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A B S T R A C T

The use of ultra-high dose rate (UHDR) beams for radiotherapy treatments is currently of great interest, as 
multiple experimental findings show that they may elicit the so-called FLASH effect, an increased sparing of 
normal tissues while maintaining unaltered tumour control. Dosimetry and beam monitoring in FLASH radio
therapy require a paradigm shift in both instrumentation and methodology compared to conventional radio
therapy, given the specific characteristics of UHDR beams. In this scenario, scintillation detectors have emerged 
as a valid dosimetric tool, and tens of studies have been published in the past few years. In this review paper, we 
first recall the general properties of scintillators (e.g., scintillator types, available detector geometries, readout 
systems, and experimental configurations) and discuss the challenges that arise in the context of scintillation 
dosimetry, with specific reference to FLASH radiotherapy (e.g., linearity and radiation damage). We then provide 
a comprehensive overview of the current state of research and development in FLASH scintillation dosimetry, 
focusing on its most critical aspects. The manuscript concludes with a short comparison to other available 
technologies and a discussion of the key findings to date and future perspectives.

1. Introduction

In recent years, external beam radiotherapy has witnessed a growing 
interest in an emerging paradigm known as the FLASH effect. This is a 
radiobiological phenomenon whereby the administration of radiation at 
ultra-high dose rates (UHDR, >40 Gy/s for electrons, and presumably 
even higher for protons) results in a differential response between 
normal and tumour tissues (Favaudon et al., 2014).

Preclinical studies have demonstrated that delivering therapeutic 
doses within an ultra-short time window, typically under 100–200 ms, 
can significantly reduce damage to normal tissues while maintaining 
unaltered tumour control, thus broadening the therapeutic window of 
radiation therapy. This effect has been observed across a range of organ 
systems and animal models, but the biological mechanisms underpin
ning the FLASH effect remain elusive (Gao et al., 2022; Ma et al., 2024; 
Rosini et al., 2025).

Recent literature indicates that the UHDR beam parameters (e.g., 
total delivered dose, overall treatment time, gaps between pulses, etc.) 

may affect the induction and magnitude of the FLASH effect (Liu et al., 
2024a). Consequently, a standardized, quantitative characterization of 
the beam parameters and their biological correlations is imperative for 
the safe and effective clinical translation of FLASH radiotherapy (FLASH 
RT), and this path is fraught with challenges (Romano et al., 2022).

Complete and accurate dosimetric descriptions in radiobiological 
experiments are often scarce, making reproducibility and retrospective 
analysis difficult. At the same time, substantial advancements in accel
erator and beam delivery technologies are needed to produce UHDR 
beams with precise temporal and spatial control, and much effort has 
been dedicated to these developments (Butler et al., 2025; Esplen et al., 
2020; Farr et al., 2022; Romano et al., 2022).

In this scenario, accurate dosimetry and effective UHDR beam 
monitoring strategies are crucial, and require a paradigm shift in 
instrumentation and methodology compared to conventional radio
therapy (CONV RT), given the significant differences in the physical and 
dosimetric characteristics of their radiation beams. In a single CONV RT 
treatment fraction, the mean dose rate is generally equal to 
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approximately 0.1 Gy per second, the dose per pulse (DPP) is of the order 
of a few tenths of mGy, and the treatments often last a few or several 
minutes to deliver the prescribed dose fraction. In contrast, FLASH RT 
delivers ultra-high dose rates exceeding a mean value of at least 40 Gy/s, 
often reaching instantaneous dose rates (IDR) above 106 Gy/s. Ultra 
high doses per pulse (UHDP), commonly above 1 Gy, are delivered in 
each radiation pulse (lasting from nanoseconds to microseconds 
depending on the accelerator). Therefore, therapeutic doses can be 
delivered in a single or a few pulses over milliseconds, drastically 
reducing treatment time (Ashraf et al., 2020).

Conventional dosimeters, such as ionization chambers, long consid
ered the gold standard in CONV RT dosimetry, encounter significant 
limitations when exposed to UHDR beams due to ion recombination and 
saturation effects (Di Martino et al., 2005), and this has stimulated new 
chamber designs and construction strategies suitable for FLASH 
dosimetry (Di Martino et al., 2022; Gómez et al., 2022). In parallel, 
novel solid-state detectors and dosimeters are being studied and devel
oped to provide information not only on the total dose delivered during 
the treatment fraction, but also to measure, in real-time, the various 
parameters related to the beam time-structure, such as the DPP and IDR, 
that could play an important role in triggering the FLASH effect (Liu 
et al., 2024a).

Among the main studied solutions, it is worth mentioning those 
based on silicon and silicon carbide-based detectors (Large et al., 2024; 
Medina et al., 2024; Milluzzo et al., 2024; Oancea et al., 2025; Romano 
et al., 2023), as well as, of course, the diamond detector (Marinelli et al., 
2022, 2023). Here, scintillation-based detectors are considered as they 
may also play a significant role in FLASH dosimetry. The broad class of 
luminescence-based detectors, of which scintillators are a subgroup, 
offers, in principle, superior performance in terms of spatial and time 
resolution, as well as in dose-rate linearity, compared to other types of 
detectors such as charge-based detectors and chemical dosimeters 
(Fig. 1, Ashraf et al. (2020)).

Furthermore, scintillating materials with high levels of radiological 
water equivalence are available, ensuring satisfactory energy indepen
dence of their dose-response. Lastly, scintillator-based detectors can 
enable not only point dose measurements but also the evaluation of two- 
dimensional (2D) and three-dimensional (3D) dose distributions 
through imaging approaches (Beddar and Beaulieu, 2016). Doing this 
over relatively large radiation fields, while minimizing the workload of 
accelerators and thus avoiding repeated measurements via point 
dosimeter scans, is a much stricter requirement in FLASH RT compared 
to CONV RT, especially in terms of radioprotection aspects.

Considering all these interesting features, it is therefore not 

surprising that research into the development and characterization of 
scintillator-based detectors for use in FLASH RT is very active, with 
numerous scientific papers published in recent years, exploring different 
types of scintillating materials, in different geometries, and using UHDR 
beams of different qualities. Therefore, we think that a comprehensive 
review of scintillation-based dosimeters in this field is both timely and 
necessary.

This review aims to summarize the current state of the art in the 
development, characterization, and optimization of scintillation de
tectors specifically designed or adapted for UHDR applications. Section 
2 is a summary of the general properties of scintillators, including ref
erences to the different classes of materials and suitable photodetectors. 
This section also describes the main geometries that can be adopted for 
various dosimetric applications, and discusses the challenges that arise 
in the context of scintillation dosimetry, with specific reference to 
FLASH RT. The following Section 3 reviews the recent studies on the use 
of scintillators in FLASH dosimetry and UHDR beam monitoring, 
focusing on the critical aspects that have been highlighted in Section 2. 
From this analysis, a discussion of the performance of the scintillators 
investigated to date, in comparison to that of other systems under study 
and development for FLASH RT, is finally provided. Through this, we 
hope to provide a roadmap for researchers working toward the clinical 
adoption of FLASH RT, offering insights into one of the most promising 
technologies and identifying key areas where further investigation is 
needed.

2. General properties of scintillation dosimeters

This section provides a brief overview of the physical properties of 
scintillating materials and how they can affect their use in dosimeters, 
especially for UHDR beams. Further insights into the general aspects of 
scintillators mentioned in this section can be found in various texts, such 
as Hamel (2021), Lecoq et al. (2017) and Knoll (2010). For more specific 
details regarding applications in the field of dosimetry, readers are 
referred to other recent reviews, such as Darafsheh et al. (2024) and 
Veronese et al. (2024), as well as the book by Beddar and Beaulieu 
(2016).

2.1. Scintillator types

Scintillator-based detectors can employ organic or inorganic com
pounds, or even a suitable combination of both. Organic scintillators are 
typically liquid or plastic, and their scintillation properties are inde
pendent of their physical state. They are usually binary or tertiary sys
tems, meaning that the energy absorbed by the matrix is transferred to 
the organic scintillating molecule, and the de-excitation light of this 
molecule is detected directly (binary), or after it has been wavelength- 
shifted to longer wavelengths (tertiary), typically to better match the 
spectral sensitivity of the photodetector or to minimize the bulk self- 
absorption. Plastic scintillators are among the most commonly used 
for dosimetry, and they are obtained by dissolving an organic fluor in a 
solvent that is then polymerized (Hamel, 2021; Beaulieu and Beddar, 
2016).

Inorganic scintillators utilize wide-band-gap materials to convert the 
energy of ionizing radiation into ultraviolet, visible, or infrared photons. 
For these materials, scintillation is a relatively complex process, typi
cally divided into three consecutive stages: conversion, transport, and 
luminescence. During the initial conversion stage, ionizing radiation 
interacts with the lattice of the scintillator material through a multi-step 
process. This interaction generates many electron–hole pairs, which 
become thermalized in the conduction and valence bands, respectively. 
In the transport stage, these charge carriers migrate through the mate
rial. Delays in migration may occur due to the trapping and recapture of 
charge carriers at defect or impurity levels within the band gap. The 
final stage, luminescence, involves the radiative recombination of 
electrons and holes at luminescence centres (Lecoq et al., 2017; Nikl, 

Fig. 1. Spider plot comparing luminescent, chemical, and charge-based do
simeters in terms of dose-rate linearity, spatial and temporal resolution 
(adapted from Ashraf et al. (2020), licensed under CC BY).
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2006). Inorganic scintillators are widely studied and employed due to 
their high density and effective atomic number, as well as high light 
yield. They are available in various forms, including bulk single crystals, 
optical ceramics, glasses, thin films, and nanoscale materials, to suit 
different application scenarios (Anand et al., 2024; Dujardin et al., 2018, 
2025; Zhu et al., 2022).

Both classes of scintillators have advantages and disadvantages in 
the detection of ionizing radiation. Inorganic crystals offer high stopping 
power, and doping bulk crystals with luminescent impurities can ach
ieve high light yields, albeit with relatively slow scintillation decay 
times. Moreover, the growth of high-quality inorganic crystals is tech
nically demanding and costly, making large-scale detector fabrication 
expensive. In contrast, organic scintillators are easier to produce and 
commercially available in various geometries (as discussed in Section 
2.2). They typically exhibit faster response times (decay times on the 
order of a few nanoseconds) but provide a lower light yield and are more 
easily damaged by radiation.

The scintillation properties of a material also influence its dosimetric 
performance. The light yield, for example, determines the detector 
sensitivity, and, in applications with high fluxes of ionizing radiation, 
such as external beam dosimetry, the scintillation output is generally 
sufficient to be easily detected by conventional photodetectors. This is 
especially true in the case of UHDR irradiations. In contrast, radiation 
hardness becomes a critical issue during UHDR irradiations, as changes 
in the luminescence properties of scintillating materials (or of optical 
fibres in point scintillation detectors) can lead to instability in the 
dosimeter response, potentially requiring frequent recalibration. The 
timing characteristics of the scintillation material are generally not 
critical when the dosimetric quantity of interest is the absorbed dose (for 
point detectors) or its spatial distribution (for 2D and 3D detectors). This 
applies in most CONV RT applications, such as small field or reference 
dosimetry, because the irradiation spans several seconds, which is 
significantly longer than the decay times of most scintillators, and the 
time-integrated scintillation signal over the irradiation time is used to 
retrieve the dose. However, in FLASH RT, the demand for inter-pulse or 
even intra-pulse dose measurements makes a fast scintillation response 
an added value.

