues for SMNs in distal organs 
and for those in the radiation field for paediatric patients 
are summarized in TABLE 1. In both high- and low-dose 
regions, the shape of the dose–response curve and its 
dependence on fractionation for carcinogenesis should 
be determined: this is clearly organ-specific, and it is 
therefore important to collect information about organ 

Figure 4 | Dose and risk distribution for second cancer. 
A 9-year-old girl received craniospinal irradiation for 
medulloblastoma using passively scattered proton beams 
at the M.D. Anderson Cancer Center, USA. The colour scale 
illustrates the difference for absorbed dose, incidence and 
mortality cancer risk in different organs. Radiation 
absorbed dose depends strongly on patient anatomy and 
treatment factors. Risk of second malignant neoplasm 
(SMN) incidence and mortality varies strongly with 
radiation dose, but, importantly, it also varies strongly 
between organs, the age of the patient at exposure and the 
attained age, sex and genetic profile, as well as other 
factors. Consequently, as this figure illustrates, dose is a 
poor biomarker for SMN risk. In future, novel risk 
visualization and analysis methods will be needed to 
facilitate routine risk-adapted, personalized clinical 
decision making.
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Trattamento pediatrico di tumore cranio-spinale 

Dose assorbita Rischio di incidenza SMN
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1. Alta risoluzione spaziale 

2. Possibilità di misurare 
direzione ed energia 

3. Alta sezione d’urto per i 
neutroni di Ekin [20-300] MeV 
(scattering elastico) 

4. Compatto (deve poter 
entrare in sala di trattamento!)

Requisiti del rivelatore: • Il flusso di neutroni secondari atteso non è 
elevato (~10-3 sr-1): le misure su secondari, 

non direttamente su fascio!

• I neutroni nelle loro interazioni 
producono anche particelle  

cariche => sono facili da tracciare
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NEUTRONI E PRINCIPIO DI RIVELAZIONE
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UN TRACCIATORE PER NEUTRONI
Sfruttiamo il doppio scattering elastico



protone

fotone

neutrone

il READOUT dei segnali

ALTERNANZA DI PIANI 
ORTOGONALI X-Y

Dimensioni del tracciatore: 10x10x20 cm3 

Fibre scintillanti quadrate: 250 μm
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UN TRACCIATORE PER NEUTRONI
Sfruttiamo il doppio scattering elastico



www.spadnet.eu
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Il READOUT dei segnali

2.  Pochi fotoni da rivelare con 
un segnale di < 5ns

1. Necessità di mantenere la 
risoluzione spaziale delle fibre } Sensori al Silicio

www.spadnet.eu

La dimensione dei pixel dei sensori 
al silicio può essere ottimizzata in 

base alle necessità

Le peculiarità di questo sensore sono la possibilità di sopprimere gli SPAD più 
rumorosi (limitando quindi la corrente di buio) e l’implementazione di una logica 
di trigger intelligente che rende l’oggetto in grado di separare efficientemente il 
segnale dal fondo.

UN TRACCIATORE PER NEUTRONI
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SIMULAZIONE
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Attraverso una simulazione in FLUKA è stata calcolata la capacità dell’oggetto 
di contenere due protoni emessi per scattering elastico in funzione dell’energia 

cinetica del neutrone incidente e dell’angolo di emissione dei protoni stessi.

Ad alte energie l’efficienza è dominata dalla geometria del sistema.
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In ~ 45 ore di lavoro

Realizzazione di un PROTOTIPO

UN TRACCIATORE PER NEUTRONI

9

dimensioni: 4 x 4 x 4.8 cm3
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RICOSTRUZIONE DELLE TRACCE
Il sensore finale è in fase di realizzazione; per le prime misure è stato utilizzato un 
prototipo ottimizzato per leggere dei cristalli LYSO. La caratterizzazione del 
prototipo ci ha permesso di individuare i parametri fondamentali e le criticità 
dell’oggetto esistente e di progettare un sensore ottimizzato per MONDO.

16 x 8 Pixel del sensore 600 µm : fibre di 250 µm di lato
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Ricostruzione 
delle tracce

Fascio di elettroni monocromatici (~300 MeV):
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VALUTAZIONE DEL SEGNALE

E’ stato misurato il numero di fotoelettroni 
prodotti da un singolo piano di fibre in 

accoppiamento con il sensore.

per fibra Ph.el ~ 3 sul sensore

Un protone rilascia nella fibra ~3 
volte l’energia di un elettrone al 

minimo di ionizzazione
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Il segnale atteso sulla superficie del sensore
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SENSORE AL SILICIO OTTIMIZZATO
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PUNTO DI PARTENZA PER LA REALIZZAZIONE DI UN NUOVO SENSORE

Pixel 125 µm 

Sensori affiancabili 

Fill Factor → 40% 

Spazio morto omogeneo 

Efficienza quantica → 33% 

Dark currents per SPAD → 1KHz 

Logica di trigger adatta a segnali corti

S

Studio di fattibilità
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CONCLUSIONI
1) L’interazione del fascio con i tessuti produce 

particelle secondarie. La componente secondaria 
dei neutroni richiede una caratterizzazione più 
accurata → allargare i margini di rischio nei TPS.     
I neutroni sono tra i possibili responsabili 
dell’aumento di incidenza di neoplasie secondarie; 

2) Il progetto MONDO vuole realizzare il primo 
rivelatore direzionale per neutroni veloci ed ultra 
veloci. La piccola dimensione permetterà di 
caratterizzare il flusso e lo spettro in varie sale di 
trattamento; 

3) E’ stato realizzato uno studio di fattibilità per la 
realizzazione di un nuovo sensore ed è ora in fase 
di costruzione la prima versione dei chip.

TRACCIATORE
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1

2

3

Il prototipo di tracciatore sarà interfacciato con il sensore ottimizzato e verrà 
contestualmente iniziata la procedura di costruzione del rivelatore finale.
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