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Dosimetry challenges in FLASH

Dosimetry is required to:

>  Characterize beam parameters (dose, dose-per-pulse,
dose rate) to investigate the FLASH effect

>  Ensure irradiation consistency and reliability in
radiobiological experiments and clinical studies

Challenges:

>  High dose rates hamper conventional dosimeters
(e.g., ionization chambers)

>  Motivating the development of alternative dosimetry
solutions
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Dedicated
sources

Radiobiological
models

Quantitative
radiobiological
experiment
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Three plastic scintillator systems

e Scintillating fibres » all tested @CPFR

e Scintillating sheets with ElectronFlash
o accelerator

e 3D scintillating cube

Dose-Rate Linearity Limit (Gy/s)
Plastic scintillator pro and cons: 105

v/ linear response at high dose rate Chemical

v/ very fast with response of ~ ns Charge

v/ spatial resolution < mm Rl VLR Ashraf ot al. 2020,
4 tissue equivalent Frontiers in Physics

v/ cost effective

v/ reusable

v/ signal coming from scintillation and Cerenkov

X Relative dosimetry um ns

Spatial resolution Temporal resolution
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Plastic scintillating fibers

Green (530 nm, & 0.5 mm)
Blue (450 nm, @ 1 mm)
Small PSF segments coupled to optical fibers transporting

the signal to the camera readout system Optical fiber signal readout

> Point or ID measurements with detector arrays options:

> Well suited for small and highly variable fields

photodiode + oscilloscope
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Plastic scintillating fibers: some results
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E. Ciarrocchi et al., 2023, Physica Medica

E. Ravera et al., 2024, Radiation Measurements

Imaging capabilities
>  Spatial dose sampling both in depth (in solid water) and in the transverse
plane, enabling measurement of the beam profile
>  Cerenkov contribution strongly depends on the irradiated fiber length -
requires calibration
> After calibration » improved agreement with the beam profile
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Plastic scintillating sheet: two configurations

M. Morrocchi et al., 2025, Medical Physics

Grid pattern (optional)
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Linearity and Cerenkov subtraction with plastic sheet
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M. Morrocchi et al., 2025, Medical Physics

/mostly scintillation

Signal linearity at high DPP - suitable for FLASH conditions

Measurement of the Cerenkov contribution to overall signal
> exploiting spectral differences between scintillation and Cerenkov light

mostly

/ Cerenkov

v After correction » improved agreement with the reference curve
(calibrated FLASH diamond dosimeter)
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Imaging capabilities with small pattern

M. Morrocchi et al., 2025, Medical Physics
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3D dOSimetry With a plastic SCintiIIator bIOCk simulated 3D dose distribution

I 50-100%

Goal: Obtain full 3D information on the deposited dose distribution:
e Extract PDD curves o
e  Extract transverse profiles 5-10%
e Characterize complex fields and shaped beams .
e Enable single-pulse 3D reconstruction (relevant also for radioprotection in FLASH) )
Proposed Approach
9 MeV electrons
e Scintillator: EJ-200 cube (10 x 10 x 10 cm?) pealted beatn (54 ik) Imaging system

S 100x100 pixels, 1 mm? each

e Acquisition: lateral light maps through a pinhole
imaging system

e Reconstruction: tomographic algorithm to retrieve the
3D dose distribution

- MLEM to account for Poissonian nature
scintillation of photon emission

Plastic Scintillator

B v 6" Geant4
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Reconstruction with Geant4 Simulated data

Simulations allow to study:

1. Optical Photon Transport Effects
e Refraction at the scintillator-air interface » must be corrected or preferably experimentally mitigated
e Surface reflections » must be removed experimentally with absorbing medium