Recently, there has been growing interest also in hybrid scintillation 
materials that combine the advantages of both organic and inorganic 
compounds, including nanocomposite scintillators. These materials are 
typically composed of plastic matrices doped or coated with scintillating 
nanocrystals or nanoparticles (Anand et al., 2024), thus combining the 
high atomic number and radiation hardness of inorganic crystals with 
the mechanical flexibility and cost-effective fabrication of plastic scin
tillators. Therefore, they could be particularly useful in applications 
requiring fast and efficient detection of ionizing radiation (Shevelev 
et al., 2022), including UHDR dosimetry (Vanreusel et al., 2022).

2.2. Detector geometries and experimental configurations

One of the advantages of scintillators, especially organic ones, is the 
fact that their geometry, size, and shape can be easily tuned to match the 
needs of a given application. This can be done on a wide range, from sub- 
millimetric fibres to large areas and volumes, allowing to span from 
high-resolution or small field dosimetry to three-dimensional measure
ments on volumes of tens of cm side. Films as thin as 10 μm can be 
obtained, at least with plastic scintillators, and small volumes can also 
be 3D printed (Kapłon et al., 2022), producing various cross-sections. 
The material where the scintillator is dissolved depends on the final 
geometry. Plastic scintillating fibres typically feature a polystyrene (PS) 
core with refractive index n = 1.59, and a thin protective poly
methylmethacrylate (PMMA) cladding, with n = 1.42–1.49, smaller 
than that of the core to guide the light along the fibre via total internal 
reflection. Larger plastic scintillators are typically based on a poly
vinyltoluene (PVT) matrix (n = 1.58). Scintillating fibres are usually 
coupled to plastic or silica glass optical fibres to serve as light guides to 

the photodetectors, while larger scintillators are mostly imaged directly.
Historically, fibre-coupled plastic scintillation detectors (PSDs) have 

probably been the most investigated and developed for dosimetry, with 
studies comparing the performance of various scintillators, and a few 
prototypes currently commercially available, such as the Exradin W2 
(Standard Imaging, USA), the Hyperscint (Medscint, Canada), or the 
Blue Physics (BluePhysics, USA) dosimeters. When PSDs are used for 
remote dosimetry, optical attenuation becomes relevant only over 
kilometric lengths, while optical coupling losses are always critical for 
fibre detectors (Ayotte et al., 2006).

A summary of the most common experimental configurations in 
which scintillation detectors have been tested as FLASH dosimeters is 
summarized in Fig. 2. Point detectors coupled to optical fibres are 
usually placed in a thin plastic support used for positioning, centering, 
and to avoid air gaps (Fig. 2a). They can be irradiated behind layers of 
water-equivalent plastic or immersed in liquid water. Bidimensional 
dose mapping can be done in at least three configurations, as shown in 
Fig. 2b–d. If the 2D transversal dose map is needed, a 45◦-degree mirror 
can be placed after the scintillator to redirect the light to an off-axis 
camera (Fig. 2b). If the longitudinal dose profile is of interest, e.g., to 
verify the position of the Bragg peak in a proton beam or to map how the 
dose decreases with the electron beam penetration, the scintillator 
screen can be rotated by 90◦, so that the longest dimension is on the 
beam axis, and the scintillation light is imaged laterally (Fig. 2c). 
Alternatively, the camera can be placed at a certain angle with respect to 
the beam, to face the first scintillator face that is hit by the beam, and the 
transversal dose map can be reconstructed after correcting for the 
geometrical distortions in the image (Fig. 2d). This third 2D configura
tion seems particularly interesting for clinical use, as the scintillator can 
potentially be placed on the patient body to verify the entrance dose, 
provided that the distortions introduced by the curvature of the patient 
surface are properly compensated for. Finally, the full 3D dose distri
bution can be recovered with a series of projections, by imaging a 
scintillator block with multiple cameras (Fig. 2e), and using dedicated 
reconstruction algorithms to combine them.

2.3. Readout systems

This subsection reports the various readout chains that can be used in 
conjunction with scintillators. Even though there are no significant 
differences in the technologies used in FLASH RT vs CONV RT, it is 
important to point out that, with UHDR beams, time resolution and 
saturation of the electronics, which are irrelevant at conventional doses 
and dose rates, may become limiting factors, as will be discussed later in 
the dedicated Subsection 3.2.

Depending on the intended use, different types of photodetectors can 
be used to collect the scintillation light. For single-fibre readout, or if 
time information is relevant, e.g., to monitor the beam pulse time 
structure, analog detectors such as photomultiplier tubes (PMTs), pho
todiodes (PDs), avalanche photodiodes (APDs), or silicon photo
multipliers (SiPMs) can be chosen.

PMTs and SiPMs have a fast time response and high gain, allowing to 
detect weak signals. However, they can suffer from a non-linear 
response with high photon fluxes, making them suboptimal for ultra- 
high dose rates. PDs may represent the standard solution for high in
tensity light levels, when no intrinsic signal amplification is necessary. 
At high rates, also saturation of the readout electronics (e.g., digitizer or 
electrometer) may need to be taken into account in the detector design.

When imaging is required, digital scientific charge-coupled-device 
(CCD) or complementary-metal-oxide-semiconductor (CMOS) cameras 
can be used. Scientific cameras offer the largest dynamic range, can 
readout multiple fibres and image large areas, but are relatively slow 
integrating devices, hence are not always able to monitor dynamic sig
nals at the level of the single dose pulse or below. Cameras or CCD linear 
sensors can also be coupled to spectrographs to measure the spectrum of 
the collected light via fibre-optic systems.
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2.4. Challenges and requirements of scintillators for UHDR dosimetry

In order to be suitable for dosimetry, scintillators should provide as 
many as possible of the following features: stability, reproducibility, 
linearity with the dose and the dose rate, radiation hardness, high spatial 
resolution, temperature independence, water equivalence or quantifi
able correction factors, apart from being precise and accurate. Correctly 
evaluating the spurious luminescence (e.g., Cerenkov radiation) is also 
important, especially when this contribution is a non-negligible fraction 
of the collected light. Moreover, any quenching of the scintillator 
emission occurring with particles with high ionization density (i.e., 
protons or carbon ions) should be properly compensated for, e.g., with 
Birks’ law (Birks, 1951). Of these features, linearity and radiation 
hardness become of paramount importance for UHDR applications, 
when high doses and dose rates need to be measured. For beam moni
toring, transparency to the beam and real-time feedback are also 
mandatory. This section provides a brief overview of the key aspects to 
consider when selecting a scintillation detector for UHDR dosimetry or 
beam monitoring.

2.4.1. Linearity
The first and foremost desired characteristic of a FLASH dosimeter is 

a linear response at different dose and dose rate values, which implies 
that accurate dosimetry can be performed without the need for correc
tion factors. For UHDR electrons, the most common particles used so far 
in FLASH RT studies, the relevant parameters and typical values are the 
following (Farr et al., 2022): 

- average dose rate (ADR), given by the total dose in the experiment (e. 
g., 10 Gy) divided by the total irradiation time (e.g., 100 ms)

- dose per pulse (DPP), i.e., the dose in a single beam pulse (e.g., 1 Gy/ 
pulse)

- instantaneous dose rate (IDR), that is the dose per pulse divided by 
the pulse width (PW), typically a few μs, thus giving IDR > 106 Gy/s

Ideally, a detector should have a linear response on a broad dynamic 
range, to be used in both the conventional and UHDR regimes, and it 
should thus be functioning at DPP values even below 1 mGy/pulse and 
up to a few Gy/pulse, and be able to sustain IDRs spanning from tens of 

Gy/s to a few MGy/s. For proton and carbon ion beams, the definition of 
dose rate is less trivial than for electrons, as a certain point in the treated 
volume accumulates dose consecutively from the beams of different 
energies that compose the spread-out Bragg peak, unless specific mod
ulators are used. Moreover, in pencil beam scanning (PBS) irradiations, 
the cumulative dose at that point is due to different adjacent pencil 
beams, consecutively passing near it. Hence, several definitions of dose 
rate have been formulated and are still being investigated (Diffenderfer 
et al., 2022; Farr et al., 2022; Folkerts et al., 2020).

2.4.2. Time and spatial performance
An innovative requirement in dosimetry for FLASH RT, unnecessary 

in CONV RT, is the ability of a dosimeter to resolve the temporal 
structure of the beam, as it may contribute to triggering the FLASH ef
fect. This includes distinguishing the dose delivered by individual ra
diation pulses, or even monitoring the dose rate within a single pulse (i. 
e., the IDR). To achieve this, a fast scintillator is required, with decay 
times much shorter than the interval between consecutive pulses, or 
even shorter than the pulse duration itself.

Most radiotherapy sources currently under development for FLASH 
RT are pulsed, with variable repetition rates. In most linear electron 
FLASH accelerators, beam pulses last on the order of 1–10 μs (typically 
3–5 μs) and are delivered every few milliseconds, i.e., with a pulse 
repetition frequency (PRF) in the range of 100–1000 Hz, typically 
200–400 Hz. For cyclotron-based protons, the beam can be considered 
quasi-continuous, consisting of nanosecond pulses spaced by tens of 
nanoseconds, corresponding to PRFs on the order of tens to hundreds of 
MHz (Ashraf et al., 2020; Romano et al., 2022). Protons and carbon ions 
generated in synchrotron facilities are also delivered in pulses. However, 
their slow spill extraction, typically lasting up to 100–200 ms (Weber 
et al., 2022), makes it difficult to reach the ultra-high dose rates required 
for FLASH RT. As a result, only a limited number of studies have been 
conducted so far (Tashiro et al., 2022; Tinganelli et al., 2022a, 2022b), 
and none of them have employed scintillation dosimeters. Finally, 
laser-driven beams are characterized by a distinct temporal structure, 
with sub-nanosecond pulses achieved either in single-shot irradiations 
or at PRFs of 1–10 Hz (Romano et al., 2022).

In CONV RT, the most used radiation are X-rays with energies of a 
few MeV and produced via bremsstrahlung using linear electron 

Fig. 2. Configurations for tests of point scintillation detectors (a), 2D detectors (b–d), and 3D detectors (e).

E. Ciarrocchi and I. Veronese                                                                                                                                                                                                                Radiation Measurements 193 (2026) 107625 

4 



accelerators. Achieving UHDR photon beams is highly challenging due 
to the intrinsically low efficiency of the bremsstrahlung process and the 
need for high electron currents (Farr et al., 2022; Vozenin et al., 2024). 
Two other approaches currently being tested in preclinical FLASH RT 
studies involve using (i) X-rays with energies on the order of a few tens 
of keV, generated by suitably modified X-ray tubes, and (ii) photons 
produced as synchrotron radiation (Tao et al., 2025). The temporal 
characteristics of these photon beams are highly variable, and they 
depend on the specific features of the machine or facility that generated 
them. In the literature, there are a few examples of studies character
izing scintillation dosimeters conducted with various types of UHDR 
photon beams (Archer et al., 2019; Hart et al., 2022; Shaharuddin et al., 
2021; Vidalot et al., 2022).

Considering this broad spectrum of UHDR beam types under devel
opment, the minimum temporal resolution required of a scintillation 
detector depends on both the type of radiotherapy source and the pur
pose of the measurement. Furthermore, in the current stage where 
research in FLASH RT is still dominated by radiobiological and pre
clinical studies, the dynamics of the biological and chemical processes 
underlying the FLASH effect (Ma et al., 2024) contribute to defining the 
needed time performance.

