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Abstract
The clinical translation of FLASH radiotherapy (RT) requires challenges related
to dosimetry and beam monitoring of ultra-high dose rate (UHDR) beams to
be addressed. Detectors currently in use suffer from saturation effects under
UHDR regimes, requiring the introduction of correction factors. There is signifi-
cant interest from the scientific community to identify the most reliable solutions
and suitable experimental approaches for UHDR dosimetry. This interest is
manifested through the increasing number of national and international projects
recently proposed concerning UHDR dosimetry. Attaining the desired solutions
and approaches requires further optimization of already established technolo-
gies as well as the investigation of novel radiation detection and dosimetry
methods. New knowledge will also emerge to fill the gap in terms of validated
protocols, assessing new dosimetric procedures and standardized methods.
In this paper, we discuss the main challenges coming from the peculiar beam
parameters characterizing UHDR beams for FLASH RT. These challenges
vary considerably depending on the accelerator type and technique used to
produce the relevant UHDR radiation environment. We also introduce some
general considerations on how the different time structure in the production of
the radiation beams, as well as the dose and dose-rate per pulse, can affect the
detector response. Finally, we discuss the requirements that must characterize
any proposed dosimeters for use in UDHR radiation environments. A detailed
status of the current technology is provided, with the aim of discussing the
detector features and their performance characteristics and/or limitations in
UHDR regimes. We report on further developments for established detectors
and novel approaches currently under investigation with a view to predict future
directions in terms of dosimetry approaches, practical procedures, and proto-
cols. Due to several on-going detector and dosimetry developments associated
with UHDR radiation environment for FLASH RT it is not possible to provide
a simple list of recommendations for the most suitable detectors for FLASH
RT dosimetry. However, this article does provide the reader with a detailed
description of the most up-to-date dosimetric approaches, and describes
the behavior of the detectors operated under UHDR irradiation conditions
and offers expert discussion on the current challenges which we believe are
important and still need to be addressed in the clinical translation of FLASH RT.
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1 INTRODUCTION

The main goal of radiation therapy (RT) is to kill can-
cerous cells while minimizing any radiation damage
to the adjacent healthy cells/tissues. Current litera-
ture indicates that RT delivered at an ultra-high dose
rate (UHDR) is where the dose rate is greater than
40 Gy/s compared to ∼0.1 Gy/s for conventional dose
rate RT. Here-in we refer to this RT delivery technique
as FLASH RT, and several published studies indicate
that it is a promising technique with great potential
to better achieve the above RT goal.1–3 Preclinical
studies have shown that FLASH RT may substan-
tially improve normal tissue sparing while maintaining
high tumor control probability compared to conven-
tional dose rate RT.4–10 The FLASH effect, in sparing
normal tissues, is not fully understood. A series of
hypotheses11–16 based on the fundamentals of radio-
physics, radiobiology, and radiochemistry connecting
it to reactive oxygen species has been proposed in
the literature.11–16 These hypotheses continue to be
met with vigorous and exciting debate in the scien-
tific community. Various platforms for FLASH RT have
been demonstrated using electrons generated by linear
accelerators,4–6,17,18 X-rays generated in a synchrotron
facility,7,19 protons using an isochronous cyclotron20–23

and a synchrocyclotron,24,25 as well as helium26 and
carbon27 ion beams generated using a synchrotron
(see Table 1).

To support a reliable clinical translation of FLASH
RT, the challenges related to accurate dosimetry and
real-time beam monitoring of UHDR must be properly
addressed. Although several preclinical studies have
been carried out to investigate and confirm the FLASH
effect, results may still be partially affected by the lack of
established methods for dose measurements and beam
monitoring. These methods currently used in conven-
tional RT are employing detectors which can be heavily
affected by the dose rates and dose per pulse character-
izing UHDR beams. In particular, the lack of real-time in-
beam transmission detectors able to accurately monitor
the dose delivery, can partially limit the full exploitation
of recently installed facilities, introducing non-negligible
uncertainties in the obtained results. Unlike dosimetry
of conventional RT for which professional societies’ rec-
ommendations are available (e.g., American Associa-
tion of Physicists in Medicine’s [AAPM’s] Task Group
[TG]-51,28 International Atomic Energy Agency’s TRS-
39829),currently there is no such recommendation avail-
able for FLASH RT dosimetry.This special issue of Med-
ical Physics aims to highlight aspects of established and
emerging dosimeters used in UHDR dosimetry and rel-
evant for FLASH RT. In this paper, our aim is therefore
to critically assess these dosimeters to highlight limit-
ing characteristics that could affect their performance
when used for FLASH RT dosimetry. Various available
dosimeters are assessed and the considerations asso-

ciated with them for use in FLASH dosimetry are men-
tioned.

2 CONSIDERATIONS BASED ON THE
BEAM TIME STRUCTURE

Table 1 indicates the different technologies able to
deliver UHDR beams for FLASH RT studies. The aver-
age dose rates of the related acceleration systems sat-
isfy the main physical requirement to enable the FLASH
effect (≥40 Gy/s). However, the deliverable treatment
dose range, dose-rate per pulse, and repetition fre-
quency, as well as, pulse duration, characterize each
individual irradiation facility, depending on the specific
accelerator utilized. This list of characteristics is crucial,
from the point of view of active dosimeters and real-time
detectors for beam monitoring.The saturation effects on
the detector response and the required temporal res-
olution can drastically change depending on the beam
time structure,which can vary from continuous to pulsed
beams.

