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Most of the experiments have been conducted using low energy electron beams

Experimental evidences
Dose > 5 - 10 Gy

Dose Rate > 100 Gy/s

Dose-per-pulse > 1 Gy

Instantaneous Dose 
Rate > 106 Gy/s

Irradiation time < 100 - 200 ms

The FLASH effect

PISA

18-20 Ottobre 2023



L. Masturzo Clinical transition of FLASH radiotherapy 3/15

Clinical Transition of FLASH RT
Study of different beam parameters Comprehension of the radiobiological mechanisms

In vitro experiments In vivo experimentsDedicated research FLASH LINAC

UHDP dosimetry

Challenges mainly due to 
saturation of active 

dosimeters
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FLASH Radiotherapy With Electrons:
Issues Related to the Production,
Monitoring, and Dosimetric
Characterization of the Beam
Fabio Di Martino 1*, Patrizio Barca 1, Salvatore Barone2, Eleonora Bortoli 1,
Rita Borgheresi 1, Silvia De Stefano2, Massimo Di Francesco2, Luigi Faillace 3,
Lucia Giuliano3, Luigi Grasso2, Stefania Linsalata 1, Daniela Marfisi 1, Mauro Migliorati 3,
Matteo Pacitti 2, Luigi Palumbo3 and Giuseppe Felici 2*

1 U.O. Fisica Sanitaria, Azienda Universitaria Ospedaliera Pisana, Pisa, Italy, 2 Sordina IORT Technologies, R&D Department,

Aprilia, Italy, 3 Sapienza University of Rome, Rome, Italy

Various in vivo experimental works carried out on different animals and organs

have shown that it is possible to reduce the damage caused to healthy tissue still

preserving the therapeutic efficacy on the tumor tissue, by drastically reducing the

total time of dose delivery (<200ms). This effect, called the FLASH effect, immediately

attracted considerable attention within the radiotherapy community, due to the possibility

of widening the therapeutic window and treating effectively tumors which appear

radioresistant to conventional techniques. Despite the experimental evidence, the

radiobiological mechanisms underlying the FLASH effect and the beam parameters

contributing to its optimization are not yet known in details. In order to fully understand

the FLASH effect, it might be worthy to investigate some alternatives which can further

improve the tools adopted so far, in terms of both linac technology and dosimetric

systems. This work investigates the problems and solutions concerning the realization

of an electron accelerator dedicated to FLASH therapy and optimized for in vivo

experiments. Moreover, the work discusses the saturation problems of themost common

radiotherapy dosimeters when used in the very high dose-per-pulse FLASH conditions

and provides some preliminary experimental data on their behavior.

Keywords: radiotherapy, FLASH effect, FLASH electron linac, beam monitoring system, saturation problems

INTRODUCTION

FLASH Radiotherapy (FLASH-RT) is a radiotherapy technique which consists of administering the
entire radiation at dose-rate orders of magnitude higher than conventional ones [1].

Various in vivo preclinical experiments carried out on different animals and organs have shown a
reduction of the side effects on healthy tissues still preserving the therapeutic efficacy on the tumor
tissue, by using electron beams of 4–6MeV at a dose rate higher than 40 Gy/s, for a total irradiation
duration of <200ms. The robustness of the FLASH effect is validated by the fact that it has been
reproduced in various animal models (mice, rats, zebrafish, pigs, and cats), various organs (lung,
skin, gut, and brain), and various radiobiology research works [2–8].

These results attracted considerable attention within the radiotherapy community for their
potential clinical applications: in fact, the possibility of being able to increase the administered
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to in vitro experiments
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entire radiation at dose-rate orders of magnitude higher than conventional ones [1].
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dn
dt = − β • n(t) • nO2 →n(t) = n0e−βnO2 t (3)  

where β is the capture coefficient. 
It is worth noting that the capture process takes place only in the 

overlap zone where electrons can interact with oxygen (the “shaded” 
zone in shown in Fig. 1). 

In the following, the model for a plane parallel ionization chamber is 
described. However, it is also valid for cylindrical chambers, here 
omitted for the sake of brevity. 

If the electric field generated by ionized charge is not considered in 
the current analysis, electrons are subjected only to the action of E0, 
being E0 = V/d, V the polarizing voltage and d the distance between 
electrodes. In this case the electrons move with a drift velocity given by k 
V
d, where k is the mobility of the electrons. 

Parallel plate geometry 

Given the drift velocity, collection occurs for a time T given by: 

T = d
k V

d
= d2

kV (4)  

where d is the electrode distance and V is the voltage applied to the 
chamber. 

Such integral can be easily calculated by considering that the in-
teractions between O2 and the electrons happen until the electrons are 
entirely collected. Therefore, if electron move with v = k V

d, the total 
number of electrons is: 

ntotal =
∫ d

0
n(t)ds =

∫ T

0
n(t)vdt =

∫ T

0
n0
(
e−βnO2 t)k V

d dt

= n0kV
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Hence, the free electron fraction follows: 

p = ntotal
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βnO2 d2

(
1− e−

βnO2 d2
kV

)
= V

λp

(
1− e−

λp
V

)
(6)  

where λp = βnO2 d2

k is characteristic of the chamber used and independent 
from the applied voltage V. 