On the basis of these considerations, it cannot be assumed that a 
single scintillator, or a single technology, will be suitable for all 
research, dosimetry, and UHDR beam monitoring applications in FLASH 
RT. Nowadays, organic scintillators offer the best time performance due 
to their scintillation decay times on the order of nanoseconds. Never
theless, recent advances in the development of ultrafast inorganic 
scintillators (Wibowo et al., 2023) and the ongoing search for and 
characterization of novel hybrid materials (Shevelev et al., 2022) make 
these alternatives particularly promising as well.

Complementary to the time information is the capability to measure 
the dose distribution over extended areas or volumes. This is particularly 
important, for example, in quality assurance or beam monitoring, to 
confirm that, even at UHDR, the intended dose profile is maintained, 
and its homogeneity is as expected, or to monitor the dose during in vivo 
experiments (Darafsheh et al., 2024), as this can help correlate the 
radiobiological effects with the dosimetric beam parameters. The 
needed spatial resolution is the same as for CONV RT, i.e., it is typically 
sub-millimetric (Darafsheh et al., 2024) and varies also with the beam 
size. The diameter of UHDR electron beams is determined by the size of 
the so-called applicator, a PMMA hollow cylinder that scatters and 
passively collimates the electrons to provide a flat and symmetrical dose 
profile in a certain area. As an example, applicator diameters for the 
ElectronFLASH (SIT, Sordina IORT Technology) range from 10 mm to 
120 mm (Di Martino et al., 2023)2, while proton beams typically have 
Gaussian profiles with widths of a few millimeters (Kanouta et al., 
2024).

2.4.3. Radiation damage
Many variables may affect how a scintillator can be damaged by a 

certain dose of ionizing radiation, such as the radiation type, the dose 
rate, and possibly also the presence of oxygen (Kharzheev, 2019), and it 
is well known that organic ones tend to be more affected. An accurate 
evaluation of this in FLASH RT dosimetry is necessary and of primary 
importance for two main reasons. On the one hand, with the new ma
chine technology capable of delivering UHDR beams, doses known to 
induce sensitivity changes in scintillation dosimeters can now be 
delivered within seconds, instead of hours or days as in conventional 
dose rates (Tho et al., 2025), thus significantly shortening the lifetime of 
detectors. On the other hand, since radiation damage depends on beam 
characteristics, such as dose rate (see Subsection 3.3), the 
well-established information on the radiation hardness of scintillation 

dosimeters obtained in past years with conventional radiotherapy 
beams, along with the corresponding mitigation strategies, may no 
longer apply to UHDR beams typical of FLASH RT.

One of the most demanding fields in terms of detector radiation 
hardness is High Energy Physics (HEP). Therefore, much of the infor
mation currently available for various types of scintillators has been 
derived from studies within this domain.

For organic scintillators, the changes in measured light output 
following exposure to high doses of ionizing radiation are due to two 
concurrent phenomena: i) decreased light yield caused by damage to the 
fluorescent component, and ii) reduced light transmission caused by the 
creation of optical absorption centres by free radicals. The latter typi
cally manifests as yellowing of the polymer matrix and tends to affect 
more severely blue-emitting scintillators, which are the most common. 
This effect is compounded by the long-term degradation of the polymer 
upon oxygen exposure. Some recovery or annealing of the damage is 
also observed over periods of hours or days following exposure (Knoll, 
2010). In typical plastic scintillators, significant degradation in light 
yield is seen for cumulative gamma-ray exposures in the range of 
103–104 Gy, whereas more radiation-resistant formulations, including 
liquid scintillators, show little decrease in light output at gamma doses 
as high as 105 Gy (Beddar and Beaulieu, 2016; Knoll, 2010).

Regarding inorganic scintillators, it is now well established that the 
most significant damage in the majority of them results from the for
mation of colour centres within the bulk material, which absorb part of 
the scintillation light along its path to the photodetector. Since most 
colour centres absorb in the ultra-violet (UV), crystals that emit at longer 
wavelengths tend to be less affected. Colour centres are created by the 
trapping of electric charges at structural defects or impurities in the 
crystal, and are therefore directly correlated with the quality of the raw 
material (Lecoq et al., 2017). The luminescence yield may also be 
modified if luminescence centres undergo transformations under irra
diation. The scintillation mechanism itself is very stable in many crys
tals, particularly in self-activated ones, for which radiation damage is 
only related to optical transmission loss caused by the formation of 
colour centres. In contrast, in activated scintillators, both scintillation 
efficiency and transparency can potentially degrade under irradiation 
(Lecoq et al., 2017).

Because of the many variables involved in the processes of radiation 
damage, it is difficult to quantify the exact radiation dose at which 
measurable damage occurs under specific conditions, but it is well 
established that some inorganic scintillators (e.g., GSO) are intrinsically 
more radiation-resistant than others (e.g., thallium-activated alkali ha
lides) (Knoll, 2010). Interestingly, perovskites have demonstrated 
notable radiation hardness, and perovskite nanocomposite scintillators 
have shown substantial stability of light yield after gamma-ray expo
sures up to at least 106 Gy (Anand et al., 2024).

Finally, for scintillation dosimeters that use optical fibres to trans
port the scintillation signal, radiation exposure of the light guide itself 
can lead to variations in dosimetric response due to fibre damage, 
particularly in plastic ones. Ionizing radiation alters the structure of the 
polymers, and free radicals can absorb and scatter scintillation light, 
reducing the amount of light reaching the photodetector. In addition, 
colour centres created in the optical fibre absorb light at specific 
wavelengths, further reducing transmission efficiency (Kharzheev, 
2019) and ionizing radiation can also modify the refractive index of the 
optical fibre, thereby altering its optical properties (Li et al., 2024).

2.4.4. Spurious luminescence
Most scintillation emissions are accompanied by some degree of 

spurious luminescence, a broad term that covers various forms of visible 
light generated by materials interacting with ionizing radiation. Among 
these phenomena are Cerenkov radiation and the intrinsic radio
luminescence from irradiated transparent components, such as the op
tical fibres used in PSDs. For PSDs, the expression stem effect is often 
used, by analogy with the stem of a flower, to describe the parasitic 

2 although so far the FLASH effect in vivo has been verified only with electron 
beam size larger than 2 cm (Farr et al., 2022).
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Cerenkov and fluorescence signals produced within the optical fibre and 
propagated together with the scintillation light.

Cerenkov radiation, bluish-white light emitted when charged parti
cles traverse a dielectric medium at a speed exceeding the phase velocity 
of light in that medium (Jelley, 1961; Ciarrocchi and Belcari, 2017), is 
the dominant contribution, and its geometry- and depth-dependence 
requires dedicated correction methods to correctly retrieve the dose. 
Several approaches have been developed in the past twenty years, 
mostly for fibre detectors (Darafsheh et al., 2024; Veronese et al., 2024; 
Beddar and Beaulieu, 2016). These correction approaches are summa
rized in Fig. 3, and include: the twin-fibre method (Beddar et al., 1992a, 
1992b, 1992c), optical filtering (de Boer et al., 1993), spectroscopic 
separation, chromatic removal (Fontbonne et al., 2002), and hyper
spectral analysis (Archambault et al., 2012; Therriault-Proulx et al., 
2012). Time filtering (Clift et al., 2002) and air-core fibres (Lambert 
et al., 2008) are also possible solutions, but they have not been adopted 
yet in FLASH dosimetry.

As for Cerenkov removal methods, there have been no significant 
methodological innovations in the FLASH field with respect to conven
tional dosimetry, and Cerenkov contamination is presumably not 
fundamentally altered in the FLASH regime. However, it may become 
more critical in UHDR settings due to potential changes in the optical 
properties of the scintillator (e.g., transparency loss) induced by high 
doses or high dose rates, especially in plastic scintillators with short- 
wavelength emission. Moreover, not all of the methods traditionally 
developed for point detectors are readily applicable to other geometries 
(i.e., 2D and 3D scintillators), and may require specific approaches.

3. State of the art of FLASH scintillation dosimetry

This section reviews the state of the art of the research on scintilla
tion detectors for applications in FLASH/UHDR dosimetry and beam 
monitoring. A bibliography search was conducted during the last week 
of August 2025 in the “All Databases” and “All Collections” sections of 
the Web of Science platform. The search used appropriate Boolean 
combinations of the terms scintillator, flash, dosimeter, and radiotherapy 
(including their variants, synonyms, and acronyms such as PSD, UHDR, 
and UHDP) as keywords in the “Topic” field. This query returned a total 
of 69 records published between 2020 and 2025. The search did not 
yield any records of works published before 2020. A screening of the 
results led to the exclusion of 18 records. Of the remaining 51 records, 
37 are classified as “article,” 3 as “proceeding paper,” and 3 as “review 
article.” The rest are categorized as “dissertation thesis,” “meeting ab
stract,” or “patent.” Among the three published reviews, one is focused 
on fibre-optic scintillation dosimeters in various radiotherapy 

applications (Veronese et al., 2024), while the other two are more spe
cific for FLASH RT. Tao et al. (2025) offers a summary of the main de
vices used to generate UHDR X-rays and describes the detectors reported 
for their monitoring, while Ashraf et al. (2020) addresses the potential 
role of luminescent detectors, particularly Cerenkov and 
scintillation-based detectors, in the development and clinical imple
mentation of FLASH RT. In addition, other reviews discuss the use of 
different dosimeters, including scintillators, for UHDR dosimetry and for 
dosimetry of other non-standard radiotherapy sources (Butler et al., 
2025; Romano et al., 2022).

The structure of this section follows that of Subsection 2.4, reporting 
how the different aspects and issues of scintillators have been evaluated. 
When needed or applicable, results obtained with point detectors and 2D 
geometries, i.e., scintillating screens, are discussed separately, while 3D 
detectors, i.e., scintillating blocks, are mentioned only for measuring the 
spatial dose distribution (Subsection 3.2). A final subsection (Subsection 
3.5) compares the dosimetric performance of scintillation detectors to 
those of other technologies that have been considered suitable for UHDR 
applications.

3.1. Linearity

In this subsection, we summarize studies that investigated the line
arity of scintillation dosimeters with respect to dose and dose rate. While 
some works with electrons tested doses up to tens of Gy, many assessed 
linearity as a function of the total delivered dose by increasing the 
number of pulses, and verified independence from the average dose rate 
by varying the PRF, without changing either the dose per pulse or the 
instantaneous dose rate. Here, we focus exclusively on studies in which 
these two parameters were varied.

3.1.1. Point detectors
The key aspect of the linearity of the scintillator's response as the 

dose rate increases has been investigated in multiple studies 
(Tables 1–3). Different types of radiation beams and accelerator ma
chines have been used. Most of the research has been carried out with 
electron beams in the 6–18 MeV energy range. The UHDR regime was 
achieved both with conventional LINACs suitably modified, with mobile 
accelerators (developments of systems originally dedicated to intra
operative radiotherapy, IORT), and with accelerator machines specif
ically designed and built for preclinical FLASH RT studies. Some studies 
were also conducted with very high energy electrons (VHEE, up to 200 
MeV). The remaining works used protons, typically accelerated in cy
clotrons, and X-rays produced by modified X-ray tubes, or in UHDR 
pulsed X-ray facilities.