Examples of typical beam time structures are
schematically illustrated in Figure 1. The radiation out-
put structure for an isochronous cyclotron (Figure 1a)
is quasi-continuous, with nanosecond pulses spaced by
tens of nanoseconds (i.e., with pulse frequency of the
order of tens or hundreds of MHz). Figures 1b and 1d-e
show that in a synchrocyclotron or a particle linear accel-
erator (i.e., clinical linacs), the output has a distinct and
very different pulse duration. Pulses are of the order
of 1–10 µs wide and are delivered every few millisec-
onds,with a consequent repetition rate ranging between
100 and 1000 Hz. Strictly speaking, the time structure
of pulses produced by accelerators is characterized
by "micro-pulses" of few nanoseconds and ∼100 MHz
in repetition frequency.40 However, this sub-structure is
effectively not detectable by ionization chambers, the
recommended detectors for reference dosimetry, and
also by most of the active dosimeters. Common ioniza-
tion chambers used for clinical radiation dosimetry have
ion collection times varying between tens of microsec-
onds and 200 µs. As such, all the mentioned beams can
be considered as being pulsed radiation sources, with
the exception of the output of isochronous cyclotrons
(and of course synchrotrons), which from this perspec-
tive can be considered as being continuous radiation
sources.

A quite different and peculiar beam time structure
characterizes laser-driven beams (Figures 1c and 1f),
for which temporal pulses of less than 1 ns are achieved
with single-shot irradiations or with repetition rates rang-
ing between 1 and 10 Hz.43 However, for these emerging
technologies, additional challenges related to the beam
stability and uniformity and energy selection must be
considered. Investigations of the FLASH effect through
these modalities are considered less mature relative to
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F IGURE 1 (a–f) Beam time structure and pulse duration (τ) for various accelerators delivering ultra-high dose rate (UHDR) beams. Adapted
with addition from Ref. 24

the studies carried out using radiofrequency accelera-
tors.

It is evident from Figure 1 and the associated dis-
cussion above, that we must distinguish between aver-
age dose rate, instantaneous dose rate, and dose per
pulse, as each of these parameters may play a role
in the radiobiological aspects of the FLASH protec-
tive effects, in addition to the expected impact on the
radiation detector response. In order to fully under-
stand and exploit FLASH RT it may well be nec-
essary to unfold the relative contribution of each of
the above parameters in each radiation environment
separately.

For a (quasi-) continuous radiation,the (average) dose
rate is defined according to Equation (1):

Ḋ =
D
t

(1)

where D is the total delivered dose over a time period t.
For a pulse output, however, the average dose rate is

defined according to

Ḋ =
Df
N

(2)

in which N is the number of delivered pulses and f is
the pulse repetition rate. The instantaneous dose rate is
therefore obtained from Equation (3):

Ḋp =
D
N𝜏

=
Ḋ
f𝜏

(3)

in which τ is the pulse duration.

Calculation of dose rate for scanning beams is not
straightforward due to the spatial heterogeneity of the
dose rate. In such dose delivery scenarios, a voxel-
specific metric can more accurately specify the dose
rate.41,42

The FLASH effect may depends on the instantaneous
dose rate (dose-per-pulse and number of pulses), the
average dose rate, or a combination of the two. Ideally, a
real-time dosimeter capable of instantaneous dose rate
measurement is needed in order to investigate the role
of instantaneous dose rate versus average dose rate in
the FLASH irradiation protective effect.Such dosimeters
will need to incorporate a very wide dynamic range in
their response to accurately characterize the temporal
and spatial components of FLASH RT.

3 CONSIDERATIONS ON BEAM
MONITORING, DOSIMETRY, AND
DETECTOR FEATURES

Real-time beam monitoring and reference dosimetry
often share similar radiation detection challenges for
dealing with UHDR beams, but are usually character-
ized by different requirements.Some radiation detection
technologies can,however, be used for both purposes, if
properly designed.A typical example is provided by gas-
based detectors. Ionization chambers are clinically the
detectors for reference dosimetry, and recommended
by international protocols. At the same time, a differ-
ent design of ionization chambers is used in transmis-
sion for real-time beam monitoring.The challenges com-
ing from high and ultra-high dose rates require major
modifications of the currently used ion chambers and



DOSIMETRY FOR FLASH RADIOTHERAPY 4917

their readout systems. This is especially the case for
extremely pulsed radiation beams, where the exploita-
tion of alternative techniques, relying on different tech-
nologies for the two different purposes, is necessary.

In particular, the main additional requirements for a
beam monitoring detector with respect to the ones used
for reference dosimetry are: (i) high spatial resolution for
beam flatness and symmetry measurements; (ii) high
temporal resolution,as these detectors are typically pro-
viding the feedback signal to the control system of the
accelerator for the beam stop; (iii) high level of beam
transparency, as monitors must perturb the beam trans-
port as little as possible; (iv) large response dynamic
range, as demanded by modern treatment regimes with
complex fields; (v) reduced footprint, as they are typi-
cally installed at the exit of the acceleration system; (vi)
a large area to cover the whole beam spot cross-section
that, depending on the acceleration and beam delivery
systems, can sensibly vary between a few centimeters
and several centimeters; (vii) radiation hardness, since
the detectors are a permanent fixture integral to the
delivery system and always exposed to radiation. All the
above-mentioned requirements must be satisfied, as is
the case of beam monitors for conventional RT, but the
high dose rates characterizing FLASH RT makes the
task even more challenging to satisfy.The response sat-
uration issues affecting transmission detectors are sim-
ilar to those for reference dosimetry detectors. However,
specific to transmission detectors, is the required fast-
feedback signal, which can become an issue given the
timing structures of UHDR beams. As described in the
previous section, the beam timing structures can vary
considerably, depending on the type of machine being
used. The timing response of ionization chambers is
typically quite slow (up to 300 µs of ion collection time
for about half centimeter air gap) and these chambers
are also affected by ion recombination in FLASH RT
regimes. Novel prototypes of thin two-dimensional (2D)
in-transmission ionization chambers have been devel-
oped and investigated for FLASH proton beams acceler-
ated by cyclotrons, where the timing structure and dose
per pulse still allow the use of suitably modified, yet
robust technology. One such modification is a reduction
of the air gap to 1 mm, which has been implemented
to allow for a reduction in the ion recombination effects
(<0.5% charge recombination) at the proton beam cur-
rent relevant for FLASH irradiations, while still provid-
ing high spatial resolution (<100 µm) thanks to the strip
electrodes.44

