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@5 RGED PARNCIEESESIERICS

PT Is a modern technigue of non-invasive radiotherapy mainly devoted
to the treatment of tumours untreatable with surgery or conventional
radiotherapy

Light ions advantages (12C ions):

» better spatial selectivity in dose
deposition (Brags Peak) sparing
healthy tissues (less MS than p);

» surted for deep-seated radio-

resistant solid tumours:

* relative biological effectiveness 80 120
(RBE) depth in water [mm]

== photons 21 MeV
—12C 270 MeV/u
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Weber U, Kraft G. Comparison of carbon ions versus protons.

* oxygen enhancement ratio Cancer |. 2009 |ul-Aug: | 5(4):325-32.

(OFR)

Light ions disadvantages:

Increasing interest In other
ions, ex. *He and 0.

* more fragmentation (secondary products);
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EECONDARY PRODUCS IN PARTFICIEESESISEES

Neutral and charged secondary

g - h ization, usi h hic, of | detectd
particles are largely produced e iy g o e e

light PT treatments
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l I I a I | a I a I O Particle Therapy (PT) exploits accelerated charged ions, typically protons or carbon ions, for cancer treatments. In PT a high accuracy on the dose release over the tumor volume is achieved, preserving healthy tissues and Organ At Risk (OAR) around
| ] tumor better with respect to the conventional radiotherapy. The high cancer cells killing power of PT requires a precise control of the ion beam delivery, and hence target voxel localization, to take into account a possible patient mis-positioning or biological or

‘anatomical changes. The development of an on-line dose conformity monitoring device is of paramount importance to assure an high quality control accuracy in PT treatments. We propose a
novel detector named Dose Profiler (DP) tailored for dose range monitoring applications in PT. The beam range inside the patient will be monitored detecting charged secondary fragments £ T

—— Charged Emission
Beam range monitoring using charged fragments could be a way particularly

Charged secondary fragments production @ large angles
suitable for 12C ion treatment thanks to some nice features: 9 pjiag P ge ang|

S rtseatuse

b Ty In 2012 and 2014 the charged fragments production has been studied with PMMA targets
5x5x15 cm? impinged by 12G and “He ion beams. A non negligible production has been
b Easyback-tracking observed at 60° and 90° with respect to the beam direction [1], [2],[3]. Fragments are mainly

protons, with a kinetic energy between 50-150 MeV
Anyway, the :

Arbitrary Units / 0.4 ci
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»  Suffer multiple scattering inside the patient (  E-1, = yx ) —> impact on the
back-tracking resolution

g
] ] 1 ] g L
. »  Inatreatment room, very often the positions at low 9 are not available to a b 3
monitor device, in particular in the treatment configuration where the patient Mevia
body s aligned with the beam axis. Large detection angles have to be used, <

reducing the- collection statistics.

B,

Dose Profiler Test-beam @ Trento proton therapy center
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The Dose Profiler (DP) is an innovative etector tailored to monitoring the beam range exploiting )
charged fragments [4]. It has been designed to track the secondary protons by means of six : ;g?;"s“fa“" ‘a;"“g S ‘0“* "'a‘c:l‘h” L)
scintillating fibres planes (19.2 x 19.2 cm?), each one composed by two layers of orthogonally ha rento ': °“DP9""’NY center, Wr‘. © a‘r:“
placed fibers. Two plastic scintillator planes, each one composed by x-y segmented layers of Be a'“‘e”zed‘ 20 '50"’& V""O“’“: a"'"gd‘ 2
plastic scintilator 6 mm thick, follow the fiber planes. Both the fibers and the scintillators are read- ey e (ERHED M) 7 (e SEseriEy
| -t | -t -t | b -t | -t -t h
is provided by BASIC32_ADC (3],
controlled by FPGAS [
L i\
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0 Mechanic ’ Layer Y Layer v % 50 100 150 200 260 300
- Silicon Photomultipliers (1 mm? area), 0 ADC couts]
]  resuiting in a ~300 pm spatial The single layer efficiency for tracker layers is ~80% for