Method to evaluate p 

If the type of chamber, the point of measurement, the number of 
pulses and the beam quality are fixed, then the total charge produced 
inside the cavity of an ionization chamber is invariant respect to the 
applied voltage (neglecting the initial recombination which is however 
dose-per-pulse independent and is substantial only for heavy particles). 

From the relation between the charge collected and the one gener-
ated inside an ionization chamber: 

qgen
θ = ksatqcol

θ (7) 

And considering the general formula for ksat derived and discussed in 
the paper ([14]): 

ksat =
ln⌊p⋅

(
eαqcol

θ − 1
)

⌋
αpqcol

θ
(8) 

With: 

α = μd2

Vνch
≡ A

V (9)  

where μ is a constant that depends on the gas in the cavity chamber and 
νch is the effective volume of the chamber (see Results Section for the 
evaluation of parameter A). Therefore, qgen

θ and qcol
θ are the generated 

and collected charge in the chamber, respectively. 
From the above three relations it is easy to derive an expression of 

the collected charge (measured) in function of the applied voltage V: 

qcol
θ = V

A⋅ln

⎡

⎢⎢⎣1 + e

[
qgen

e ⋅ A
λp ⋅
(

1−e
−λp

V

)]

− 1
V
λp

⋅
(

1 − e
−λp

V

)

⎤

⎥⎥⎦ (10)  

which is the collected (measured) charge in terms of the applied voltage 

Table 1 
Advanced Markus chamber behaviour vs dose per pulse.  

v IOeRT Intermediate UHDP 

E = E0 = V0/d E = E0 = V0/d E ∕= E0 = V0/d 
p can be neglected p can’t be neglected p can’t be neglected 
δE
δx

= 0;
δE
δt

= 0 
δE
δx

= 0;
δE
δt

= 0 
δE
δx

∕= 0;
δE
δt

∕= 0  

Fig. 1. Scheme of capture process.  
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The challenge of ionisation 
chamber dosimetry in ultra-short 
pulsed high dose-rate Very High 
Energy Electron beams
M. McManus1,2 ✉, F. Romano5,1, N. D. Lee1, W. Farabolini4,6, A. Gilardi4, G. Royle2, 
H. Palmans3,1 & A. Subiel1 ✉

High dose-rate radiotherapy, known as FLASH, has been shown to increase the differential response 
between healthy and tumour tissue. Moreover, Very High Energy Electrons (VHEEs) provide more 
favourable dose distributions than conventional radiotherapy electron and photon beams. Plane-
parallel ionisation chambers are the recommended secondary standard systems for clinical reference 
dosimetry of electrons, therefore chamber response to these high energy and high dose-per-pulse 
beams must be well understood. Graphite calorimetry, the UK primary standard, has been employed 
to measure the dose delivered from a 200 MeV pulsed electron beam. This was compared to the charge 
measurements of a plane-parallel ionisation chamber to determine the absolute collection efficiency 
and infer the ion recombination factor. The dose-per-pulse measured by the calorimeter ranged 
between 0.03 Gy/pulse and 5.26 Gy/pulse, corresponding to collection efficiencies between 97% and 4%, 
respectively. Multiple recombination models currently available have been compared with experimental 
results. This work is directly applicable to the development of standard dosimetry protocols for VHEE 
radiotherapy, FLASH radiotherapy and other high dose-rate modalities. However, the use of secondary 
standard ionisation chambers for the dosimetry of high dose-per-pulse VHEEs has been shown to 
require large corrections for charge collection inefficiency.

The radiation oncology community is constantly exploring possibilities to increase the efficacy of radiotherapy 
treatments by increasing the therapeutic window between tumour control probability (TCP) and normal tissue 
complication probability (NTCP). Technological developments and innovations in radiation treatment delivery 
and patient imaging allow for more accurate tumour targeting whilst minimizing the damage to the surround-
ing healthy tissues. However, these ongoing advances generate relatively slow improvements in radiotherapy 
outcomes.