Another approach for beam monitoring through in-
transmission ionization chambers was recently explored
and tested with UHDR carbon ion beams accelerated
by a synchrotron. Modeling the ion recombination to
try to correct for it is not feasible especially when
dealing with non-reproducible intensity fluctuations
from the synchrotron, and, if pencil beam irradiation
must be implemented, due to the high local dose rate.

Minimizing as much as possible the recombination
in the in-transmission chamber is, therefore, the only
possible approach. This has been done by replacing the
Ar–CO2 gas mixture present in the chamber gap with
helium,which produces collected currents much smaller
than that for Ar–CO2.27 Tinganelli et al.27 show that at
UHDRs, the saturation curve for helium reaches the
plateau at 500 V, providing a linear response at 1000 V,
differently from the case of Ar–CO2 curve, which is still
increasing at 2000 V. This plateauing is due to the much
lower density of the electron-ion pairs produced,and the
much faster drifting time for helium ions.They found that
the monitored dose values at UHDR and conventional
rate during the irradiation of a series of biological sam-
ples were in agreement, with a constancy of better than
±1%. An interesting alternative approach to be further
investigated for real-time monitoring through gas-
based detectors is the use of double- or multi-gap in-
transmission ionization chambers, as proposed by Gior-
danengo and Palmans.45 They developed a device com-
posed by two or three parallel-plate ionization chambers
with independent anodes and cathodes separated by
gaps of different thickness to have different charge
recombination effects and therefore different charge
collection efficiencies. Due to recombination effects,
the charge collected by each chamber is expected to
deviate from the gap width proportionality and this can
be modeled through a phenomenological approach that
can finally correct for the collection efficiency.

Alternative technologies must be and are being inves-
tigated, especially for pulsed beams, such as the parti-
cle linear accelerators for RT, because the lower pulse
repetition frequency implies larger doses per pulse to
achieve similar average dose rates. In-transmission ion-
ization chamber would suffer large ion recombination
effects under these irradiation conditions, and one alter-
native is solid-state detectors, which are being pro-
posed to address this limitation. In particular, ultra-
thin (<10 µm thickness) silicon detectors are explored,
thanks to their high sensitivity and excellent spatial res-
olution, although thin planar silicon devices have never
been used so far as online monitoring systems on clini-
cal therapeutic beam lines.46 Other solid-state detectors
that show promising features are being developed for
UHDR applications based on diamond and silicon car-
bide (SiC) technology, although a systematic characteri-
zation under full clinical conditions with UHDR beams is
yet to be carried out. Indeed,electron–hole pair recombi-
nation effects and other sources of response saturation
in solid-state detectors need more systematic studies at
the dose and dose-rate per pulse of interest for FLASH
RT.47

Other emerging alternative and robust technologies
include the integrating current transformers (ICT),which
provide charge measurements with high level of accu-
racy and reproducibility, as shown in Ref.48 However,
they cannot provide any information on beam flatness
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and symmetry as the final output is basically a beam
fluence measurement.

A detector is considered a radiation dosimeter if it
can provide a reading that is a measure of the delivered
dose by ionizing radiation in its sensitive volume. If the
dose can be determined without calibrating it in a known
irradiation field, the device is considered an absolute
dosimeter,otherwise it is referred as a relative dosimeter.
Measuring the dose in water under specific reference
conditions provides the output calibration of a clinical
beam and is referred to as reference dosimetry. An
absolute dosimeter can be used independently, that is,
relying on its own accuracy. However, it is more common
and safe in clinics to calibrate them in a known radiation
field to have traceability to a Standards Laboratory. An
ideal dosimeter for reference dosimetry should be dose,
dose rate, energy, and angular independent, with high
radiation hardness, linearity, accuracy, and precision. It
is important to note that any possible UHDR dosimeter
must also provide precise and accurate measurements
under conventional dose rates. Ionization chambers
are recommended by the international protocols for
reference dosimetry in RT.29 However, at very high
dose rates their response is heavily affected by the ion
recombination, as highlighted in the previous section,
and demands major modifications of current commer-
cially available ion chambers and the assessment of
novel alternative dosimetry techniques. Some passive
detectors may offer high accuracy and reproducibility,
but active detectors provide less complicated and time-
consuming measurements, although the accuracy and
dose-rate independence require further improvement.49

It is worth noting that although accurate real-time
dose-rate independent absorbed dose-to-water mea-
surements are required for reference dosimetry for
FLASH RT, no specific requirement in terms of temporal
resolution, is needed, unlike that for beam monitoring
detectors.