Read-out electronics: the SIPMs read-out

out by Silicon PhotoMultipliers. fragments produced during a Carbon ion
resolution both the views A 15-20% energy resolution has

treatment
been measured

Charged Secondary fragments production @ CNAO

° i N7Z
. In July 2017 a data taking campaign has been performed at CNAO. The charged secondary fragments produced by an
anthropomorphic phantom, impinged by Carbon ion beams at different energies in treatment-like conditions, has been collected by the
DP at °60 with respect to the beam direction. The charged fragments emission profile along the beam axis has been measured.

~100 tracks can be expected per

= H S,

' [} ~ o
1B : pencil beam in average conditons:
J ( strategies for ‘PB packing’ have to be
| envisaged in order fo reach the

desired precision (enough tracks per
spot)

0 0 o o The DP, developed within the INSIDE collaboration, will be integrated in a multi-modal monitor system
able to detect, at the same time, the charged secondary particles and the B+ emitters activity by means of
two planar PET heads that measure the 511 keV annihilation photons. A cliical tral will start in summer
2018 at CNAO,

Correlation with the Bragg Peak
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— 180 MeV/u

The final precision achievable on the BP position depends on how much statistics can be collected and
how well the 111 )f fhe ions beams and of the emitied fragments with the patient body is handled

Any complex target geometry, like the case of the patient, having different materials, densities and
O S e L} thicknesses, will produce an emission profile which is distorted with respect to the reference case.

* prod (iuth)
The back-tracking resolution has
+ rec (wei)
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obtained using the Trento calibration
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HDEGOND AR INECHREE NS

Secondary neutrons has to be deeply investigated because they can release
addrtion dose also far away from the treated volume.

Secondary malignant neoplasm (SMN): possible complication induced

neutrons, one of the main concern in PT, especially in paediatric cases.

Radiation absorbed dose - Risk of SMN incidence

T’ B |! I‘ P~ e 5 - X ".'.-u ":. -
r 2 i, s Y
F 7 s f ':r-. - H-.. " i g g

D.Wayne et al., Assessing the risk of second malignancies after modern radiotherapy, Nat Rev Cancer (201 |'). doi:10.1038/nrc3069

The incidence (also years after the treatment) of SMNs impacts directly in
the quality and the expectation of life of the patient.
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HDEGOND AR INECHREE NS

Neutrons are produced (as protons) in the beam nuclear interactions with the
matters, In particular with the patient tissues.

Secondary neutrons interact also with the treatment room (and with the patient!)
degrading their energy: moderation process.

't 1s therefore important to develop a detector capable of fully reconstruct

neutrons in order to characterize their emission profile (8) and spectra (Exin)
and of rejecting the background contribution due to moderation processes

(tracking device).

— 200 AMeV carbon ions (5 degrees)

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

“ M.Durante W.D. Newhauser doi:10.1038/nrc3069
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THE MONDO CHALLENGE ¥

Tracking the neutrons with high efficiency

First neutron interaction: elastic
scattering (ES)

== Double elastic scattering |

@ recoil (Exin from range)

— = D 5

i Pn — L7,

B R e cos 6,
' Pn/ @ i The diffused neutron interact again
Dn via ES
................................... @ @ Second recoil

— p 4 A/

@ Pn' — = n

Hydrogenated target COS HP’
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THE MONDO CHALLENGE ¥

Double elasti tteri
P> Double elastic scattering SCINTILLATING PLASTIC FIBRES

* squared 250 ym (to maximise the granularity)
\ * plastic (high neutron interaction probability on H)

DLARIALIES target and tracker

LA [ N[
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Fmal tracker size::
10 x 10 x 20 cm3 :

CooacEEEE 00 EEEEEEE e
X-Y planes

more than 6x10> channels

=> silicon readout system
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ENERE
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A Monte Carlo simulation has been developed using FLUKA code to optimize and study
the detector. The energy release of the protons In the fibers as a function of the neutron

Ex. of the proton spectrum for 100MeV neutrons

(and proton) energy has been evaluated.