Ultra-high dose-rate irradiations, known as FLASH radiotherapy, rely on delivery of therapeutic doses at 
instantaneous dose-rates over four orders of magnitude higher than those currently used in conventional radio-
therapy. Such an extremely short delivery of radiation leads to remarkable reduction of normal tissue toxicity with 
respect to conventional dose-rate radiotherapy. These effects were reported five decades ago1–4, however trans-
lation to the clinical practice was not pursued due to lack of availability of clinically suitable radiation sources. 
The recent years have stimulated the revival of FLASH following the report from the Franco-Swiss team in the 
mouse model5, which has been continued in the subsequent investigations6–10. Moreover, 2019 has seen the first 
patient treated with FLASH radiotherapy using a 5.6 MeV electron beam11. It is worth noting that FLASH is a 
biological effect and not defined by the beam which is responsible for inducing the biological response. However, 
it is common to specify beam parameters that may cause the FLASH effect. All of the radiation response studies 
published so far indicate the robustness of the FLASH effect as it has been studied across various animal models 

1Medical Radiation Science, National Physical Laboratory, Hampton Road, Teddington, Middlesex, TW11 0LW, 
United Kingdom. 2Medical Physics and Biomedical Engineering, University College London, Gower Street, London, 
WC1E 6BT, United Kingdom. 3MedAustron, Marie Curie-Strasse 5, 2700, Wiener Neustadt, Austria. 4CERN, Geneva, 
1217, Switzerland. 5Istituto Nazionale di Fisica Nucleare, Sezione di Catania, Catania, Via S Sofia 64, I-95123, Catania, 
Italy. 6CEA-Saclay, IRFU, 91191, Gif-sur-Yvette, France. ✉e-mail: michael.mcmanus@npl.co.uk; anna.subiel@npl.
co.uk
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Plastic scintillation dosimetry and its application to radiotherapy

A.S. Beddar∗

Department of Radiation Physics, Division of Radiation Oncology, University of Texas M.D. Anderson Cancer Center, Houston, TX, USA

Abstract

We present a review of the dosimetric characteristics and properties of plastic scintillation detectors when exposed to high-energy photon
and electron beams. The detectors show many desirable qualities, including water equivalence, energy independence, reproducibility, dose
linearity, resistance to radiation damage, and near temperature independence. Therefore, these detectors do not require the usual conversion
and/or correction factors used for other commonly used detectors to convert the dosimeter reading to absorbed dose. Furthermore, due to their
small detecting volume, plastic scintillation detectors exhibit excellent spatial resolution. One issue concerning detector performance is the
radiation-induced light arising in the optical fibers that carry the scintillator output to a photomultiplier tube or photodiode. The radiation-
induced light produced in optical fibers could be a combination of Cerenkov emission, fluorescence or luminescence depending on the type
of material of the fibers utilized. For pure fused silica optical fibers, this spurious light emission is predominantly due to Cerenkov. This is
most easily resolved by subtracting the signals from two sets of optical fibers, one carrying the entire signal and the other carrying just the
Cerenkov background. Finally, we present two applications for plastic scintillation detectors in clinical radiotherapy: stereotactic radiosurgery
dosimetry and the quality assurance of 60Co and high-energy therapy beams.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Dosimetry; Scintillators; Scintillation detectors; Fiberoptic detectors; Radiotherapy detectors

1. Introduction

The ever-increasing sophistication of radiotherapy tech-
niques such as intensity-modulated radiation therapy, stereo-
tactic radiosurgery, intravascular brachytherapy, and intraoper-
ative radiation therapy drives the need for dosimeters that can
provide accurate measurements in real time with high spatial
resolution. To be widely accepted, the dosimeter must be as re-
liable as, for instance, an ionization chamber, and it should also
be easy to use. Detector systems using plastic scintillators can
provide real-time measurements of small fields and fields with
high gradients. These small-volume water-equivalent detectors
offer reproducibility, linear response, resistance to radiation
damage, and superior spatial resolution. Plastic scintillation
detectors may even be used in vivo.

Interest in the development of plastic scintillation detector
systems has been growing for more than a decade (Beddar
et al., 1992a; Beddar, 1994; Clift et al., 2000b). A scintillation

∗ Tel.: +1 713 563 2609; fax: +1 713 745 0683.
E-mail address: abeddar@mdanderson.org.

1350-4487/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.radmeas.2007.01.002

detector system is usually composed of a small to miniature
plastic scintillator, two fiber light guides, and photomultiplier
tubes (PMTs). One fiber light guide carries the scintillation sig-
nal as well as a background signal mostly due to Cerenkov
radiation, while the other carries only the background. This al-
lows subtraction of the signals and is especially important for
electron beam dosimetry. Other systems use a light pipe in-
stead of fiber light guides and/or photodiodes instead of PMTs
(Beddar, 1994; Létourneau et al., 1999; Clift et al., 2000a).
Techniques other than direct subtraction of the background sig-
nal include optical filtration (de Boer et al., 1993; Clift et al.,
2000a; Fontbonne et al., 2002) and temporal avoidance of the
Cerenkov radiation signal (Clift et al., 2002; Justus et al., 2004).

Applications using plastic scintillation detectors include
dosimetry of high-energy photon and electron beams (Beddar
et al., 1992a, b), the quality assurance (QA) of 60Co and high-
energy therapy machines (Beddar, 1994), ophthalmic plaque
dosimetry (Flühs et al., 1996), and stereotactic radiosurgery
dosimetry (Létourneau et al., 1999; Beddar et al., 2001). Plastic
scintillators have even been used for in vivo !-particle detec-
tion in the brains of small animals (Pain et al., 2000, 2002).