In the immediate future, many radiobiological, chem-
ical, and preclinical studies will be carried out, and are
necessary to investigate the basis of the FLASH effect.
In addition, the clinical transfer of FLASH RT will neces-
sitate numerous clinical trials as well. In this decisive
context, it will be necessary to compare the treatment
efficacy under UHDR irradiation with conventional irra-
diation conditions. Therefore, it would be very bene-
ficial, if not essential, to use detectors that have an
adequate dynamic range, covering the broad range of
dose-per-pulse and dose rates utilized in these stud-
ies. Such a requirement makes it not only possible to
use the same device for conventional and UHDR irradia-
tions,but also to carefully extrapolate the calibration per-
formed under conventional conditions to nonstandard
fields. When National Metrology Institute (NMI) will be
able to provide reference UHDR beams, this require-
ment will be obsolete, and more routine-like dosimetry
will be possible.

Table 2 summarizes the characteristics of different
detectors used for dosimetry and beam monitoring, their
main performances and limitations.

3.1 Ionization chambers

Ionization chambers are considered as the "gold stan-
dard" for absolute and reference dosimetry in RT.51 How-
ever,at UHDRs, they must be used with extreme caution;
the user must evaluate the validity of the Boag’s two-
voltage method or other empirical methods in handling
the ion recombination in a given radiation field.52,53

For electron FLASH beams, large correction factors
were reported in multiple studies to account for recom-
bination in the sensitive volume.52,54–58 The Advanced
Markus was the ionization chamber mainly studied
in the context of electron beams thanks to its small
sensitive volume (5 mm surface diameter and 1 mm
spacing between electrodes) and large maximum dose
per pulse with respect to cylindrical ionization cham-
bers. For example, a Farmer ionization chamber is able
to measure accurately doses per pulse up to 0.91 mGy
without saturating whereas the Advanced Markus ion-
ization chamber can be used for up to a dose per pulse
of 5.56 mGy (99% collection).52 However, recombination
factors larger than 3,with associated large uncertainties,
were reported for very high dose per pulses commonly
used in FLASH studies. Additionally, the lack of univer-
sally accepted models is still an issue and empirical
models are still used.52 Despite these large recombina-
tion factors, ionization chambers remain the instrument
favored for the clinical translation of FLASH RT and
recent studies tried to overcome these limitations. For
example, a study investigated the ion recombination for
plane-parallel ionization chambers with electron beams
at 200 MeV and dose per pulses up to 5 Gy,retrieving the
related correction factor through direct comparison with
absolute dose measured through a graphite calorimeter
and comparing it with the one obtained using different
models.54 A collection efficiency lower than 10% was
found at the highest dose per pulse values for a PTW
Roos chamber at the recommended voltage (200 V).
In the same study, the authors proposed to optimize
charge collection by increasing the polarizing voltage
in the sensitive volume and by redesigning the cham-
ber using different chamber geometries with smaller
electrode spacing or cylindrical cavity shape. Another
reported study investigated the impact of a change in
the sensitive volume and created ionization chambers
with a reduced distance between the electrodes of
a parallel-plate chamber.56 That study showed that
the ion collection efficiency was significantly improved
when the distance between electrodes was reduced
to 0.5 mm thanks to a 95% collection efficiency with a
dose per pulse of about 1 Gy, which was significantly
better than with the Advanced Markus (95% collection
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efficiency with a dose per pulse of about 0.2 Gy).52

However, this reduction of sensitive volume is limited
by mechanical constraints where small fluctuations in
the chamber geometry from day-to-day could impact
significantly the ionization chamber response.

Another feasibility study has been recently presented,
where ultra-thin plane-parallel chambers prototypes
with a 0.27 mm gap polarized at -250 V have been
realized and characterized with low-energy electron
beams (up to 9 MeV) and at large doses per pulse (up
to 12 Gy/pulse). A linear response was found as a func-
tion of the dose per pulse, demonstrating how ultra-thin
gap plane-parallel ionization chambers are a promising
option as secondary standard dosimeters at UHDRs for
the FLASH RT quality assurance (QA).59 An alternative
approach was also investigated by Di Martino et al.,60

who found a method for experimentally determining
the saturation correction factor ksat for a commercially
available ionization chamber (a PTW Advanced Markus
in the considered case). Starting from an approach
developed and reported in Ref.,53 they retrieved the free
electron fraction contribution and were able to accu-
rately determine ksat for doses per pulse up to 0.5 Gy.60

For higher doses per pulses, the large charge density
generated, modifies the electric field inside it, so that in
some points it assumes very high values (causing dis-
charges) and in others null values (totally recombining).
Di Martino et al.61 have developed a theory that allows
the realization of a gas chamber prototype that solves
the problems described above,allowing to perform accu-
rate measurements (within 3%) of absolute dose up to
values of 40 Gy/pulse. The theory has been patented
and the chamber prototype is in under construction.

The response of four different chambers (IBA
PPC05, PTW Advanced Markus, IBA CC04, and IBA
CC13) has been characterized at a proton FLASH
(dose rate ∼150 Gy/s) radiation field generated by a
synchrocyclotron.25 The authors used Equations (4)–(6)
to calculate the ion recombination factors. It was found
that the cylindrical chambers (IBA CC04 and CC13)
show significantly high ion recombination which cannot
be correctly addressed using the standard two-voltage
method. For the plane-parallel chambers studied in that
work, the PPC05 showed the smallest correction fac-
tor (1.01) while that of the Advanced Markus cham-
ber was 1.05 calculated using the two-voltage model
and quadratic fitting (see Figure 2). Using an empiri-
cal method, by delivering the same dose but at a low
and FLASH dose rate, the authors showed that the
ion recombination correction for the PPC05 was very
close to that obtained through the two-voltage method,
however, for the Advanced Markus chamber it was
∼2% lower than that obtained through the two-voltage
method. This observation was attributed to different
electrode separation in these chambers, that is, 0.6 mm
in the PPC05 versus 1 mm in the Advanced Markus