Fig. 3. Methods for Cerenkov contribution mitigation or correction: a) double-fibre method, b) optical filtering, c) chromatic removal, d) temporal separation, e) 
hollow fibres, f) spectroscopic separation (reproduced from Darafsheh et al. (2024), licensed under CC BY).
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Table 1 
Summary of the studies evaluating the linearity under UHDR irradiation of organic scintillator point detectors (BCT = beam current transformer, SSD = source to 
surface distance).

Organic 
scintillator

Photodetector/ 
acquisition system

Type of UHDR beam Investigated range 
of linearity

Method for dose/ 
dose rate validation

Remarks Reference

Proprietary PS- 
based material 
(Medscint)

Array of photodetectors 
of the Hyperscint RP200 
scintillation dosimetry 
system (Medscint)

200 MeV electron 
beam at CLEAR

DPP: (~5–90) Gy 
IDR: (~0.22–4.6) ⋅ 
109 Gy/s

Radiochromic film 
(MD-V3)

Loss of linearity for DPP above 
~ 45 Gy, corresponding to IDR 
~8 ⋅ 108 Gy/s

Giguère 
et al. (2025)

PS-based, BCF-12 
(Luxium 
Solutions)

PVT-based, EJ-212 
(Eljen 
Technology)

Hyperscint RP- 
FLASH 
(Medscint)

Cooled 2D photodetector 
array of the RP-FLASH 
scintillation dosimetry 
system (MedScint)

18 MeV electron beam 
(converted LINAC, 
Varian)

DPP: (0.8–2.3) Gy by 
varying the SSD

Radiochromic film 
(EBT-XD)

The scintillator-to-film dose 
ratio decreased by 
approximately 4% in a near- 
linear manner suggesting an 
under-response of the 
scintillator with increasing DPP

Guo et al. 
(2025)

Hyperscint RP- 
FLASH 
(Medscint)

Cooled 2D photodetector 
array of the RP-FLASH 
scintillation dosimetry 
system (MedScint)

9 MeV electron beam 
(Mobetron FLASH 
electron linear 
accelerator, IntraOp)

DPP: (0.36–7.7) Gy 
IDR: (0.086–1.6) ⋅ 
106 Gy/s 
(at a constant PW of 
4 μs by varying the 
SSD)

Radiochromic film 
(EBT3) and BCTs of 
the accelerator dose 
monitoring system

Reduction in the signal per unit 
dose of 6% with increasing the 
DPP/IDR in the investigated 
range

Baikalov 
et al. (2025)

PS-based, SCSF-78J 
(Kuraray)

Back-thinned, back- 
illuminated CCD camera 
(Hamamatsu ORCAII-BT- 
512G)

9 MeV electron beam 
(ElectronFlash, SIT 
Sordina IORT 
Technology)

DPP: (0.3–9.8) Gy 
IDR: (~0.37–2.4) ⋅ 
106 Gy/s 
(at a constant PW of 
4 μs)

Flash diamond 
detector (PTW)

Satisfactory linearity in the 
investigated range

Ciarrocchi 
et al. (2024)PS-based, SCSF-3HF 

(1500) (Kuraray)

Proprietary PVT- 
based material

Array of photodetectors 
of the Hyperscint RP100 
scintillation dosimetry 
system (Medscint)

200 MeV electron 
beam at CLEAR

DPP: (~5–162) Gy 
Train duration: 
(~8–133) ns 
IDR: (~0.6–1.2) ⋅ 
109 Gy/s

Radiochromic film 
(EBT3 and MD-V3)

Linear light output with a DPP 
up to 59.5 Gy. Loss of linearity at 
higher DPP Hart et al. 

(2024)PS-based, BCF-12 
(Luxium 
Solutions)

Linear light output with a DPP 
up to 125.2 Gy. Loss of linearity 
at higher DPP

Exradin W2 (BCF- 
12) (Standard 
Imaging), model 
dimension 1 mm 
× 1 mm

Photodetectors of the 
MAX SD electrometer 
(Standard Imaging)

9 MeV electron beam 
(Mobetron FLASH 
electron linear 
accelerator, IntraOp)

DPP: (0.5–6.3) Gy 
(at a constant PW of 
3.6 μs by varying the 
SSD)

Radiochromic film 
(EBT3) and BCTs of 
the accelerator dose 
monitoring system

Loss of linearity of the blue and 
green signals for DPP> 1.5 Gy

Liu et al. 
(2024b)

Exradin W2 (BCF- 
12) (Standard 
Imaging), model 
dimension 
1 mm × 1 mm 
and 
1 mm × 3 mm

Photodetectors of the 
MAX SD electrometer 
(Standard Imaging)

16 MeV electron beam 
(converted LINAC, 
FLEX, Varian)

Up to 3.6 Gy/pulse Radiochromic film 
(EBT-XD)

Loss of linearity of signal from 
the 1 mm × 3 mm W2 for DPP>
0.8 Gy (single pulse). 
The 1 mm × 1 mm W2 
scintillator maintained linearity 
up to the maximum tested DPP

Oh et al. 
(2024)

Exradin W1 
(Standard 
Imaging)

Photodiode coupled to a 
real-time embedded 
industrial controller

10 MeV electron beam 
(converted LINAC, 
Varian)

DPP: (0.3–1.1) Gy Radiochromic film Satisfactory agreement with the 
radiochromic film response in 
the investigated range

Ashraf et al. 
(2022)

PS-based 
scintillator

PMT and a Keysight 
B2985A electrometer

18 MeV protons, 
cyclotron (IBA)

Average dose rate in 
the range (30–780) 
Gy/s

Faraday cup and 
radiochromic film

Dose rate independence, based 
on linearity of response to 
varying beam currents

Casolaro 
et al. (2022)

PS-based, BCF-10 
(Luxium 
Solutions)

Hyperscint RP100 
scintillation dosimetry 
system (Medscint)

X-rays (80, 100, 120) 
kVp from a modified x- 
ray tube (Comet)

Up to 7.1 Gy/s MC calculation Dose rate independence, based 
on linearity of response to 
varying tube currents

Hart et al. 
(2022)

PVT-based, EJ-212 
(Eljen 
Technology)

Photodiode (SM05PD7A, 
Thorlabs) connected to 
an electrometer (Keithley 
model 617)

9 MeV electron beam 
(ElectronFlash, SIT 
Sordina IORT 
Technology)

DPP: (0.5–12.5) Gy 
(at a constant PW of 
4 μs by varying the 
SSD and the 
applicator diameter)

Radiochromic film Loss of linearity for DPP above 
~ 6 Gy

Morrocchi 
et al. (2022)

PS-based, BCF-60 
(Luxium 
Solutions)

Spectrometer (Maya, 
2000 Pro, Ocean Insight)

6 MeV electron beam 
(DIRAMS LINAC)

DPP: (0.43–3.16) Gy 
(at a constant PW of 
2.78 μs by varying 
the SSD)

Radiochromic film 
(MD-V3)

Satisfactory linearity in the 
investigated range Jeong et al. 

(2021)

E. Ciarrocchi and I. Veronese                                                                                                                                                                                                                Radiation Measurements 193 (2026) 107625 

7 



Table 2 
Summary of the studies evaluating the linearity under UHDR irradiation of inorganic scintillator point detectors (IC = ionization chamber, TLD = thermoluminescent 
dosimeter, MC = Monte Carlo).

Inorganic 
scintillator

Photodetector/ 
acquisition system

Type of UHDR beam Investigated range of 
linearity

Method for dose/ 
dose rate 
validation

Remarks Reference

(Y,Yb)AG with 
different Yb 
concentrations

Thermoelectric cooled 
back-thinned CCD array 
integrated into a 
spectrometer (PrimeTM X, 
B&WTec Inc)

9 MeV electron beam 
(ElectronFlash, SIT Sordina 
IORT Technology)

DPP: (0.13–9) Gy 
IDR: (~0.0325–2.25) ⋅ 
106 Gy/s at a constant 
PW of 4 μs

BCTs of the 
accelerator dose 
monitoring system

Satisfactory linearity in the 
investigated range for the  
(Y,Yb)AG sample with 50% Yb 
concentration. 
Partial loss of linearity above 6 
Gy/pulse for the other samples

Cova et al. 
(2025)

Ce-doped silica- 
based optical 
fibres

PMT (Hamamatsu H7421) 74 MeV proton beam, 
cyclotron (BL2C beam-line 
of the TRIUMF PTRC)

Up to ~ 36 Gy/s (dose in 
water)

MC calculation Dose rate independence, based 
on linearity of response to 
varying beam currents Fricano et al. 

(2024)N-doped silica- 
based optical 
fibres

ZnS:Ag Shamrock 163 
spectrometer (Andor 
Technology) connected to 
a Lucas S CCD (Andor 
Technology)

9 MeV electron beam 
(Mobetron FLASH electron 
linear accelerator, IntraOp)

DPP: (0.5–6.35) Gy by 
varying the SSD or PW

BCTs of the 
accelerator dose 
monitoring system

Linear response up to 6.35 Gy/ 
pulse. At DPP of 2.45 Gy (PW = 4 
μs and maximum SSD), the signal 
slightly deviated from the linear 
trend (probably due to sub- 
optimal collimation)

Tho and 
Beddar (2024)

ZnSe:O Si photomultipliers 
(MicroFC-SMTPA-60035, 
SensL)

250 MeV PBS proton beam 
(ProBeam, Varian)

IDR in the range of 
7–1270 Gy/s

IC and calculation 
from beam current 
and the spot-to- 
detector distance

All detectors showed non-linear 
response with under-response for 
high IDR

Kanouta et al. 
(2022)

LYSO Photodiode SM05PD7A 
(Thorlabs) connected to a 
Keithley model 617 
electrometer

9 MeV electron beam 
(ElectronFlash, SIT Sordina 
IORT Technology)

DPP: (0.5–12.5) Gy, at a 
constant PW of 4 μs by 
varying the SSD and the 
applicator diameter

Radiochromic film Loss of linearity above ~ 3.5 Gy/ 
pulse Morrocchi 

et al. (2022)

Al2O3:C, Mg PMT coupled with a data 
acquisition card (National 
Instruments)

9 MeV electron beam 
(ElectronFlash, SIT Sordina 
IORT Technology)

DPP: (~0.5–4.25) Gy by 
varying PW and SSD

Radiochromic film 
and alanine

Loss of linearity above ~ 1 Gy/ 
pulse

Vanreusel 
et al. (2022)

Al2O3:C

Y2O3:Eu (DoseVue 
standard version 
and an 
experimental 
variant)

Photodetector of the 
DoseWire 200 system 
(DoseVue)

N-doped silica 
optical fibres

PMT coupled with a 
photon counting unit

40 keV-19 MeV X-rays 
originated by and multiple 
sources (LabHX X-ray 
machine, ELSA and 
AXTERIX facilities from 
CEA)

Dose rates in the range ~ 
10− 2-109 Gy/s in SiO2

TLDs and Ionization 
chamber

Linear dose-rate dependence over 
the investigated range

Vidalot et al. 
(2022)

Gd2O2S:Tb Hyperscint RP200 
scintillation dosimetry 
system (Medscint)

80 kVp X-rays from a 
modified x-ray tube 
(Comet)

Up to ~ 61.27 Gy/s MC calculation Dose rate independence, based 
on linearity of response to 
varying tube currents

Shaharuddin 
et al. (2021)

La2O2S:Tb

La2O2S:Eu

Y2O3:Eu Photodetector of the 
DoseWire 100 system 
(DoseVue)

10 MeV electron beam 
(IORT dedicated electron 
linear accelerator 
NOVAC11, in a non-clinical 
configuration)

DPP up to ~12.5 Gy Radiochromic film 
(EBT-XD)

Loss of linearity above ~ 1 Gy/ 
pulse

Di Martino 
et al. (2020)

Table 3 
Summary of the studies evaluating the linearity under UHDR irradiation of hybrid scintillator point detectors.