2. Impact of the Experimental Setup on Reconstruction 4.0
e Number of views, Number of pixels, Distance from the scintillator | Lo e rracta)
e y-index>90% (3% /3mm)with 4 L+1T = — = Reco (corrected)
e y-index>90% (1% /Tmm)with 8 L+1T 5§39
o
2251
Reconstruction conditions: E"Z-O- :
e 4longviews + 1transversal g
e 200x200 pixel camera £10f
e simulated dose of 2 mGy =
e applying refraction correction to simulated light maps 2
e removing reflection Ot & s .
100 80 60 40 20 0

Depth [mm]
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Experimental results with the scintillator block
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AV P I
Scintillator b | . . . . . . .
block / e Acquisition with both objective (higher spatial resolution)
Applicator and pinhole (simplified optical modelling)
h e Two views acquired, assuming beam symmetry
e Additional views should be added if needed, especially
: for non-symmetric fields
L=t +t,=25cm L ) . X
i c ; e Measurements with two optical filters: 457 nm and
ol Toeryare] I>515 nm to isolate the Cerenkov contribution
pinnoié i I : e et e
view e Possibility to exploit both scintillation and Cerenkov
signals for imaging, with linear response up to high DPP
Camera for
Longitudinal
view
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Experimental results with the scintillator block

Transversal view Longitudinal view

| —— Before magn. corr

—== After magn. corr 1.0

0.010 f p : T
- = Geometrical Projection

—— 457 nm
=== I>515 nm

0.8
0.008
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80001 6,006 -

lized to max

6000
100004 1

T
4000 CE, 0.004
=

2000

[ 0.002 + 0
. B £ o 5
[I) 160 260 ) 3(;0 460 560
i The black paper used to cover the rear face of the scintillator
Refraction introduces an apparent enlargement of the was not sufficiently absorbing, indicating the need for
image on the detector improved optical coupling with a more absorbing material.
v The correction restores the transversal map X Reflection at the posterior face » introduces

distortions in the PDD

> 3D reconstruction on experimental data limited by reflection effects
>  Additional tests planned with an optimized setup and a more absorbing medium on the rear face of the scintillator
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Dose verification in VHEE via radionuclide production

. . . . . . . F. Urso et al., 2026, NIMA
e Radionuclide production: VHEE interactions generate high-energy y rays that induce

photonuclear reactions in materials such as PMMA

e Signal for verification: production of positron-emitting isotopes (mainly **C and 50)
whose distribution can be measured and correlated with dose.

Experimental Procedure:

1. VHEE irradiation @ INO (laser-plasma acce, ~120 MeV): 20 min, 108 e/pulse, 0.1 Hz
2. Coincidence photon detection with BGO + PMT detectors

BGO crystals ' 17500
/ \ PMT 2 12300
V/ \\ . “ 10000

2500

0

50100 150 200 250 300

. i i Energy [MeV]
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Results: C" identification and spatial distribution
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F. Urso et al., 2026, NIMA

Photon coincidences measured with BGO detectors, allowing the
decay curve to be reconstructed.

Measured decay time: 20.9 + 0.2 min, in agreement with the
theoretical half-life of *1C (20.3 min)
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From GEANT4 simulation studies:

2D distribution and depth profile in the
PMMA cylindrical phantom (longitudinal
plane parallel to the cylinder axis)

—— dose distribution

activity profile simulate
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Conclusions

Plastic scintillator detectors for FLASH dosimetry:

v Experimental campaigns with electrons show the potential of scintillator-based detectors for beam characterization

o  Fibres - suitable for small or highly variable fields
o Sheets - enable 2D dose measurements
o  Scintillating block - potential for 3D dose distribution

Possibility to measure both the scintillation and the Cerenkov contributions

Linear response at high dose per pulse for both the signal contributions
The scintillating block combined with tomographic reconstruction represents a promising approach for real-time

NSNS

3D dosimetry (preliminary tests and simulations show encouraging results)

Dose verification with radionuclide production with a VHEE beam

Experimental campaigns at INO show the presence of an emission of C"

v
v CUidentification well done attraverso il tempo di decadimento
v correlazione del segnale con il profilo di dose with discrepancy, quindi da pensare una correzione del modello

15
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