chamber. It should be mentioned that the Advanced
Markus chamber has been reliably used for dosimetry
of a FLASH proton field generated by an isochronous
cyclotron, indicating the importance of the influence of
the instantaneous dose rate and pulse structure on the
response of ionization chambers.22 The polarity cor-
rection factor was ∼1 for the plane-parallel chambers;
however, it was ∼1.1–1.2 (see Figure 2) for the cylin-
drical chambers studied in Ref.25 Patriarca et al.20 have
reported recombination correction factors ∼1% for the
IBA CC01 cylindrical chamber in a FLASH proton field
(∼80 Gy/s) generated by an isochronous cyclotron. This
different behavior can be attributed to the different pulse
structure of an isochronous and a synchrocyclotron.
The former with a quasi-continuous output has a signif-
icantly lower dose per pulse compared to the latter with
a pulsed output (cf. Figure 1).

Equations (4) and (5) which rely on measurement of
a given beam at two different bias voltages of ion cham-
bers are conveniently used to measure the ion recombi-
nation correction factor at conventional dose rates.

Pion (VH) =
1 − VH∕VL

MH
raw∕ML

raw − VH∕VL

(4)

Pion (VH) = a0 + a1

(
MH

raw

ML
raw

)
+ a3

(
MH

raw

ML
raw

)2

(5)

in which a0,a1,and a3,are the fitting parameter provided
in Ref.62

Additionally,one can use a different method.When the
same dose is delivered at two different dose rates (low
and high), the measured dose at the low dose rate is
considered as the ground truth since it can be reliably
measured at the low dose rate.Then, the Pion at the high
dose rate can be calculated according to Equation (6).

MF ⋅ kQ ⋅ N60Co
D,w ⋅ CTP ⋅ Pion,F ⋅ Ppol,F ⋅ Pelec

= MC ⋅ kQ ⋅ N60Co
D,w ⋅ CTP ⋅ Pion,C ⋅ Ppol,C ⋅ Pelec (6)

in which subscripts F and C represent FLASH and con-
ventional dose rate, respectively, and:

Ppol =
|||||
M+

raw − M−
raw

2M−
raw

||||| (7)

Volume averaging in dosimetry of spatially nonuni-
form fields is an important issue in FLASH RT stud-
ies as well as in conventional RT. Indeed, most of
preclinical studies carried out so far are performed
with small fields, often characterized by poor uniformity.
The implications of this effect on dosimetry have been
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F IGURE 2 (a–e) Ion recombination correction factors calculated for different chambers for the spread-out Bragg peak (SOBP) beam. Circle
and square symbols were calculated using Equation (4), triangle symbols were calculated using Equation (5), and star symbols were calculated
using Equation (6). VH/VL = 2 in the legend indicates that Equation (5) was used with (-400, -200) voltage pair for the Advanced Markus
chamber. VH/VL = 3 in the legend indicates that Equation (5) was used with (-450, -150) voltage pair.25 (f) Polarity correction factor for four
different chambers irradiated by a proton beam, at 2–150 Gy/s dose rate, generated by a synchrocyclotron25

investigated through Monte Carlo simulations, using a
nonuniform proton beam in combination of commonly
used ionization chambers for reference dosimetry, such
as PTW Advanced Markus and IBA PPC05.25

3.2 Radiochromic film

Radiochromic films (RCFs) provide 2D dosimetry over a
large area with high spatial resolution which make them
convenient dosimeters for beam profile measurement.
Furthermore, tissue equivalency and ease-of -use are
other appealing features of RCFs.63–66 However, stan-
dard practice of RCF dosimetry does not provide real-
time measurement.Currently,most commonly used RCF
models are EBT3 and EBT-XD (GAFchromic, Ashland
Inc., Bridgewater, NJ, USA)64,65 with different dynamic
ranges, up to 10 Gy (40 Gy) for the EBT3 (EBT-XD).
Since FLASH RT involves radiation doses between 2
and 30 Gy, the EBT-XD model with high dynamic range
would most likely be the natural choice. At conventional
dose rates, the response of these films to megavolt-
age photon, electron, and proton beams were found
to be dose-rate independent.62,64,65,67 In the context
of FLASH dosimetry, overall 5% uncertainty in RCF
dosimetry at high dose rates has been reported in
the literature for electron film dosimetry using EBT3
film model.68 Recently, the response of proton-irradiated
EBT3 films were reported to be dose-rate independent
(see Figure 3) when irradiated under 5 and 40 Gy/s
using an isochronous cyclotron.20 However,an important
issue associated with film dosimetry in proton and other
high linear energy transfer (LET) fields is the "quench-
ing" effect manifested as under-response of the films.
The LET dependency of the response of the film can
be manifested as an under-response (∼10%) in dose
in conventional dose rates.62,67 Its impact on proton
FLASH fields generated by systems with different pulse
structures requires further investigation.

F IGURE 3 Dose–response curves obtained from the red
channel of the EBT3 films irradiated by 198 MeV proton beams at 40
Gy/s and 5 Gy/s dose rates. Error bars are within the symbol size
and the dashed curves represent 1-sigma confidence level20

In practice, RCF dosimetry is a cost-effective solu-
tion. To improve film overall uncertainty, a high-quality
scanner providing stable and isotropic illumination is
needed. Batch-specific calibrations and care about film
orientation are also typical improvements required for a
5% standard uncertainty. In addition, good care must be
taken with the image formatting and filtering, in order to
reproduce perfectly the calibration procedure.

