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Proton radiography

Proton radiography: imaging technique based on the measurement of the energy loss

e Direct measurement of
proton stopping power, No
need of HU conversion

* [ypically measuring the
particle residual kinetic
energy with a calorimeter

e Slow for clinical
The Matroshka phantom (a) was used to

. . S Images acquired from the radiography of the a Iications
simulate radiography. The phantom is divided .
irlmtou25 nm thi%k Slié/es. Thrr)ee of them (b.c) anthropomorphic phantom (Matroshka) head. (a) A merged pp

contain cavities which were filled with radiograph. (b). Images converted to areal density (c).

. Unprocessed radiograph taken with 10mGy imaging dose. e Ref - Krah Nils et al. "Relative stoppi
thermoluminescent detectors for dose ; ererence. krah NIIs €t al. “helative stopping
(d) X-ray image (70 kV, about 5pGy total dose). power precision in Time-Of-Flight proton CT",

measurements.
Prall, M., Durante, M., Berger, T. et al. High-energy proton imaging for biomedical applications. Sci Rep 6, 27651 (2016). https://doi.org/10.1038/ 202_1 Do https://d0|.org/1 0.48550/
srep27651 arxiv.2112.11575 3




TOFpRad project

Goal: create Time of Flight (TOF) proton radiography system to
support the planning and the verification of charge particle treatments

* [wo fast plastic scintillator detectors

for the TOF measurement
* a set of layers of plastic scintillator

5 fibres for tracking purposes, both read
} with SIPMs

e Ekin from TOF (Time reso < 100ps/m)
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Scintillating fiber layers

 Develop a low-cost system, ensuring
a larger rate capability (ideally ~1Mhz
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First experimental setup

Preliminary TOF system tested at CNAO (Pavia) with P at 226.91 MeV, experimental
setup with detectors developed for the FOOT™ experiment (optimised for 3</<8) 1
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First experimental setup

BM profile

A
T2 stop detector
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Beam monitor: two orthogonal planes of scintillating fiber layers with
a thickness of 1 mm adopted to measure the initial particle position




First experimental setup

CAEN DT5550W (CITIROC ASICs for SiPM 22000 - .
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First experimental setup

T2 stop detector
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Scintillating T1 start detector

-10 fiber layer 215
cm
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Phantom
with air gap

Phantom: a 14.5 cm thick water-equivalent phantom (RW3) with air gaps of
varying thicknesses (2-10 mm) positioned at different depths and across half of

the transverse section within the water phantom
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First experimental setup

T2 stop detector

Scintillating T1 start detector

-10 fiber layers 215
cm

Phantom
with air gap

T1 start detector: two homogeneous layers of plastic scintillator (EJ-232 by
Eljen Technology), each with a thickness of 500 um, read-out by SiPMs
(Advansid NUV3S) and used as TOF start detector




First experimental setup
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T2'stopl'deté6tor: Two orthogonal layers of EJ-200 plastic scintillating bars (20
bars of 44x2x0.3 cm3 each) read with SiIPMs on both sides. It is adopted as the
final TOF measurement station

Reference: Morrocchi M. et al., "Performance evaluation of the TOF-Wall detector of the FOOT experiment”, 2020 Doi: https://doi.org/10.1109/
TNS.2020.3041433 1 0




First experimental setup

 Readout of T1 and T2 by means of

o } WaveDAQ system
oseresn v,  Compact and highly integrated
e R trigger and data acquisition system
— & developed within the MEG Il exp
HE | 1 o adopted in FOOT exp
1+ 16-10k channels

1-5 GSPS Waveform digitiser

80 MSPS for trigger processing
0.5-100 input gain

FPGA process ADC data in real time

o |

Amplitude (mV)
()]
=,
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Time (ns)