Hybrid scintillator Photodetector/ 
acquisition system

Type of UHDR beam Investigated range 
of linearity

Method for dose/ 
dose rate 
validation

Remarks Reference

(C38H34P2)MnCl4 PMT coupled with a data 
acquisition card (National 
Instruments)

9 MeV electron beam 
(ElectronFlash, SIT 
Sordina IORT 
Technology)

DPP: (~0.5–4.25) 
Gy by varying PW 
and SSD

Radiochromic film 
and alanine

Decreased response with 
increasing DPP above ~ 2 
Gy/pulse

Vanreusel 
et al. (2022)(C38H34P2)MnBr4

Lead-doped plastic 
scintillators with 
different Pb 
concentrations

Hyperscint RP100 
scintillation dosimetry 
system (Medscint)

X-rays (80, 100, 120) kVp 
from a modified x-ray 
tube (Comet)

Up to 40.1 Gy/s MC calculation Dose rate independence, 
based on linearity of 
response to varying tube 
currents

Hart et al. 
(2022)
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With UHDR electron beams of a few MeV, the organic scintillators 
that showed the widest linearity range, up to a DPP of about 10 Gy, 
corresponding to an IDR on the order of 2.4 ⋅ 106 Gy/s, are the plastic 
scintillating fibres SCSF-78J and SCSF-3HF (Kuraray, Japan) (Ciarrocchi 
et al., 2024). In the case of irradiations with VHEE beams at 200 MeV, an 
extended linearity was observed up to at least 45 Gy, corresponding to 
an IDR on the order of 8 ⋅ 108 Gy/s, for proprietary PS-based material 
(Medscint, Canada), for PS-based BCF-12, and for PVT-based EJ-212 
(Giguère et al., 2025). Among inorganic scintillators tested with UHDR 
electron beams of a few MeV, Yb-admixed yttrium aluminium garnet 
(YAG) crystals (Cova et al., 2025) and ZnS:Ag powder-based scintillators 
(Tho and Beddar, 2024) demonstrated the widest linearity range, up to 
at least 6 Gy of DPP, corresponding to an IDR of approximately 1.5 ⋅  106 

Gy/s. Tables 1–3 summarize the main studies about the linearity of point 
scintillation detectors with respect to dose rate, referring to organic, 
inorganic, and hybrid scintillators, respectively.

It is important to emphasize that the observed loss of linearity at 
doses of a few Gy per pulse in most studies quoted in Tables 1–3 is likely 
due to saturation of the photodetector and electronic readout chain, 
rather than to the scintillator. This is also evident when comparing re
sults from studies conducted with the same scintillators but coupled to 
different acquisition systems (e.g., EJ212 tested by Morrocchi et al. 
(2022, 2025) and by Giguère et al. (2025)). Among the organic scintil
lators of Table 1, the most investigated are commercial systems already 
in use in CONV RT, in particular the Exradin W1 and W2 (Standard 
Imaging, USA) and the Hyperscint platforms (Medscint, Canada). Also 
the tests with these systems clearly showed that, beyond the scintillator 
material itself, the signal detection and processing play a fundamental 

role in extending linearity levels in UHDR regimes, and the limits 
observed have led to upgrades (Liu et al., 2024b; Oh et al., 2024) and to 
the implementation of FLASH-dedicated prototypes (Baikalov et al., 
2025; Guo et al., 2025).

3.1.2. 2D detectors
To some extent, the linearity of the scintillator signal with the dose 

per pulse and the dose rate has also been investigated for thin 2D 
screens. A summary of the studies is reported in Table 4. Most have used 
inorganic scintillators, but some tests have also been performed with the 
organic counterpart or with hybrid materials. Since the main advantage 
of a 2D scintillator is the possibility of imaging the dose profile, these 
works all used scientific cameras, based on either CMOS or CCD sensors, 
and some sort of optics for light collection. In several cases, intensifiers 
have been employed both to amplify the signals and to synchronize and 
gate the acquisition with the beam pulses. Irradiations have been per
formed with UHDR electron beams (8–16 MeV) or with high-energy 
protons (227–250 MeV), mainly produced by cyclotrons. Dose- 
linearity has been assessed with respect to reference measurements 
with radiochromic films, ion chambers, point scintillator, Fadaray cup, 
edge diode, or flash diamond detectors. Organic PVT-based scintillators 
have been irradiated with both 9-MeV electrons (Morrocchi et al., 2025) 
and 250 MeV PBS protons (Kanouta et al., 2024), and linearity was 
observed in both cases. With inorganic scintillators, the highest dose of 
50 Gy was reached by Vasyltsiv et al. (2025) with a 250 MeV PBS proton 
beam, suggesting linearity of the proprietary BaFBr-based detector when 
compared to radiochromic film readings.

Table 4 
Summary of the studies evaluating the linearity under UHDR irradiation of 2D scintillation detectors (iCMOS = intensified CMOS, WET = water equivalent thickness, 
I = proton beam current).

Type of 
scintillator

Scintillator name 
and thickness

Photodetector/ 
acquisition 
system

Type of UHDR beam Investigated 
range of 
linearity

Method for dose/ 
dose rate validation

Remarks Reference

Organic PVT-based, EJ212, 
(Eljen Technology), 
0.5 mm

CCD camera 
(Andor iXon Ultra 
888)

9 MeV electron beam 
(ElectronFlash, SIT 
Sordina IORT 
Technology)

DPP: (0.2–12) 
Gy; 
IDR: (0.05–3) ⋅ 
106 Gy/s

Flash Diamond (PTW) Linear response in the 
tested range Morrocchi 

et al. (2025)

Organic PVT-based, EJ240G, 
(Eljen Technology), 
1 mm

iCMOS camera 
(DoseOptics)

250 MeV PBS proton 
beam, isochronous 
cyclotron

IDR up to 100 
Gy/s

Fibre-coupled 
scintillator

Linearity observed, 
residuals within 4%

Kanouta 
et al. (2024)

Inorganic Proprietary array of 
Blue-800 BaFBr 
elements, 
WET = 1.1 mma

iCMOS camera 
(DoseOptics)

250 MeV PBS proton 
beam, cyclotron (Varian 
ProBeam)

Dose: (2–50) Gy Radiochromic film 
(EBT XD)

High linearity with the 
y-intercept not being 
forced to zero, but 
including it in the 
uncertainty bounds

Vasyltsiv 
et al. (2025)

Inorganic Proprietary 
ImageDosis system 
with 12% YAG:Ce 
scintillator coating, 
0.1 mm

C-BLUE ONE 
camera (First Light 
Imaging)

9 MeV electron beam 
(ElectronFlash, SIT 
Sordina IORT 
Technology)

DPP up to 2 Gy Radiochromic film 
(EBT XD or EBT-3)

Response independent 
from the DPP up to 2 
Gy, measured as the 
ratio of the scintillator 
to film doses

Vanreusel 
et al. 
(2024a)

Inorganic Rapidex, 0.2 mm 
(Scintacor)

iCMOS camera 
(DoseOptics)

250 MeV PBS proton 
beam, cyclotron (Varian 
ProBeam)

Dose: (2–22) Gy 
I: (40–210) nA

Ion chamber (PPC05, 
IBA)

Linear response in the 
tested range

Clark et al. 
(2024)

Inorganic Blue 800, 0.2 mm (PJ 
Xray)

iCMOS camera 
(DoseOptics)

227.7 MeV PBS proton 
beam, synchrocyclotron 
(IBA ProteousONE 
S2C2)

Dose up to 1 Gy 
I: up to 2 nA

Current monitoring 
system, intensity 
calibration to dose 
with radiochromic film 
(EBT3)

Image intensity was 
found linear with 
respect to current

Clark et al. 
(2023)

Hybrid Proprietary hybrid 
material, 
WET = 0.7 mm for 8- 
MeV electrons

CMOS camera 
(“CamE”)

8 MeV electron beam 
(NDRL)

DPP: (0.28–7.9) 
Gy, 
IDR: (0.3–8) ⋅ 
109 Gy/s 
ADR: (8.4–237) 
Gy/s

Faraday cup electrode The highest data point 
falls 6% below the fit 
line, slightly exceeding 
one standard deviation

Levin et al. 
(2024)

a Thin, flexible scintillator proposed for 3D surface dosimetry.
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3.2. Time and spatial performance

3.2.1. Point detectors
Most of the studies to date that report on the temporal performance 

of scintillators for FLASH RT have been carried out with UHDR electron 
beams. In vivo dose measurements of 10 MeV electron pulses produced 
by a converted LINAC (Varian Medical Systems, USA) during mice ex
periments were reported by Ashraf et al. (2022). They used the plastic 
scintillator from the Exradin W1 system (Standard Imaging, USA), 
coupled with a gated integrating amplifier and a real-time controller for 
dose monitoring and feedback control. When the cumulative dose was 
compared with radiochromic film, the W1 showed an under-response of 
approximately 3%.

Pulse-by-pulse dose discrimination has also been demonstrated using 
inorganic and hybrid scintillators. Vanreusel et al. (2024b) showed that 
both Y3Al5O12:Ce3+ (YAG) and (C38H34P2)MnBr4 (Organo-Br) scintilla
tors were able to discriminate 9 MeV electron pulses delivered by an 
ElectronFlash accelerator (SIT Sordina IORT Technology, Italy) up to the 
maximum tested PRF of 245 Hz. However, partial pulse overlap was 
observed with the YAG scintillator due to its longer decay time 
compared with the Organo-Br scintillator, as shown in Fig. 4. The same 
study also showed that the Hyperscint RP-200 scintillation dosimetry 
system (Medscint, Canada) could discriminate pulses only up to a PRF of 
4 Hz, due to limitations in the sampling rate associated with spectral 
binning.

Indeed, beyond the properties of the scintillator itself, the coupled 
photodetector and associated electronics must be able to acquire and 
process the signal within sufficiently short timescales. Examples of how 
the acquisition chain can influence the accurate measurement of single- 
pulse doses in UHDR electron beams are provided by Poirier et al. 
(2022) and Baikalov et al. (2025), with respect to the Hyperscint RP-100 
system and its successor, the RP-FLASH (Medscint, Canada). In these 
systems, when the multichannel photodetector readout coincides with 
pulse delivery, part of the signal is lost. While this phenomenon does not 
affect the measurement of the total dose of a pulsed beam, it does alter 
the peak heights of individual pulses, requiring proper correction.

Regarding the possibility of using scintillation dosimeters to monitor 
the IDR, Ciarrocchi et al. (2024) performed an analysis of the 
single-pulse structure of 9 MeV electrons at different DPP values, 
delivered by an ElectronFlash accelerator (SIT Sordina IORT Technol
ogy, Italy). They used a SCSF-78J scintillating fibre (Kuraray, Japan) 
with a decay time of 2.8 ns. A photodiode (DET10A2, Thorlabs, USA) 
coupled with custom front-end electronics was employed for signal 

acquisition. The scintillating fibre successfully reproduced the pulse 
time structure, revealing variations in the IDR consistent with the 
reference signal provided by the LINAC monitoring system. The slight 
variation in the dose profile shape and tail were attributed to spurious 
luminescence with a longer decay time than that of the scintillator.