3.3 Semiconductor electronic
dosimeters

Dosimetry in FLASH RT presents an excellent devel-
opmental opportunity for semiconductor electronic
dosimeters (SEDs) as these therapies incorporate dose
rates that can be challenging for traditional SED sys-
tems. The impact of charge recombination is usually
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characterized by investigating their response per pulse
of delivered dose.47,69 The variation of the charge
recombination effects at ultra-high dose rates are anal-
ogous to those in ionization chambers, but are accen-
tuated by the smaller work-function. The introduction of
guard ring structures sometimes utilized in lower dose
rate environments to improve the statistical uncertainty
in these systems requires careful design consideration
in FLASH RT environments.

The radiation response of SEDs relative to tissue (or
water equivalence) compounds the UHDR challenges
for these systems in some radiation environments (e.g.,
microbeam RT).The higher dose rate environment does
however allow for the reduction in the sensitive volume
of the SED without compromising dose measurement
uncertainty. The reduction also reduces the relative
contribution from photoelectric interactions within the
sensitive volume and take advantage of the stopping
power ratio relative to water. Totally isolating the sensi-
tive volume through chemical/laser etching techniques
may yet also prove to play an important role in UHDR
dosimetry using SEDs as the surrounding material
removed can be replaced with a more tissue equivalent
substitute. The introduction of alternate semiconductor
technologies such as wide bandgap SEDs relative to
silicon (e.g.,diamond) or organic-based semiconducting
materials with an atomic number close to that of water
or tissue also present future opportunities for dosimeter
developments specifically for FLASH RT. In particular,
diamond Schottky diode prototypes, produced at Rome
Tor Vergata University in cooperation with PTW Freiburg,
were realized varying a few relevant design and elec-
tronic parameters, in order to tune the overall device
performance to meet the stringent requirements of ultra-
high dose per pulse irradiation. The resulting prototypes
were tested by using an ElectronFlash Linac (SIT S.P.A.),
by using a 9 MeV electron beam and doses per pulse up
to 12.5 Gy/pulse.70 Results show a response linearity
up to a dose per pulse of 12.5 Gy/pulse in the best case,
clearly demonstrating the feasibility of a diamond-based
detector at UHDRs for FLASH RT and paving the way
for further related developments. Transmission-type
SEDs play an important role in real-time in vivo QA for
both photon71 and particle therapies.72 The introduc-
tion of FLASH RT treatment delivery techniques may
necessitate the redesign of such transmission SEDs so
they are application specific. The recent developments
in back-etched SED arrays and 3D p–n junction tech-
nology may well play an important role where speed is
the essence in the ultra-high dose rate environments
associated with FLASH RT. SiC detectors could be a
promising alternative, especially for beam monitoring
at FLASH regimes. They can be considered a good
compromise between the industrial maturity of silicon
detectors and the robustness of diamonds, allowing
for large areas and high applied voltages. Moreover,
the possibility of realizing ultra-thin SiC (1–10 µm of

thickness) without the presence of substrate and to
increase the applied electric field, potentially reduces
possible hole–electron recombination effects. Although
some preliminary not yet published investigations are
on-going, a systematic study of this novel technology at
FLASH regimes is still missing.73 The response of novel
ultra-thin SiC detectors was studied for the first time,
through simulations and experimental characterization
with low-energy UHDR electron beams. Measurements
with the electrons at 7–9 MeV at conventional and
UHDR regimes with the SIT-Sordina ElectronFlash
Linac have been carried out by Romano et al.74 and
the response of SiCs was compared with a commercial
silicon diode. A characterization of the SiCs was previ-
ously done to select the applied voltage for which the
produced charge was properly collected (V = 480 V).
Preliminary results showed that SiC detectors have a
linear trend up to about a few Gy/pulse, differently from
the silicon diode, which started saturating at less than
0.5 Gy/pulse. The authors state that the linearity range
can be further extended using a dedicated electrometer
able to cope with the instantaneous produced currents
in the detector. These first promising results demon-
strate the feasibility of using SiC detectors at UHDRs,
paving the way for further future developments, includ-
ing arrays or pixel configurations to be implemented for
real-time beam monitoring or relative dosimetry.

3.4 Fricke dosimeter

Fricke, ferrous ammonium sulfate, detectors are chem-
ical dosimeters based on the oxidation of ferrous ions
(Fe2+) to ferric ions (Fe3+) after interaction with ion-
izing radiation. One of the advantages of the Fricke
dosimeters relies on the fact that they are 96% water
by weight, which means their dosimetric properties are
very similar to those of water. Fricke dosimeters can
be used as absorbed dose-to-water primary standard
for high-energy electron beams through a two-step
procedure75,76: first, the energy imparted to the solu-
tion is derived from measurements of basic quantities,
and second, calibrated Fricke solutions are irradiated
in a water phantom to determine the calibration coef-
ficient of secondary standard ionization chambers. As
any other detector to be used at dose rate regimes typ-
ical of FLASH RT, the response on the key parameters
must be investigated. In particular, the dependence of
Fricke solutions of different compositions on the dose-
per-pulse has been investigated in a few works. Using
a standard solution an independence on the dose-per-
pulse within the experimental uncertainties has been
found up to about 2 Gy/pulse, starting to show some
saturation effects (of the order of few percent) when
10 Gy pulses are used,77–79 which is typically expected
by UHDR studies. To obtain independent response at
larger dose per pulse (at least up to 20 Gy) super-Fricke
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solutions have been realized, where actually the solu-
tion is saturated with O2 solution and the Fe2+ solu-
tion is an order of magnitude higher than the standard
one. The process for which their response start satu-
rating for large dose-per-pulses is related to the oxy-
gen depletion, which contributes to decrease the radi-
ation chemical yield. Although Fricke dosimeters show
promising features for their use at very high dose rates,
still a systematic characterization has to be carried out,
especially also looking at other relevant parameters for
FLASH RT, such as the instantaneous dose rate and
the pulse frequency that, depending on the irradiation
modality, can vary considerably. In addition, metrology
institute will need UHDR reference beams to improve
the accuracy of the chain of traceability.