Ekin_Prot_SES

Entries 32972

Ekin_1Prot_DES

Counts/#events

Ekin_2Prot_DES

745

—_
o

| . ‘ i ' L
[} | § | 1 L} N
| } | )
NN TN NN Ay,
AARAAAN! AR | NN \
i | i | | | 1 N
1NN NN NNN NN N TN
J | IRARNRT | RSN ENANA N NESAN | ARSI NAY | } [T 1 1 1 1 |

o||||||

20 40 60 80 100
Recoil Protons Ekin [MeV]

120

V. Giacometti et al. Characterisation of the MONDO detector

response to neutrons by means of a FLUKA Monte Carlo

simulation (in press).
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Deposited energy per fibre

100keV in 250 ym

Light yield (BCF-12)

Trapping eff. (double clad.)

prod
N Ph.

8000 ph. MeV !
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M. Marafini et al., PMB (2017) doi: 10.1088/1361-6560/aa623a

Proton E . [MeV]
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NEUTRONS TRACKER ¥

—’ Silicon Detector for READOUT

BN E e o keep the space

granularrty of the fibres Digital silicon diode (Silicon Photon
* Few photons (few ph. electrons)|  Avalanche Diode -SPAD) allows to
* Fast signals: typically ~5ns build a sensor with customized pixel

size. An internal smart trigger logic
allows to discriminate the scintillation

light signals from the background due
to the dark count rate.

We choose to develop a new SPAD array

sensor - in collaboration FBK (SBAM
sensor) - tailored for the MONDO needs

| 4th Pisa Meeting on Advanced Detectors, 27/05/18 - 02/06/18 2 E. Gioscio



NEUSERONSHFIRAE S

Main characteristics of the
— Spad Based Acquisition
New Sensor ™ for the Mondo Experiment

Pixel 125x250 pm

side-by-side sensors

Fill Factor ~33%

Trigger logic tuned for
plastic scintillation signals

Quantum efficiency ~40%

Possibility to turn-off noisy
SPAD (Dark Current First Ch|p run

reduction may 2018

@ Possible EXT. Trigger
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INERERACTHON PROBABIERRESHES “D,

Comparison of the expected number of interactions per incident neutron for
single and double elastic scattering as a function of the neutrons Inrtial kinetic

energy. -
ES ~ 5% Constraints:
2107, "% * full containment request
= - @) :
T 0§ 6 0. ] ] of the protons;
@ o o ES
£ ES cont. e at least 3 layers crossed
Q. - | o DES
n - [ = DES cont. (about |2 MeV)
L . containment decreases of
-3 Ll :
107°E " 0o om0 g one order of magnitude the
[ L]
- = R detection efficiency =>
.| Fluka | | | . . under evaluation other
10— | | | | | | | | | | | | | | | | | | | | | | | | ) .
50 100 150 200 250 _ 300
E [MeV, proton kinetic energy

V. Giacometti et al. Characterisation of the MONDO detector response to measurements Strategles
neutrons by means of a FLUKA Monte Carlo simulation (in press) (|e energy loss along the

tracik, Tof ctcs
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BACKGROUND STUDY ¥

Inelastic interactions (IS) are the main intrinsic background for the elastic
events (ES). ES are dominant below |00 MeV, while IS are not negligible for
higher energies.

o [he probability of mixed elastic
and Inelastic interactions could
have a non-negligible iImpact on
the detector performances and

o Single elastic 't has to be taken into account

@ Single inelastic when calculating the intrinsic

e Double elastic backgﬂDUﬂd

—
<

—
<
N

Exp. interactions/n

Fluka

Track multiplicity at the interaction
vertex will be used to reduce the

background contamination and
reject inelastic events.

| | | | | | | | | | | | | | | | | | | | | | I |
100 150 200 250 300
E_[MeV]
V. Giacometti et al. Characterisation of the MONDO detector response
to neutrons by means of a FLUKA Monte Carlo simulation (in press)
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NEUSERCINSHRR @ NS

A tracker prototipe (4 x 4 x 4.8 cm?) has been
realized as a proof of principle for proton
trading and In order to test the assembling
procedure.