Scintillators

Diodes
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A new calculation method for the free electron fraction of an ionization 
chamber in the ultra-high-dose-per-pulse regimen 
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A R T I C L E  I N F O   

Keywords: 
Free electron fraction 
Ksat 
Parallel plate ionization chamber 
Ultra-high-dose-per-pulse 

A B S T R A C T   

The free electron fraction is the fraction of electrons, produced inside the cavity of an ionization chamber after 
irradiation, which does not bind to gas molecules and thereby reaches the electrode as free electrons. It is a 
fundamental quantity to describe the recombination processes of an ionization chamber, as it generates a gap of 
positive charges compared to negative ones, which certainly will not undergo recombination. 

The free electron fraction depends on the specific chamber geometry, the polarizing applied voltage and the 
gas thermodynamic properties. Therefore, it is necessary to evaluate such fraction in an accurate and easy way 
for any measurement condition. 

In this paper, a simple and direct method for evaluating the free electron fraction of ionization chambers is 
proposed. 

We first model the capture process of the electrons produced inside an ionization chamber after the beam 
pulse; then we present a method to evaluate the free electron fraction based on simple measurements of collected 
charge, by varying the applied voltage. Finally, the results obtained using an Advanced Markus chamber irra-
diated with a Flash Radiotherapy dedicated research Linac (ElectronFlash) to estimate the free electron fraction 
are presented. 

The proposed method allows the use of a conventional ionization chamber for measurements in ultra-high- 
dose-per-pulse (UHDP) conditions, up to values of dose-per-pulse at which the perturbation of the electric field 
due to the generated charge can be considered negligible.   

Introduction 

The Flash Effect [1,2], produced by ultra-high dose per pulse (UHDP) 
beams, is a radiobiological effect obtained by delivering the entire 
therapeutic dose in less than 100 ms. This phenomenon allows to 

drastically reduce the side effects on healthy tissues while maintaining 
the same therapeutic efficacy on tumour tissue, resulting in a widened 
therapeutic window. 

The Flash Effect has been experimentally verified in various research 
centres on different animal models, triggering great expectations in the 
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First Characterization of Novel Silicon Carbide Detectors with
Ultra-High Dose Rate Electron Beams for FLASH Radiotherapy
Francesco Romano 1,2, Giuliana Milluzzo 1,*, Fabio Di Martino 3,4, Maria Cristina D’Oca 1,5 , Giuseppe Felici 6 ,
Federica Galante 6, Alessia Gasparini 7,8 , Giulia Mariani 6, Maurizio Marrale 1,5 , Elisabetta Medina 9,10 ,
Matteo Pacitti 6, Enrico Sangregorio 11,12 , Verdi Vanreusel 8,13, Dirk Verellen 7,8, Anna Vignati 9,10

and Massimo Camarda 14,15

1 Istituto Nazionale di Fisica Nucleare (INFN), Sezione di Catania, 95123 Catania, Italy
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9747 AA Groningen, The Netherlands
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Presidio S. Chiara, 56126 Pisa, Italy
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6 SIT-Sordina, 36100 Vicenza, Italy
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9 Dipartimento di Fisica, Università degli Studi di Torino, 10125 Torino, Italy
10 INFN Sezione di Torino, 10124 Torino, Italy
11 Dipartimento di Fisica e Astronomia, Università degli Studi di Catania, 95124 Catania, Italy
12 CNR—Istituto per la Microelettronica e Microsistemi, 95121 Catania, Italy
13 SCK CEN Research in Dosimetric Applications, 2400 Mol, Belgium
14 STLab srl, Via Anapo 53, 95126 Catania, Italy
15 SenSiC, DeliveryLab, 5232 Villigen, Switzerland
* Correspondence: giuliana.milluzzo@ct.infn.it

Abstract: Ultra-high dose rate (UHDR) beams for FLASH radiotherapy present significant dosimetric
challenges. Although novel approaches for decreasing or correcting ion recombination in ionization
chambers are being proposed, applicability of ionimetric dosimetry to UHDR beams is still under
investigation. Solid-state sensors have been recently investigated as a valuable alternative for
real-time measurements, especially for relative dosimetry and beam monitoring. Among them,
Silicon Carbide (SiC) represents a very promising candidate, compromising between the maturity
of Silicon and the robustness of diamond. Its features allow for large area sensors and high electric
fields, required to avoid ion recombination in UHDR beams. In this study, we present simulations
and experimental measurements with the low energy UHDR electron beams accelerated with the
ElectronFLASH machine developed by the SIT Sordina company (IT). The response of a newly
developed 1 ⇥ 1 cm2 SiC sensor in charge as a function of the dose-per-pulse and its radiation
hardness up to a total delivered dose of 90 kGy, was investigated during a dedicated experimental
campaign, which is, to our knowledge, the first characterization ever done of SiC with UHDR-pulsed
beams accelerated by a dedicated ElectronFLASH LINAC. Results are encouraging and show a linear
response of the SiC detector up to 2 Gy/pulse and a variation in the charge per pulse measured for a
cumulative delivered dose of 90 kGy, within ±0.75%.