3.5 Faraday cup

Faraday cups (FCs) measure the total charge of a par-
ticle beam. Converting the integrated charge to dose
requires accurate knowledge of energy spectrum of the
beam.A vacuum-less design of FC,designed by Cascio
and Gottschalk,80 with accuracy between –1% and –5%
in charge collection, is portable and has been used in
several FLASH RT investigations.

In recent studies,25 an FC was placed immediately
at the exit of a synchrocyclotron, with a pulsed output,
to find the combination of pulse widths and number of
pulses that would deliver the same dose but at differ-
ent dose rates. By doing so, the authors were able to
study the response of different ionization chambers at
conventional and FLASH dose rates. Also, the results
of the FC measurements were fed to the Monte Carlo
simulation as the number of initial protons for absolute
dosimetry.

The effect of secondary electrons in the total charge
collected by the FC can be minimized by applying a mag-
netic field. Application of FCs, inspired by the design of
Verhey et al.,81 for FLASH commissioning and QA has
been studied by Winterhalter et al.82

FCs have been also proposed for ultra-high dose
rates typical of laser-driven proton beams.83–85 Although
the response in terms of collected charge is not affected
by the very high dose rates, the measurement of the
energy spectrum and effective area must to be car-
ried out independently to determine the absolute dose,
as the collected charge provides only a measure-
ment of the proton fluence. The uncertainties related
to the two mentioned quantities is typically having the
largest contribution on the overall uncertainty on the
absorbed dose-to-water, which can range between 2%
and 5%, depending on the used technology. This can
be improved using dedicated devices including specif-
ically designed electron suppressors for the collected
charge.

3.6 Radioluminescence and Cherenkov
radiation dosimetry

Radioluminescence (RL) refers to phenomena that lead
to generation of light as a result of interaction of radi-
ation with materials. Utilizing scintillation properties of
materials is one of the oldest techniques for ionizing
radiation detection. Scintillation fiber optic dosimeters
have drawn significant attention thanks to their unique
features including capability of performing in vivo and
real-time measurements with high spatial and temporal
resolutions. These features make them suitable candi-
dates for various dosimetry scenarios including in vivo
and small-field dosimetry.86 RL signal from the scintil-
lating sensing tip of a fiber dosimeter is86 proportional
to the absorbed dose. However, the main challenge with
scintillating fiber optic dosimetry in photon and elec-
tron beams is that the signal received by the detec-
tor through the fiber is "contaminated" with Cherenkov
radiation, which may not be directly proportional to the
dose. Hence, the total signal must be corrected to sub-
tract the contribution of Cherenkov radiation in order to
accurately measure the absorbed dose in the scintil-
lator. Several solutions have been proposed in the lit-
erature to deal with the Cherenkov radiation in fiber
optic dosimetry.87,88 In proton therapy scintillation fiber
optic dosimetry, the effect of Cherenkov radiation as
a contaminating signal is not as significant compared
to that in photon and electron fields due to the fact
that the threshold energy for the protons to induce
Cherenkov radiation is ∼1830 times greater than that
of electrons (Emin,p = 484 MeV vs. Emin,e = 0.264 MeV
in water). This energy is well above the proton ener-
gies used in proton therapy; however, electrons in the
medium can acquire sufficient energy from the incident
protons through different types of interactions to induce
Cherenkov radiation. Nevertheless, it has been shown
that the Cherenkov radiation produced by such sec-
ondary electrons is mostly limited to the shallow depths
and its intensity is significantly weaker than that from the
scintillator.89,90

Another significant issue related to scintillation
dosimetry that occurs in high LET radiation fields is the
non-proportionality between the collected light from the
scintillator and the proton dose.91–96 At low stopping
powers, the scintillation signal is linear with respect to
the energy deposition, however, the scintillation signal
"saturates" at high stopping powers. This nonlinearity
effect, manifested as under-response of the optical sig-
nal to the radiation absorbed dose, is mainly due to the
ionization quenching phenomenon resulting from non-
radiative de-excitations occurring at high-density energy
deposition.97–100

RL-based devices can in principle provide a high-
resolution 2D measurement (e.g., arrays of optical
fibers); however, their use must be verified in UHDR
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radiation fields.101 Scintillation-based dosimeters due to
their prompt response can potentially be used for mea-
suring both the instantaneous (dose per pulse) and aver-
age dose rates. Prototypes of LYSO scintillating crys-
tals have been recently tested at doses per pulses up
to 2.5 Gy with electron beams produced by a modi-
fied IORT Novac accelerator, showing an overall linear
trend at the investigated values.102 The obtained results
demonstrate how inorganic scintillators are also good
candidates for FLASH RT active dosimetry.

Novel approaches based on gas scintillators are a
promising alternative for beam monitoring at UHDRs,
thanks to the high level of transparency and fast
response. A xenon gas scintillator coupled to large pho-
tomultiplier tubes (PMTs) for real-time 2D beam mon-
itoring for pulsed and pencil beam scanning proton RT
treatments was used by Vigdor et al.103 A spatial resolu-
tion of a few hundred micrometers was achieved, with a
linear response within 1% up to a dose rate of 300 Gy/s.
An alternative approach was investigated using air as
a medium in which fluorescence is developed. Fluores-
cence in air provides a signal unsaturated by the high
number of particles per pulse, typical for FLASH, with a
very wide dynamic range.104 Preliminary tests with elec-
tron UHDR beams are promising and further systematic
characterization will be carried out.