The new sensor SBAM has been developed starting from the

experience gained using an other sensor prototype: spad-net. Practicing with spad-net
allowed us to point out the critical 1ssues to

be addressed in the SBAM development phase. QT wwa—— -

Test PENELOPE prototype:

- 90Sr (electrons ~2 MeV)*

- cosmics rays (mip)

- electrons@BTF (30-510 MeV) (~mip)** ~

- protons@Trento (60-230MeV)

* S.M. Vallle et al, The MONDO project: A secondary neutron tracker detector for particle

therapy, doi: doi:10.1016/j.nima.2016.05.00

** R. Mirabelli et al, The MONDO detector prototype development and test: steps towards a

SPAD-CMOS based integrated readout (SBAM sensor) doi:|0.1 109/TNS.201/.2785768 E. Gioscio




FROTONS (@I ERENIIS

Proton
i
0 it
Penelope ‘
Beam energy: [70-140] MeV protons e :
Beam size (0): [3-/] mm

N B

N N 4 I

SENSOR

I 1
v

PENELOPE readout FBK spad-net

sensor (128 ch., 600 pm per pixel )

A second readout with a commercial

multi-anode PMT has been used to

cross-check the tracking efficiency.
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EROTONS @ [RENTO PROTFONFSIERE S *‘é),

Sensor response: map of the average number of ph.el per pixel (75k events)

.
[ > 8
& 7 2 - 14
6 a
6 1.2
> 5
4 4 ]
= :
0.8
1 1 0.6
0 ' 0
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Pixel X Pixel X
£ i
37 —4-5§ G. Traini et al, Preliminary test of the MONDO project secondary fast
3 3 4 and ultrafast neutrons tracker response using protons and MIP particles
3 J2 doi:10.1088/1748-0221/13/04/C040 14
5 =

Single Track

Example of a 140 MeV proton track reconstructed

I2III4I116111811110I 12III1I4III16 0 bytheSPAD_netsensor:

Illlllllllllll

OO

pixel row
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EREAIOING (@ [ REN TO PROIEGINERSIERE
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Simulated energy deposited in the fibres as a function of the : SEnsORY

. ] : s >
primary proton kinetic energy (only the volume covered by the LFetens SREfg D"
SPAD-net sensor was considered). -
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2 501~ . As expected, the

Q- B °

a 403_ only statistic errors ) . Bragg Peak is clearly

__L I | | | |§I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | I visible for 83 MeV

60 80 100 120 140 160 180 200 220 240

Energy [MeV] protons.

G. Traini et al, Preliminary test of the MONDO project secondary fast and ultrafast neutrons

tracker response using protons and MIP particles doi:10.1088/1748-0221/13/04/C040 4

E. Gioscio



CONCLUSION

NEXT FUTURE:

|. New sensor SBAM:
|, test chip (may 2018 @LFoundery, under test @FBK summer 201 3)

2. full run (2019);

2. Full matrix assembling and instrumentation;

3. Calibration and test beam (protons at TIFPA, neutrons ?);

Measurements with secondary neutrons produced by Carbon ions (CNAQO)

beams on different targets;

Evaluation of the impact of the secondary neutron emissions in TPS, In

particular for Paediatric Particle Therapy.
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BACK UP SLIDE
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RESOLUTION

3 [
- ]
= 1= Mm Ep>0Mev
¢ 10~ | ¢ Ep>20MeV _
Al 95 ® Ep>50MeV
8- - ¢ ¥
7
- ¢
61 .
5 m Preliminary
41— o
: ?I | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ]

60 80 100 120 140 160 180 200
E_[MeV]

~or single elastic scattering
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