Keywords: FLASH radiotherapy; Silicon Carbide; dosimetry; beam monitoring; UHDR

1. Introduction
The natural resistance of some specific type of tumours to radiation can lead to local

progression and recurrence of the disease. Moreover, it is well known that radiotherapy

Appl. Sci. 2023, 13, 2986. https://doi.org/10.3390/app13052986 https://www.mdpi.com/journal/applsci

SIC

2022 JINST 17 P09005

P�������� �� IOP P��������� ��� S���� M�������

R�������: March 18, 2022
R������: July 13, 2022

A�������: August 3, 2022
P��������: September 5, 2022

Experimental characterization and Monte Carlo simulation

of scintillator detectors in online electron FLASH

radiotherapy dosimetry

Matteo Morrocchi,
0,1

Jake Harold Pensavalle,
0,1,⇤

Esther Ciarrocchi,
0,1

Fabio Di Martino,
1,2,3

Giuseppe Felici,
4

Federica Galante,
4

Alessia Gasparini,
5 ,6

Luigi Grasso,
4

Stefania Linsalata,
2

Maurizio Massa,
1

Andrea Moggi,
1

Matteo Pacitti,
3

Verdi Vanreusel,
5 ,6

Dirk Verellen
5 ,6

and Maria Giuseppina Bisogni
0,1,3

0Department of Physics, University of Pisa,
Largo B. Pontecorvo 3, I-57127 Pisa, Italy

1INFN, Sezione di Pisa,
Largo B. Pontecorvo 3, I-57127 Pisa, Italy

2Azienda Ospedaliero Universitaria Pisa AOUP,
ed. 18, via Roma 67, Pisa, Italy

3Centro Pisano ricerca e implementazione clinica Flash Radiotherapy (CPFR@CISUP), Presidio S. Chiara,
ed. 18 via Roma 67, Pisa, Italy

4SIT S.p.A.,
Via dell’Industria 1/A, Aprilia (LT), Italy

5 Iridium Kankernetwerk,
Oosterveldlaan 22, Antwerp, Belgium

6University of Antwerp,
Universiteitsplein 1, WilrÚk, Belgium

E-mail: jake.pensavalle@pi.infn.it

A�������: Radiotherapy (RT) is a fundamental tool in cancer treatment. Recent technological
advances improved considerably radiotherapy techniques, allowing to obtain more precise, e�ective
and most importantly safer treatments. However, RT is not without risks. Ionizing radiation also
injures healthy cells, and there is a limit to the amount of radiation an area of the body can safely
receive over the course of a lifetime. A new delivery method, called FLASH radiotherapy (FLASH-
RT) has shown very promising results in in vivo studies, where a significant increase in healthy tissue
sparing (FLASH e�ect) was observed. FLASH-RT consists in delivering the ionizing radiation
therapy at dose rates much higher than the ones used in conventional radiotherapy (CONV-RT).
Because of the novelty of this method, every aspect of FLASH-RT is under study, such as how the

⇤Corresponding author.

c� 2022 IOP Publishing Ltd and Sissa Medialab https://doi.org/10.1088/1748-0221/17/09/P09005

Scintillators

Physica Medica 102 (2022) 9–18

Available online 27 August 2022
1120-1797/© 2022 Associazione Italiana di Fisica Medica e Sanitaria. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

A new solution for UHDP and UHDR (Flash) measurements: Theory and 
conceptual design of ALLS chamber 
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A R T I C L E  I N F O   

Keywords: 
UHDP 
FLASH 
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A B S T R A C T   

Ultra-High dose-per-pulse regimens (UHDP), necessary to trigger the “FLASH” effect, still pose serious challenges 
to dosimetry. Dosimetry plays a crucial role, both to significantly improve the accuracy of the radiobiological 
experiments necessary to fully understand the mechanisms underlying the effect and its dependencies on the 
beam parameters, and to be able to translate such effect into clinical practice. The standard ionization chamber 
in UHDP region is significantly affected by the effects of the electric field generated by the enormous density of 
charges produced by the dose pulse. 

This work describes the theory and the conceptual design of a gas chamber (the ALLS chamber) which 
overcomes the above-mentioned problems.   

Introduction 

The FLASH effect [1,2] is a radiobiological effect obtained by 
delivering the entire therapeutic dose in less than 100 ms, thus allowing 
to drastically reduce the side effects for healthy tissues, still maintaining 
the same therapeutic efficacy on the tumor. This leads to a broadening of 
the therapeutic window. 