Several studies on UHDR electron beams have also investigated the 
possible influence of varying the PRF on the response of scintillation 
dosimeters. In general, PRF dependencies can be considered negligible, 
at least for the organic scintillators tested to date. The dependences 
reported in the literature, and more generally the temporal performance 
of scintillation dosimeters under UHDR conditions, cannot be attributed 
solely to the scintillation mechanism itself, but are influenced by mul
tiple factors, including the characteristics of the UHDR beam (dose per 
pulse, pulse repetition frequency, number of delivered pulses, and pulse 
duration), the intrinsic properties of the scintillator (e.g., scintillation 
decay times and afterglow), and the performance of the full detection 
and acquisition chain, including the method for stem-effect (Cerenkov) 
removal.

Vanreusel et al. (2022), tested different scintillating materials 
(Al2O3:C; Al2O3:C,Mg; Y2O3:Eu; (C38H34P2)MnCl4; and (C38H34P2) 
MnBr4) irradiated with 9 MeV electron beams (ElectronFlash, SIT Sor
dina IORT Technology, Italy), and showed that the response of point 
scintillators with luminescence decay times longer than the inter-pulse 
interval (e.g., Al2O3:C; Al2O3:C,Mg) decreases by more than 50% 
when increasing the PRF from 1 Hz up to ~250 Hz. Afterward, using the 
same UHDR beams, Vanreusel et al. (2024b) compared plastic, hybrid, 
and inorganic scintillators and reported dose measurement variations of 
approximately 40% for an inorganic scintillator (Y3Al5O12:Ce3+) and of 
approximately 10% for a hybrid one ((C38H34P2)MnBr4, Organo-Br). In 
contrast, significantly smaller variations within 1% were observed for 
the PSD Hyperscint RP-200 (Medscint, Canada) when the PRF was 
varied up to 250 Hz.

Variations below ±1% in the response of the Hyperscint RP-FLASH 
(Medscint, Canada) were also reported by Baikalov et al. (2025) when 
varying the average dose rate of a 9 MeV electron beam (Mobetron 
FLASH electron LINAC, IntraOp, USA) by adjusting the PRF between 5 
and 120 Hz. Similar variations, within ±2%, were observed with the 
same system by Guo et al. (2025) in the PRF range of 30–180 Hz using an 
18 MeV electron beam from a converted LINAC (Varian, USA).

The impact of the PRF on the signal response of the PSD W2 (Exradin, 
Standard Imaging, USA) was analysed by Liu et al. (2024b) for PRF 
values ranging from 10 to 120 Hz with 9 MeV electron beams (Mobetron 
FLASH electron LINAC, IntraOp, USA). For a dose per pulse of 1.21 Gy, 
the variation in the blue channel signal (i.e., dominated by scintillation 
plus stem effect) remained below 2% across the entire PRF range. At 
higher doses per pulse, however, a progressive and significant decrease 
in signal (up to 30%) with increasing PRF was observed. The green 
channel signal (i.e., mostly stem effect) proved more stable up to 90 Hz 
independent of the dose per pulse, but dropped by up to 20% at 120 Hz. 
The authors hypothesized that this signal degradation as a function of 
dose per pulse and PRF was due to limitations in the electrometer's 
signal processing rather than the plastic scintillator itself. This PRF 
dependence of the PSD W2 response was not observed by Oh et al. 
(2024) when irradiated with 16 MeV electron beams (converted LINAC, 
FLEX, Varian, USA) at PRFs between 18 and 180 Hz. No significant 
variations in the response of point inorganic scintillator detectors were 
also observed by Cova et al. (2025) in Yb-doped YAG scintillators irra
diated with 9 MeV electron beams (ElectronFlash, SIT Sordina IORT 
Technology, Italy) over the PRF range of 1–250 Hz. Similarly, Tho and 
Beddar (2024), studying a ZnS:Ag scintillator irradiated with 9 MeV 
electron beams (Mobetron FLASH electron LINAC, IntraOp, USA), 
observed response variations of less than 0.5% for PRF values up to 120 
Hz.

Regarding UHDR beams other than electrons, Kanouta et al. (2022)
studied the time structure in PBS proton FLASH treatments using a de
tector based on ZnSe:O inorganic scintillating crystals. With 

Fig. 4. Time response of two PSD prototypes, an inorganic YAG-based one, and 
a hybrid one, to irradiations with UHDR electrons, with 245 Hz PRF (repro
duced from Vanreusel et al. (2024b), licensed under CC BY).
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sub-millisecond temporal resolution, this system enabled measurements 
of spot durations and transition times across different scanning di
rections. A characterization of the commercial PSD system Hyperscint 
RP-100 (Medscint, Canada) was performed by Poirier et al. (2025) using 
UHDR PBS proton beams. The authors evaluated the dose and time 
linearity and demonstrated the capability to experimentally measure the 
average dose rate and the time-resolved IDR. For pulsed X-rays, Vidalot 
et al. (2022) demonstrated that radioluminescent nitrogen–silica-doped 
optical fibers can temporally resolve X-ray pulses separated by intervals 
of about 1 s, generated at the ELSA (Electrons et Laser, Sources X et 
Applications) facility.

3.2.2. 2D detectors
Scintillating screens have often been used to monitor the transversal 

(or longitudinal) dose profile by imaging the scintillation emission with 
a scientific camera, thus acting as beam monitors or quality control 
systems. In some cases, commercial devices such as the Lynx-PT (IBA 
Dosimetry, Germany) have been employed, but several efforts have been 
dedicated also to developing custom prototypes for FLASH RT applica
tions. Thanks to their radiation hardness, most research has been cen
tred around inorganic scintillators, but commercial organic products 
have also been studied, in the attempt to exploit their nearly water and 
tissue-equivalence, or hybrid materials have been developed to try 
combining the advantages of both types. Often, 2D scintillators have 
been used for relative dose assessments, but sometimes a conversion of 
the image pixel values to dose has been provided after a calibration with 
a reference detector. Depending on the geometry of the light collection, 
different spatial calibration methods for pixel inhomogeneities (e.g. flat 
field correction) or geometrical distortions (e.g. oblique view angle) 
have been needed. Moreover, if combined with ultra-fast cameras, the 
images have been able to provide both the spatial and the temporal 
information on the dose delivery. This is particularly useful for proton 
PBS beams produced by synchrocyclotrons, where the combination of 
the temporal pulse structure of synchrocyclotrons and the PBS spatial 
delivery results in a complex spatiotemporal dose distribution, requiring 
simultaneously high spatial and temporal resolutions. In most cases, 
radiochromic films have been used as a reference detector to verify the 
2D dose profiling capabilities, due to their apparent geometrical simi
larities with thin scintillator sheets.

Clark et al. (2023) implemented a scintillator-camera system for 
real-time ultra-high dose rate validation of pulsed synchrocyclotron 
proton beams. The system spatial performance was verified with several 
methods, showing an agreement within 1 mm in the x-y beam profile vs 
single-spot radiochromic film, and of roughly (0.5–0.6) mm in the spot 
localization compared to the log files, also in a clinical brain patient 
plan. A similar improved system has later been used by the same group 
(Clark et al., 2024) to image dose and dose rate maps with PBS UHDR 
protons, finding an agreement: (i) of (0.2 ± 0.1) mm in the imaged vs 
planned spot positions, (ii) of (0.2 ± 0.1) ms in the total irradiation time, 
and (iii) within 3% and 5% in the dose rate with respect to reference 
measurements and simulations, respectively. In this work, the authors 
highlight the importance of correctly mapping the dose in the entire 
field with concurrent high spatiotemporal resolution (sub-millimetric 
and sub-millisecond, respectively), as the dose rate may vary by up to 
5% across regions due to the complicated pattern of PBS beams, 
potentially leading to areas that fall below the threshold for the FLASH 
effect. Interestingly, the same imaging system can also be mounted on an 
endoscope for in vivo pulse-by-pulse surface dose monitoring (Clark 
et al., 2025). Although the apparatus still needs some improvements, e. 
g., to image the full field with no obstructions, the proposed approach 
showed encouraging results, because in addition to providing dose and 
beam structure, this configuration allows to visualize the treatment field 
before, during, and after the delivery, to verify compliance of the de
livery with the plan.

Rahman et al. (2021) irradiated a Gd2O2S:Tb screen with a UHDR 10 
MeV electron beam to investigate its surface dosimetry capabilities, also 

in comparison to superficial Cerenkov dosimetry of the irradiated 
phantom itself. Radiochromic films were used as a reference. Gamma 
analysis with 3%/3 mm acceptance criteria showed a pass rate of 98.9% 
for the scintillator, performing significantly better than superficial 
Cerenkov dosimetry (88.9%). Levin et al. (2024) compared the beam 
profiling capabilities of a custom hybrid scintillator to those of radio
chromic films, using both UHDR proton and electron beams, and 
showing how the profiles measured with both detectors can be described 
by the same analytical function with fitting parameters matching within 
less than 6%.

Vanreusel et al. (2024a) tested the dose profiling capabilities of an 
in-house imaging system employing a YAG:Ce scintillating material, 
using low energy UHDR electrons and three circular applicators, with 
18, 100, and 120 mm nominal diameters. The penumbra and FWHM of 
the dose profiles differed from those measured with films, by no more 
than 3.6% for the FWHM, and significantly for the penumbra. In Mor
rocchi et al. (2025), an organic scintillator screen was placed parallel to 
the 9-MeV UHDR electron beam axis, and the luminescence was imaged 
from a side, through a transparent plastic layer mimicking a water 
phantom surrounding the scintillator. Although preliminary, this study 
showed one of the main potential advantages of scintillator screens, that 
is the possibility to obtain in a single image, on a per-pulse basis, and 
almost in real time the full bidimensional dose distribution. From the 
acquired image, a profile along the beam axis can be selected to derive 
the percentage-depth-dose curve. Here, even without correcting for the 
Cerenkov contribution in the collected light, the extracted depth-dose 
curve gave dosimetric beam parameters compatible within a few per
cents with those measured with radiochromic films.

As for VHEE, Rieker et al. (2024) compared a custom, YAG 
scintillator-based beam profile monitoring system to radiochromic films, 
and proposed a procedure for dose calibration of the scintillator reading. 
The tested system provided transversal beam profiles that differed by 
roughly 5%–10% from those measured with films, but the authors 
foresee a better agreement after optimizing the camera parameters.

The capability of using scintillating screens for time-resolved 2D 
beam monitoring has been demonstrated also during in vivo experiments 
on mice legs immersed in a water tank, by placing the transparent 
scintillating sheet behind the irradiated leg to image the proton PBS spot 
positions and field profile, indicating an agreement with radiochromic 
films within 0.4 mm (Kanouta et al., 2024). An example acquisition is 
reported in Fig. 5, showing the measured instantaneous (Fig. 5a) and 
cumulative (Fig. 5b) dose maps acquired with the scintillator at three 
time points during proton PBS irradiations. The black dashed line shows 
the progress of the dose delivery. Fig. 5c and d show the instantaneous 
and cumulative intensity for the two positions indicated in Fig. 5a and b 
by the red and black stars, respectively. Prior to that, Kourkafas et al. 
(2021) had already visualized the transverse proton beam profile with a 
radioluminescent screen and CCD camera before in vivo mouse eye ex
periments, but in that case the scintillator was used as pre-irradiation 
quality assurance system, and not as a real-time tool during the exper
iments. Recently, also Vanreusel et al. (2025) has tested two flexible 
inorganic scintillators and two cameras, using a converted LINAC to 
produce 16 MeV UHDR electrons in a preclinical setting, for future in 
vivo dosimetry studies, showing robust (i.e., within 5%) readings among 
the various tested combinations of scintillators and cameras.