 Galli et al., “WaveDAQ: An highly integrated trigger and data acquisition
system”, NIM A, 2018, https://doi.org/10.1016/j.nima.2018.07.06



https://doi.org/10.1016/j.nima.2018.07.067

TOF calibration

:  TOF calibration conducted
2 N\ o . o — N » with P at 62-998 MeV/
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Air gap detection

. o o s PO » TOF vs beam position
P N N SnER measurements fitted with a
I o om]: 0343 £ 0,01 sigmoid function to extract the
e \ 1 parameters and study the
. L@t At( ) capability of the system to detect
vl \ tre the air gap within the phantom
e L L A * To~ TOF meas at x—>o0
) ’\ At ~ time gap size
o Ly RS L Xo ~ gap position L to the beam
e e e Fasek b enns fasss YOIV T o ~ spatial resolution (related to
= M 9 W R LW the gap position along the beam)
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Air gap thickness detection

Air gap thickness dependencies

2 I Exper o At parameter increases with
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Air gap depth detection

Air gap position dependencies
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Conclusions and future perspectives

* We built and tested a plastic-scintillator based proton radiography prototype

* The prototype is able to detect an air gap of few millimetres in a water
equivalent phantom

* The experimental results about the air gap thickness measurements are in good
agreement with the MC simulation output

* The system seems unable to detect the depth of the air gap position along the
beam direction

A new [I1 detector is under study to increase the spatial resolution

* A new DAQ system is under study to reach the clinical beam rates
(next data taking at CNAO in November 24)
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Range uncertainties in hadrontherapy

The error intrinsic in this conversion (due to (4 g.,Z) dependency on atomic number and electron

density) is the principal cause of proton range indetermination (3%, up to 10 mm in the head)
[Schneider U. (1994), Med Phys. 22, 353]

Range uncertainty Range uncertainty

Source of range uncertainty in the patient without Monte Carlo  with Monte Carlo
Independent of dose calculation

Measurement uncertainty in water for commissioning =+ 0.3 mm + 0.3 mm

Compensator design +0.2 mm + 0.2 mm

Beam reproducibility +0.2 mm + 0.2 mm

Patient setup £+ 0.7 mm + 0.7 mm
Dose calculation

Biology (always positive) ~ +~0.8% +~0.8%

CT imaging and calibration + 0.5%* + 0.5%*"

CT conversion to tissue (excluding I-values) +0.5%" + 0.2%*

CT grid size + (0.3%° + 0.3%°

Mean excitation energy (I-values) in tissues + 1.5%" + 1.5%1

Range degradation; complex inhomogeneities —0.7%"° +0.1%

Range degradation; local lateral inhomogeneities *  +2.5%' +0.1%
Total (excluding *, ") 2.7% + 1.2 mm 24% + 1.2 mm
Total (excluding 7) 4.6% + 1.2 mm 24% + 1.2 mm

Paganetti H. (2012), Phys. Med, Biol. 57, R99 ‘




T1 Start detector signal amplitude
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T1 Start detector MC studies

Data-like(35%reso) 7x7 cm?2 with 10%reso
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T1 Start detector MC studies

Fiber thickness: 0.05 mm, d_iso = 20.0 cm Fiber thickness: 0.5 mm, d_iso = 20.0 cm Fiber thickness: 1.0 mm, d_iso = 20.0 cm Fiber thickness: 5.0 mm, d_iso = 20.0 cm
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=== One layer downstream
== One layer upstream
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== = Two layers downstream
== = Two layers upstream
25" —= Two layers upstream and downstream 2.5~

Spatial resolution in mm

Fiber thickness: 0.05 mm, d_iso = 35.0 cm Fiber thickness: 0.5 mm, d_iso = 35.0 cm
3.5- 3.5-

Spatial resolution in mm

Fiber thickness: 0.5 mm, d_iso = 50.0 cm Fiber thickness: 1.0 mm, d_iso = 50.0 cm Fiber thickness: 5.0 mm, d_iso = 50.0 cm
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TOF resolution
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