The effect has been experimentally proved by different centres and 
on different animal models, arising great expectations in the scientific 
world because of its enormous clinical potential [3,4]. However, the full 
clinical implementation of the FLASH effect raises a series of techno-
logical, dosimetric and radiobiological issues to be addressed and 
solved. Radiation beams with dose-per-pulse and dose rate at least 2–3 
orders of magnitude higher than those used in conventional radio-
therapy are mandatory to trigger the FLASH effect. The radiobiological 

mechanisms underlying the effect and its quantitative dependencies on 
beam parameters and irradiated tissue are still not fully known [5–8]. 

Until early 2021, “active” dosimeters were not available to measure 
such beams properly [6–12]. Then, two promising new devices were 
presented and tested: the ultra-thin ionization chamber, mainly studied 
and developed by F. Gomez Rodriguez et al. [10–14], and the Flash 
diamond, developed by M. Marinelli and G. Verona Rinati et al. [15,16]. 

In this work a new theoretical approach to Ultra High Dose per Pulse 
(UHDP) and Ultra High Dose Rate (UHDR) measurements by means of a 
gas chamber is considered and discussed. In general, the analytical 
description of ion collection under such conditions is not feasible 
[13,14,17]. However, the general equation can be simplified by 
choosing some parameters properly so that an analytical description can 
be derived even in UHDP/UHDR conditions. Thanks to the above- 
mentioned tools, a new gas chamber model, called ALLS, has been 

Abbreviations: UHDP, Ultra High Dose per Pulse. 
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Aim: to explore and quantify the biological effects of different beam parameters one by one

- Irradiations at the build-up region (13 mm solid 
water, EF in vertical position)


- Flat dose distribution + corrective factors from 
GAF and simulations


- Dosimetric check (before, simultaneous, after 
irradiation) using FD and MU


- First FLASH, later CONV (same dose requested)

In vitro experiments
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Dosimetric (standardized) setup
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In vitro experiments

PISA

18-20 Ottobre 2023

Nominal 
dose [Gy]

Delivered 
Dose [Gy] DR [Gy/s] Delivered 

Dose [Gy] DR [Gy/min] Difference

3 3.09 241 3.09 5 0.09%

6 6.15 241 6.14 5 0.11%

9 9.31 241 9.31 5 0.08%

12 12.32 241 12.30 5 0.16%

FLASH CONV

In vitro experiments
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Additional variables respect to the in vitro counterpart

• Dose distribution no longer flat (target with 
different densities)


• Not interested in punctual dose


• Need of an accurate and reproducible 
positioning system (+ imaging system)


• Need of a Treatment Planning System 
(planning + dose quantification)

In vivo experiments
essential for preclinical translation

PISA

18-20 Ottobre 2023

In vivo experiments
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Dose- and Volume-Limiting Late Toxicity of FLASH
Radiotherapy in Cats with Squamous Cell Carcinoma of
the Nasal Planum and in Mini Pigs
Carla Rohrer Bley1, Friederike Wolf1, Patrik Gonçalves Jorge2,3,4, Veljko Grilj2,3,4, Ioannis Petridis2,3,
Benoit Petit2,3, Till T. B€ohlen4, Raphael Moeckli4, Charles Limoli5, Jean Bourhis2, Valeria Meier1, and
Marie-Catherine Vozenin2,3

ABSTRACT
◥

Purpose: The FLASH effect is characterized by normal tissue
sparing without compromising tumor control. Although demon-
strated in various preclinical models, safe translation of FLASH-
radiotherapy stands to benefit from larger vertebrate animalmodels.
Based on prior results, we designed a randomized phase III trial to
investigate the FLASH effect in cat patients with spontaneous
tumors. In parallel, the sparing capacity of FLASH-radiotherapy
was studied on mini pigs by using large field irradiation.

Experimental Design: Cats with T1-T2, N0 carcinomas of the
nasal planum were randomly assigned to two arms of electron
irradiation: arm 1 was the standard of care (SoC) and used 10! 4.8
Gy (90% isodose); arm2used 1! 30Gy (90% isodose) FLASH.Mini
pigs were irradiated using applicators of increasing size and a single
surface dose of 31 Gy FLASH.

Results: In cats, acute side effects were mild and similar in
both arms. The trial was prematurely interrupted due to maxillary
bone necrosis, which occurred 9 to 15 months after radiotherapy
in 3 of 7 cats treated with FLASH-radiotherapy (43%), as com-
pared with 0 of 9 cats treated with SoC. All cats were tumor-free at
1 year in both arms, with one cat progressing later in each arm. In
pigs, no acute toxicity was recorded, but severe late skin necrosis
occurred in a volume-dependent manner (7–9 months), which
later resolved.

Conclusions: The reported outcomes point to the caveats of
translating single-high-dose FLASH-radiotherapy and emphasizes
the need for caution and further investigations.

See related commentary by Maity and Koumenis, p. 3636

Introduction
In recent years, the ultra-high dose rate delivery of radiotherapy

FLASH-radiotherapy has emerged as one of the most promising
advancements in the field of radiation oncology. FLASH-
radiotherapy was shown to simultaneously delay tumor growth
while preventing normal tissue complications (1, 2, 3).