Finally, Darafsheh and Bey (2025) supported the implementation of 
a proton FLASH synchrocyclotron platform for preclinical experiments 
by measuring the beam lateral 2D profiles with a stand-alone Lynx PT 
system (IBA Dosimetry, Germany), i.e., with no reference detector, 
observing no geometrical distortions or dependence on dose rate, for 
four different UHDR values.

3.2.3. 3D detectors
Very few studies so far have investigated the feasibility of recon

structing the 3D dose distribution using scintillators. In Ravera et al. 
(2024a), a method using a scintillator monolith imaged along four 
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projections and a maximum likelihood expectation maximization was 
tested on a dose distribution simulated with Geant4, suggesting de
viations smaller than 20% from the expected dose, with the largest 
differences closer to high dose gradients. Also, a preliminary, 
proof-of-concept image of a 10-cm side EJ200 plastic scintillating block 
was acquired with an optical imaging system, under 9-MeV UHDR 
electron irradiation. Pizzardi et al. (2025) have imaged a single pro
jection of a scintillator block (in this case, with 5 cm side), and used the 
cylindrical symmetry of the dose distribution and an iterative inverse 
Abel transform algorithm to reconstruct the dose distribution. The re
sults were compared to radiochromic films and TOPAS Monte Carlo 
simulations, suggesting good qualitative agreement.

A completely different approach was suggested by Vasyltsiv et al. 
(2025), who developed and characterized a thin and flexible array of 
hexagonal inorganic BaFBr scintillators for potential use in clinical 3D 
surface dosimetry. A stereovision imaging system composed of three 
cameras allowed to transform the dose distribution to the reference 
frame of the treatment planning system and to correct for the angular 
dependencies introduced by the imaging system. The suggested 
approach was able to retrieve the dose distribution with an average 
localization error of 0.62 mm, better than the accepted clinical tolerance 
of 1 mm, and an uncertainty on the dose measurement of roughly 1%.

3.3. Radiation damage

3.3.1. Point detectors
The body of literature on the medium-to long-term effects of UHDR 

beams on the luminescent and dosimetric properties of scintillation 
dosimeters is becoming increasingly substantial. However, to the au
thors’ knowledge, it remains largely limited to organic scintillators, 
especially commercial systems such as the W1, W2 (Standard Imaging, 
USA), and Hyperscint platforms (Medscint, Canada). Findings across 
studies are not always in full agreement. These discrepancies should be 
interpreted in the context of methodological differences in irradiation 
conditions, including beam quality, dose rate, total irradiation time, 
accumulated dose, recovery intervals, and the pre-irradiation history of 
the dosimeters. All of these factors can affect the medium-to long-term 
response of the detector systems. Furthermore, in point scintillation 
dosimeters using an optical fibre as light guide, radiation-induced 
damage affects not only the scintillator itself but also the optical fibre, 
complicating the interpretation and comparison of results.

In general, it can be stated that although exposure to high doses and 
high dose rates inevitably produces damage to plastic scintillators 

and/or light guides, this damage is often at least partially reversible over 
time. From a strictly dosimetric perspective, the loss of sensitivity 
following irradiation could be faced by tracking the accumulated dose of 
each dosimeter and performing periodic recalibrations to correct for 

Fig. 5. Representative set of images of the dose distribution of a proton PBS irradiation acquired, with a scintillator sheet. a) Instantaneous dose images at three time 
points. b) Cumulative dose images. The dotted line with square points shows the beam position at each timestamp. Instantaneous (c) and cumulative (d) image 
intensities as a function of time, for the two positions indicated by the red and black stars in (a) and (b) (reproduced from Kanouta et al. (2024), licensed under CC 
BY). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6. Radiation damage as a function of the total accumulated dose (a) and 
output recovery as a function of the recovery period (b), for three commercial 
plastic scintillators (BCF-12, Medscint, and EJ212) and for an optical fibre 
(adapted from Giguère et al. (2025), licensed under CC BY).
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progressive sensitivity loss.
The radiation hardness of scintillators coupled to Hyperscint RP100, 

RP200, and RP-FLASH systems has been evaluated by Hart et al. (2024), 
Giguère et al. (2025) and Guo et al. (2025), respectively. The first two 
studies employed 200 MeV UHDR electron beams, whereas the latter 
used 18 MeV electrons. Hart et al. (2024) observed that after delivering a 
dose of 13.8 kGy, the light output of the proprietary PVT-based Medscint 
material was reduced by approximately 20% (~1.5%/kGy). This effi
ciency loss was comparable to that observed in a PS-based BCF-12 
scintillator irradiated up to 26.2 kGy under similar experimental 
conditions.

Similar results were reported by Giguère et al. (2025), who used the 
same UHDR beam of Hart et al. (2024) and investigated not only 
radiation-induced damage but also signal recovery over time. The 
investigated samples included proprietary PS-based Medscint material, 
PVT-based EJ-212 scintillator, PS-based BCF-12 scintillating optical 
fibre, and PMMA optical fibre. The results of Giguère et al. (2025)
demonstrated that, after 37.2 kGy, the final light output decreased to 
approximately 30–43% of the initial response, as reported in Fig. 6a. The 
measured light yield losses were approximately 1.8%/kGy, 1.9%/kGy, 
1.7%/kGy, and 1.5%/kGy for BCF-12, Medscint, EJ-212, and blank 
fibre, respectively. Notably, for the scintillators, the rate of light output 
loss was higher for the first kGys of accumulated dose, with a decrease of 
more than 20% between 1.4 kGy and 2.1 kGy, while it was much lower 
and approximately constant after about 10 kGy. Radiation damage also 
induced a spectral shift toward longer (yellowish) wavelengths. During 
the experiments, Giguère et al. (2025) introduced rest intervals between 
successive irradiations, allowing the evaluation of short-term recovery. 
At 7.1 kGy and 1 h rest, recovery rates were ~4.6%/h for BCF-12, 
2.7%/h for Medscint, 1.9%/h for EJ-212, and 0.64%/h for blank fibre. 
At 28.2 kGy and 26 h rest, recovery rates decreased to 0.076, 0.23, 0.25, 
and 0.26%/h, respectively. This indicates that recovery depends both on 
rest duration and on accumulated dose. Long-term recovery was sig
nificant, stabilizing after 32 days (BCF-12), 150 days (Medscint), 172 
days (EJ-212), and 32 days (blank fibre), as shown in Fig. 6b. After 
stabilization, residual permanent damage to light output (6–22%) 
remained, although spectral recovery was complete.

In the study by Guo et al. (2025), a total dose of ~10 kGy was 
delivered to the scintillator of the Hyperscint RP-FLASH system within 2 
h. After irradiation, the light output was reduced to ~80% of the initial 
value. The signal loss was not linear over the entire dose range and was 
modeled with a second-order polynomial. Between 0 and 2 kGy, the loss 
rate was ~2.6%/kGy, whereas it was smaller at higher doses.

For the commercial Exradin W1 dosimeter (Standard Imaging, USA), 
Ashraf et al. (2022) assessed radiation damage using 10 MeV UHDR 
electron beams. They tracked sensitivity over time and periodically 
recalibrated the Cerenkov correction factor and gain values to quantify 
changes. A sensitivity loss of ~16%/kGy was observed up to ~1 kGy, 
followed by a lower decay rate of ~7% up to 3 kGy. Partial recovery was 
observed between experiments conducted 5 days apart. The degradation 
rate reported by Ashraf et al. (2022) was significantly higher than values 
reported under CONV RT dose rates for the same dosimeter. For 
example, Carrasco et al. (2015) derived W1 long-term stability from 
calibration coefficient changes up to 127 kGy, observing a sensitivity 
loss of ~0.28%/kGy for 0–15 kGy, and ~0.032%/Gy beyond 15 kGy. 
Dimitriadis et al. (2017) reported an initial ~8% drop (1.6%/kGy) in the 
first 5 kGy, followed by ~0.2%/kGy over the next 20 kGy. The datasheet 
of the Exradin W2 dosimeter (evolution of W1), provided by the vendor 
(Standard Imaging, USA) currently reports a radiation degradation of 
~2%/kGy.

Radiation damage rates from Ashraf et al. (2022) were also much 
higher than those observed by Liu et al. (2024b) for the W2 dosimeter 
under 9 MeV UHDR electron beams. In this study, signal sensitivity was 
tracked up to 8.5 kGy, with hourly measurements taken over 8 h. The 
results showed sensitivity losses of ~4%/kGy in the blue channel and 
0.3%/kGy in the green channel, more in line with results from plastic 

scintillators irradiated in conventional beamlines.
A systematic study of W2 radiation damage under 9 MeV UHDR 

electron beams was conducted by Tho et al. (2025), reaching 12 kGy 
total accumulated dose. Experiments involved nine W2 dosimeters. The 
scintillator and the portion of the optical fibre coupled to the scintillator 
exposed to the UHDR radiation field were selectively shielded with lead 
thicknesses to distinguish between the radiation damage contribution 
due to the optical guide and that of the scintillator. In addition, three 
blank PMMA optical guide fibres (i.e. without the scintillator element) 
were tested. When only the scintillator was exposed to UHDR beams, 
average sensitivity losses were ~2%/kGy (blue channel) and 
~0.5%/kGy (green channel). When only the optical fibre was irradiated, 
i.e., by shielding the scintillating element, losses increased to ~6%/kGy 
(blue channel) and ~1%/kGy (green channel). For bare PMMA fibres, 
the blue-channel luminescence decreased by ~1%/kGy, with negligible 
loss in the green channel. Two months after irradiation, recovery mea
surements showed mean recovery of 10–18% for the blue channel in W2, 
but an additional 16–18% loss in the green channel. PMMA fibres also 
exhibited mainly blue-channel recovery of ~12–14%. Overall, the re
sults of Tho et al. (2025) suggested that, compared to existing literature, 
scintillators exposed to UHDR beams exhibited higher sensitivity loss 
than under conventional dose rate beams. Moreover, the contribution of 
the optical guide to total sensitivity loss cannot be neglected. The au
thors’ recommendation was that users should monitor cumulative dose 
and recalibrate after every ~2 kGy to ensure accurate readings.

3.3.2. 2D detectors
To the best of our knowledge, so far only one study has investigated 

the radiation hardness of scintillators in the form of 2D screens, and no 
results are yet available for 3D blocks, for which the research is still 
immature. In Levin et al. (2024), the radiation hardness of a proprietary 
hybrid scintillator screen has been assessed with a quasi-continuous 
scanning proton pencil beam. The measurement was done by setting a 
high DPP = (8.0 ± 0.4) Gy/pulse, PRF = 30 Hz and acquiring data 
continuously for 15 min, giving a total time-averaged dose rate (240 ±
12) Gy/s and a total cumulative dose of 216 kGy. The used metrics was 
the ratio of the pixel charge in ADC counts in the beam centre relative to 
the counts in a very low dose control region (1% of the primary region). 
A 0.025%/kGy signal decrease was observed.