Supported by radiobiological studies, FLASH-radiotherapy is a
potentially paradigm-shifting method for delivering doses within a
short irradiation time (tenths of a second) at an ultra-high intrapulse
dose rate ("106 Gy/s). FLASH-radiotherapy has been shown to
preserve normal tissue in various species (mice, pig, cat, zebrafish)
and various organs (brain, lung, gut, skin, hematopoietic system;
refs. 1, 2, 4–6) while maintaining antitumor efficacy equivalent to
conventional radiotherapy at isodoses (1–3, 5, 7, 8). These “in vivo

observations” have been termed the “FLASH effect” with postulated
mechanisms of action related to redox metabolism, vascular and
inflammatory responses (3). Recently, radiation oncology depart-
ments worldwide have started implementing this technology at mul-
tiple levels geared toward early phase clinical trials in humans. To
this end, a feasibility study with one patient has been published (9)
recently followed by a negative report (10). In the same patient with
a cutaneous lymphoma, no difference in terms of side effects and
tumor response when a single dose of 15 Gy when delivered at 166
Gy/s versus conventional (0.08 Gy/s) dose rate. In addition, a phase
I study treating bone metastases in cancer patients with protons
started in 2020 in the United States (FAST-01 trial, NCT04592887),
and a phase I study on refractory metastatic melanoma (IMPULSE
trial) has been started with a 9 MeV electron beam at the CHUV in
2021. Feasibility and safety in treating dog-patients with cancer with
modified FLASH clinical linear accelerator (11) and proton-FLASH
has also been presented (8).

Prior to the safe transfer of these findings into the clinic, certain
caveats and limitations remain to be addressed. These limitations
include an overreliance on mouse models, the short follow-up times
reported for toxicity, use of single high doses (>10 Gy), and small
volumes of irradiation (in the range of 1 cm3). Furthermore, the
primary endpoint of FAST-01 clinical trial is currently focused on
workflow feasibility of a palliative dose for bone metastasis. Such
endpoint however is not designed to evaluate tumor cure efficacy or
long-term toxicity. In the second ongoing clinical trial (IMPULSE),
curative antitumor dose escalation is tested, but long-term toxicity will
likely not be available, given the general palliative context of the
patients. Therefore, very little is known on long-term toxicities, and
our current knowledge may well underestimate possible adverse
clinical outcomes known to be dependent on total dose and target
volumes (12). To address the foregoing, the present study was initiated
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i. Patient number is small, and the randomized controlled trial had
to be preliminary terminated due to inacceptable side effects. Yet,
we deem our findings of relevance as the long follow-up period
managed to show a strong difference in late toxicity between the
protocols, after comparably mild acute side effects.

ii. Radiation regimen (fractionation) was different in the FLASH-
radiotherapy and SoC arms as the FLASH-protocol was based on
our previous dose escalation study and not on biological effec-
tiveness calculation. Nevertheless, the 30-Gy FLASH resulted
in very high local control, indicating that FLASH does not result
in a protective effect on cancer cells, a theoretical concern
voiced before. So far conventional fractionation experiments at
ultra-high dose rate have never been performed and are today a
priority for the clinical translation of FLASH-radiotherapy. If
conventional fractionation is FLASH-compatible, step-by-step
fraction escalation starting from the SoC would be the safest
way to validate FLASH benefit in human patients. If conven-
tional fractionation is not possible, other protocols should be
investigated with hypofractioned regimen or hybrid protocols
(delivering FLASH-radiotherapy as a boost).

iii. Pig skin experiments were also small, but they show a clear
dependence of late toxicity on the volume irradiated. Note that
the resolution occurred by a classical wound contraction process
and reepithelialization growing from the margins. The magnitude
of the FLASH sparing effect could therefore be less when larger
irradiation fields are used.

In conclusion, our study is the first to shed light on certain caveats in
the path toward clinical translation of FLASH-radiotherapy and shows
that implementation of single-high-dose and large field irradiations
will present challenges for minimizing long-term toxicities even with
FLASH dose rates. We believe that clinical trials with domestic
animal patients (cats and dogs) are safe and quick way to investigate
FLASH-radiotherapy benefit and avoid possible failure in human
clinical trial. At the technological level, implementation of state-of-
the art ballistics, imaging and treatment plan should be coupled
with FLASH capabilities and systematic characterization of the
beam parameters will be required to unravel the full potential
of FLASH-radiotherapy, which remains a significant hurdle with
existing technology.
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• Patient: mouse (3x7x2 cm3)


• Handmade polystyrene housing


• GAF positioned above and under the 
mouse for dose quantification


• 100 mm diameter applicator + 
Tecapeek shaper for emifields


• Results: it was not possible to 
determine the delivered dose to the 
targeted organs and perform a 
proper positioning of the mouse

In vivo experiments - first experiments @ CPFR

PISA

18-20 Ottobre 2023

In vivo experiments
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Aim: optimize spatial distribution of the 
beam

In vivo experiments - ongoing experiments @ CPFR

Applicator of 40 and 50 mm diameter 
(suits well for mouse irradiations)

Solution: beam shaper

• 2+2 coupled leafs

• Made of W (3 mm thick)

PISA

18-20 Ottobre 2023

In vivo experiments

W
Z = 74

 =19.3 g/cm3ρ
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• First version: very simple and easy to 
fabricate (all 3D printed)


• Designed for EF irradiation position 
(oblique)


• Modular (6 pieces)

• 4 degrees of freedom

• Low Z materials (minimise 

backscatter)

• GAF placements for dose verification 

In vivo experiments - ongoing experiments @ CPFR

PISA

18-20 Ottobre 2023

Positioning system

60°

In vivo experiments
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In vivo experiments - ongoing experiments @ CPFR

PISA

18-20 Ottobre 2023

Positioning system

• First version: very simple and easy to 
fabricate (all 3D printed)


• Designed for EF irradiation position 
(oblique)


• Modular (6 pieces)

• 4 degrees of freedom

• Low Z materials (minimise 

backscatter)

• GAF placements for dose verification 

A

B

C

In vivo experiments
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In vivo experiments - ongoing experiments @ CPFR

PISA

18-20 Ottobre 2023

Perpendicular to 


beam axis

X

Y

Z

X’

Positioning system

• First version: very simple and easy to 
fabricate (all 3D printed)


• Designed for EF irradiation position 
(oblique)


• Modular (6 pieces)

• 4 degrees of freedom

• Low Z materials (minimise 

backscatter)

• GAF placements for dose verification 

D

In vivo experiments



In vivo experiments - ongoing experiments @ CPFR

PISA
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X-ray source
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Robotic arm

Movements used in simulation Transparent slab for positioning + laser MicroCT imaging
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In vivo experiments - ongoing experiments @ CPFR

PISA

18-20 Ottobre 2023

Dose - shaper Dose - open field
N

or
m

al
is

ed
 d

os
e

CT image

CT image

Dose - shaper Dose - open field

Normalised dose

In vivo experiments
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In vivo experiments - ongoing experiments @ CPFR

PISA

18-20 Ottobre 2023

In vivo experiments
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PISA

18-20 Ottobre 2023

PAST / PRESENT FUTURE

In vitro experiments
quantitative evaluation on 

the optimization of the 
beam parameters

In vivo experiments
quantitative radiobiological 

evaluations taking into account 
metabolic aspects

DREAM

LIAC FLASH
First clinical application 

of FLASH RT

3.D. Pediatric brain

For the pediatric brain case, the conformity (CI100)
was 1.02, 1.17, 1.05, and 1.04 for the VMAT, PPBS,

100 MeV VHEE, and 200 MeV VHEE plans, respec-
tively (Fig. 5). The mean integral dose for the VHEE
plans was similar as for the VMAT plan and 17–26%
higher compared to the PPBS plan. For the brain, brain

(a) (b)

(c)

(e) (f)

(g)

(d)

FIG. 3. Treatment plan comparison, Prostate. Treatment planning comparison between VMAT, PPBS, 100 MeV VHEE, and 200 MeV VHEE plans. (a–d)
Transversal images through PTV for the different modalities, (e) mean doses to the bladder, femurs, rectum, and urethra, (f) dose volume histogram for the PTV
and rectum together with V70 values for the rectum, and (g) mean integral body dose, conformity index, and homogeneity for the different modalities. [Color
figure can be viewed at wileyonlinelibrary.com]

Medical Physics, 44 (6), June 2017

2549 Sch€uler et al.: VHEE in radiation therapy 2549

3.D. Pediatric brain

For the pediatric brain case, the conformity (CI100)
was 1.02, 1.17, 1.05, and 1.04 for the VMAT, PPBS,

100 MeV VHEE, and 200 MeV VHEE plans, respec-
tively (Fig. 5). The mean integral dose for the VHEE
plans was similar as for the VMAT plan and 17–26%
higher compared to the PPBS plan. For the brain, brain

(a) (b)

(c)

(e) (f)

(g)

(d)

FIG. 3. Treatment plan comparison, Prostate. Treatment planning comparison between VMAT, PPBS, 100 MeV VHEE, and 200 MeV VHEE plans. (a–d)
Transversal images through PTV for the different modalities, (e) mean doses to the bladder, femurs, rectum, and urethra, (f) dose volume histogram for the PTV
and rectum together with V70 values for the rectum, and (g) mean integral body dose, conformity index, and homogeneity for the different modalities. [Color
figure can be viewed at wileyonlinelibrary.com]

Medical Physics, 44 (6), June 2017

2549 Sch€uler et al.: VHEE in radiation therapy 2549

Very High Energy 
Electrons VHEE

Implementation of 
FLASH RT in the 

radiotherapy routine

Conclusions