3.4. Spurious luminescence

Spurious luminescence is an intrinsic phenomenon that affects 
scintillators and optically transparent materials in general, regardless of 
the dose rate with which they are irradiated. Many studies in the field of 
FLASH scintillation dosimetry have investigated the relevance of this 
contribution and how effective the compensation methods can be. In the 
following, we summarize the several approaches adopted and the main 
conclusions that have been reached. As for the other aspects, most of the 
research has been dedicated to point detectors, but a few studies on 
other geometries are also starting to appear.

3.4.1. Point detectors
With point detectors, the main contribution to spurious light is the 

Cerenkov luminescence produced in the optical fibre, which can be 
mitigated or corrected using one of the methods described in the pre
vious Section 2.4.4. Many studies have been performed with commercial 
devices, that already implement one of these (Ashraf et al., 2022; Guo 
et al., 2025; Liu et al., 2024b; Oh et al., 2024; Poirier et al., 2022; 
Shaharuddin et al., 2021). In some cases, e.g. with proton beams, the 
Cerenkov contribution could be neglected, and only fluorescence of the 
optical fibre determined the stem effect (Poirier et al., 2025; Fricano 
et al., 2024; Kanouta et al., 2022).

Also studies testing non-commercial devices for FLASH RT dosimetry 
have adopted similar methods. For example, in Vanreusel et al. (2024b), 
the reduction of the stem signal of the in-house prototypes was studied 
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with three optical bandpass filters, centred around 425, 500, and 525 
nm, and either 50 or 80 nm wide. The 500-nm filter, with the largest 
width, returned the pulse length value closest to the expectation and was 
thus considered the most suitable for the tested prototypes. Moreover, 
the stem signal contribution was measured by varying the portion of 
optical fibre that was irradiated, but the results were inconclusive and 
the authors suggest further investigation with a spectrometer.

Another possible simple approach is shifting the fibre detector so that 
the scintillating tip is far away from the beam, and only a portion of the 
optical fibre is irradiated. This allows estimating the Cerenkov light ratio 
after correcting for the actual irradiated fibre length (Ciarrocchi et al., 
2024; Hart et al., 2024). Moreover, Ravera et al. (2024b) proposed a 
method to inter-calibrate five scintillating-fibre detectors, accounting 
also for their position-dependent Cerenkov contribution.

In Cova et al. (2025), the stem effect in (Y,Yb)AG-based fibre de
tectors was studied as a function of the relative orientation of the beam 
with respect to the fibre axis, showing a strong dependence on the 
orientation angle, but also on the portion of irradiated optical fibre. This 
work has also highlighted the advantage of choosing scintillators with 
emission at long wavelengths (above 900 nm in their case) to minimize 
the Cerenkov contribution.

3.4.2. 2D detectors
Vanreusel et al. (2024a) discussed how the Cerenkov radiation pro

duced in the phantom, especially when transparent, can add up to the 
signal of their inorganic scintillator and cause a dose overestimation, 
and how this contribution can be mitigated in fibre detectors or 2D 
applications, using spectral analysis and optical filters, respectively.

Morrocchi et al. (2025) proposed a method to isolate the scintillation 
light from the Cerenkov contribution by using a set of two optical nar
row bandpass filters, a blue one to collect mostly scintillation photons, 
and a green one to maximize Cerenkov light. They then formulated a 
linear system of two equations, much like in the chromatic removal 
approach for fibres, describing the signals in the blue and green wave
length bands as a linear combination of the two contributions, which can 
be solved to yield the scintillation contribution alone. This method, 
applied to images acquired by placing the plastic scintillator after layers 
of water-equivalent plastic of increasing thickness, provided a percent
age depth dose curve for 9-MeV UHDR electrons that was visibly much 
closer to that of a reference flash diamond detector, especially in the first 
15 mm, the dose build-up region.

3.5. Comparison with other dosimeters

The comparison of scintillation detectors with other available tech
nologies has been partially discussed in previous papers. Ashraf et al. 
(2020) highlighted the capability of luminescent detectors to perform 
1D, 2D, and 3D dosimetry with sub-millimetric spatial resolution, 
nanosecond temporal resolution, and dose-rate independence up to 105 

Gy/s. Romano et al. (2022) outlined the characteristics of various do
simeters, indicating scintillators as capable of real-time and in vivo 
dosimetry, potentially suitable for reference dosimetry and beam 
monitoring, and available in 2D configurations such as fibre arrays or 
sheets. The same work also pointed out quenching in high-LET fields and 
Cerenkov radiation as potential issues.

More recently, Oh et al. (2024) summarized the advantages and 
limitations of both traditional (radiochromic films, optically-stimulated 
luminescence detectors, thermoluminescent detectors, alanine, and ion 
chambers) and innovative (ultra-thin ion chambers, diamond detectors, 
calorimeters and beam-current transformers) detectors for UHDR ap
plications. However, a detailed comparison of scintillators with other 
technologies was beyond the scope of that work. Here, we provide an 
updated synthesis based on the full body of literature currently 
available.

Scintillators offer several key advantages: as active devices, they 
enable real-time dose measurements without post-processing, unlike 

passive detectors such as radiochromic films. When coupled with suit
able photodetectors and readout electronics, they exhibit a linear 
response with dose and dose rate, often outperforming standard ioni
zation chambers. In addition, organic scintillators are nearly water- 
equivalent, requiring few corrections for dose-to-water conversion, 
and they are sufficiently fast to resolve the pulse structure and IDR of 
UHDR beams.

Conversely, their response is strongly dependent on the irradiation 
geometry and conditions. This makes them suitable for relative dose 
measurements, but the determination of a dose value in Gy is less 
straightforward than for calorimeters, modified ionization chambers, or 
diamond detectors. Radiation hardness, particularly for organic mate
rials, may also be inferior to that of other detector types. Despite these 
limitations, scintillating screens have demonstrated a unique capability 
for real-time, single-pulse, single-shot two-dimensional dosimetry of 
UHDR beams, a functionality that remains unmatched by other tech
nologies and may prove crucial for the future development of FLASH 
radiotherapy, including from a radiation protection perspective.

4. Conclusions and future perspectives

This review has highlighted that, over the past five years, research on 
the development and characterization of scintillators for FLASH 
dosimetry and monitoring has been particularly active. Most studies 
have focused on fibre-coupled point detectors and on systems for two- 
dimensional characterization of radiation fields, whereas in
vestigations addressing three-dimensional dose measurements remain 
limited, reflecting the greater complexity of 3D dosimetry.

For point-based systems, research has focused on commercial PSDs 
and their recent evolutions, especially regarding the acquisition elec
tronics for UHDR conditions. In parallel, several groups have explored 
inorganic materials of various compositions, while hybrid point scin
tillators have been investigated less extensively. A similar distribution 
among materials is observed in 2D dosimetry, with a predominance of 
inorganic materials, fewer studies on organic screens, and a minority on 
hybrid solutions. Unlike point detectors, the reduced availability of 
commercial 2D devices, currently limited to a single inorganic option, to 
the best of our knowledge, has encouraged the use of commercial ma
terials in combination with custom readout systems, as well as the 
development of proprietary solutions. For 3D dosimetry, the few 
experimental results involved a commercial plastic scintillator and an 
inorganic-based proprietary detector.

Overall, most studies have shown that scintillation dosimeters can be 
useful for dosimetry and monitoring of UHDR beams. They are therefore 
instruments that, alongside other technologies of different nature and 
operating principles, can contribute to the standardization of FLASH 
irradiation parameters, thereby helping to clarify the mechanisms of the 
FLASH effect and supporting clinical translation.

Some aspects still require further investigation, with radiation 
hardness being among the most critical. Despite the available literature, 
results are sometimes partially conflicting, reflecting the dependence of 
radiation damage on multiple parameters, including scintillator history, 
cumulative dose, dose rate, radiation quality, exposure and recovery 
times. More standardized studies should be carried out under conditions 
closely replicating those expected in FLASH RT. At present, most radi
ation hardness data have been gathered only as secondary outcomes of 
other investigations, performed under highly variable irradiation con
ditions and recovery times. This limitation applies not only to plastic 
scintillators but also to inorganic and hybrid ones, for which data on 
radiation hardness under UHDR beams relevant to FLASH RT remain 
especially scarce.

Regarding the management of the Cerenkov emission and the stem 
effect in fibre-based devices, the existing literature indicates that the 
strategies established in CONV RT, such as chromatic removal and 
hyperspectral analysis, may also be applied under UHDR conditions, 
provided that appropriate precautions are taken with respect to 
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radiation-induced damage. Medium-to long-term radiation effects, and 
the corresponding repair dynamics, can in fact affect different spectral 
regions of the light signal reaching the photodetector, requiring careful 
periodic validation and adjustment of correction and calibration factors. 
Moreover, the direct extension of approaches for point detectors to 2D 
and 3D configurations still has to be proven, as these geometries intro
duce different geometrical dependences that may require further cor
rections. Finally, alternative Cerenkov mitigation strategies, including 
time filtering and the use of air-core fibres, merit further investigation, 
as they have shown promise in previous CONV-RT studies, despite not 
being yet implemented in commercial dosimetry systems.

With respect to scintillator response as a function of dose and dose 
rate, available evidence confirms that the composition and scintillation 
mechanisms of the material influence the linearity range, but the 
photodetector and the signal-processing electronics play an equally 
important role. This interdependence complicates direct comparisons 
among scintillators tested in the literature, since even for the same 
material, the achievable temporal resolution and dynamic range are 
determined by the entire detection chain. Moreover, the detection sys
tem must balance all requirements necessary for accurate dosimetric 
signal collection, meaning that high temporal resolution may compro
mise other needs. For instance, wavelength-resolved acquisition 
methods used to discriminate the signal of interest from the stem effect 
typically require longer acquisition times.

From a materials standpoint, commercially available plastic scintil
lators, including scintillating fibres, already represent viable tools for 
high-temporal-resolution dose measurements, owing to their fast scin
tillation times and radiological water-equivalence, provided that Cer
enkov discrimination is effective and medium-to long-term radiation 
damage is carefully considered. Inorganic scintillators, by contrast, offer 
a broader range of compositions and scintillation properties, including 
long-wavelength emitters in the red or infrared regions, which may help 
mitigating radiation damage associated with colour centres that mainly 
absorb in the UV spectral region, and facilitate the reduction of the 
spurious luminescence through spectral methods.

Future research on point-based detectors should also prioritize the 
development and testing of hybrid scintillators under UHDR irradiation 
conditions, with a particular focus on temporal performance and radi
ation hardness to enable direct comparison with the more extensively 
studied plastic scintillators. For 2D dosimetry, research seems to be 
moving towards systems with simultaneous spatial and temporal capa
bilities, a feature particularly valuable for capturing the complex spatio- 
temporal dose distributions typical of proton PBS therapy. In this 
context, efforts are directed not only toward the selection of the fastest 
scintillating materials, but also toward the optimization of the readout 
chain, including the camera triggering, gating, and, most critically, the 
frame rate, which often represents the main limiting factor in the tem
poral performance of an optical imaging system.

Finally, there is a rising interest in detectors capable of performing 
dosimetry in vivo during FLASH RT. Some of the studies published to 
date have already started showing that this is feasible both with point 
and 2D scintillators. Still, conclusions on their capabilities and limita
tions for these applications are far from being drawn.
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