Designs based on fiber arrays, due to the small (sub-
millimeter to millimeter) diameters of the fibers have
potential to serve as beam monitors as well. Dose-
rate independence has been reported at conventional
dose rates. Although some preliminary tests have been
performed at UHDRs, further systematic investigations
are needed to verify their response at FLASH beams
generated by different types of accelerators (linac,
isochronous cyclotron, and synchrocyclotron).

In the past decade, it has been shown that Cherenkov
and scintillation imaging can in principle provide real-
time 2D dosimetry of conventional radiation therapy
beams.105 A Cherenkov detector was used for real-time
dose monitoring by Favaudon et al.106 with electron
beams up to 5 MeV with UHDR pulses of 1 µs. Results
show that the integral Cherenkov emission was not
affected by saturation effects, demonstrating the poten-
tial to be used at these extreme dose rate regimes.Their
application in FLASH RT looks promising but requires
further investigation.

3.7 Thermoluminescent dosimeter and
optically stimulated luminescence
dosimeter

Thermoluminescent dosimeters (TLDs) have been used
for several decades in conventional RT.107 The detec-
tion principle of these dosimeters is based on the
trapping of electrons and holes between the valence
and conduction band thanks to the presence of doped

impurities. During irradiation, electrons move from the
valence to the conduction band, which traps the elec-
trons and holes at the level of impurities. For dose read-
ing, electron–hole recombination is triggered with heat
that acts as an external stimulus and results in the emis-
sion of visible photons. Dose can be extracted from the
emitted light intensity.

TLDs have a long history of use with UHDR and their
dose-rate independency was demonstrated for elec-
trons and photons up to dose rates within the pulse
of about 109 Gy/s.108–110 More recently, TLDs have
been used as in vivo dosimeters to confirm dosime-
try in FLASH preclinical studies such as mice whole
brain irradiation.111 TLDs were also used to investigate
the dose-rate dependency of RCFs112 and their dose-
rate dependency was also compared to alanine and
RCFs.49

A drawback of the TLD is that they are read hours
after the irradiation, typically 24 h, to avoid low-energy
trap release. In addition,accurate TLD dosimetry neces-
sitate well-established procedures and dedicated per-
sonnel to lower the uncertainties under 5%.

Optically stimulated luminescence (OSL) is an inter-
esting technique that can be potentially used for both
dosimetry and beam monitoring in FLASH irradiation
environments. OSL dosimeters (OSLDs) are similar to
TLDs in that they effectively integrate their irradia-
tion response via internal trapping of the irradiation-
generated charge in the conduction band.113 Unlike
TLDs, the trapped charge is released to charge recom-
bination centers when the system is illuminated by a vis-
ible light, leading to an OSL signal that is ideally, directly
proportional to the radiation absorbed dose.114–116

OSLDs are traditionally passive and readout post-
irradiation, which is quite suitable for dosimetry appli-
cations. More recently, active readout methods have
emerged, which may find use in both dosimetry and
beam monitoring applications.117–121 While the dose
rate response of OSLDs relevant to FLASH RT is
yet to be fully tested,114,122 fast readout and reliable
dose measurement after repeat bleaching could allevi-
ate dose rate effects.123

The lower sensitivity of OSLDs to radiation was con-
sidered a disadvantage, however this may be useful
in FLASH radiation environments. OSLDs have been
shown to be linear over five orders of magnitude in
radiation dose response up to 10 Gy in megavoltage
photon fields,117,124 with some supralinearity reported
in kilovoltage X-ray fields that is more pronounced
as the photon energy is lowered.125,126 OSLDs have
also been utilized in particle therapy with encouraging
results.114,127,128

Recently, the response of OSLD in a pencil beam pro-
ton field for a wide range of dose rates up to 9000 Gy/s
has been studied by Christensen et al.129 It was found
that the OSLD response is dose-rate independent (see
Figure 4).
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F IGURE 4 The optically stimulated luminescence dosimeters
(OSLDs) dose measurement relative to the nominal dose as a
function of the dose rate for the three setups studied by Christensen
et al.129 The number of aggregated data points for each dose rate is
given above each marker. The appearance of an under-response
above 1000 Gy/s is due to signal averaging of the narrow pencil
beam over the OSLDs and is not manifestation of a dose-rate
dependency

3.8 Alanine

Alanine is an amino acid and chemical dosimeter
where stable radicals form after irradiation. The con-
centration of these stable radicals can be determined
using electron paramagnetic resonance technique and
is proportional to the delivered dose. This dosimeter
is commonly used in the industrial context with high
doses and is appreciated thanks to its low energy-
dependence.130 The dose range of this dosimeter
was extended and doses from 1 up to 105 Gy can
be measured in electron and photon beams up to
30 MeV.131

However, the accuracy for low doses decreases as
the signal-to-noise ratio decreases too, leading to uncer-
tainties of several percents. In that context, reading pro-
cedures have been optimized in this low dose range
to provide fast and accurate measurement.132 A dose-
rate dependency was highlighted for doses above 5 kGy
but below that dose, these dosimeters have shown to
be suitable for dose rates within the pulse up to about
1010 Gy/s and mean dose rate greater than 1 kGy/s,
making them suitable for FLASH studies.133–135 In that
context, alanine has been used as an in vivo dosimeter
for the first treatment of a human patient with FLASH
RT.136

3.9 Calorimeter

Calorimetry is the main method used for absorbed
dose primary standards.137–139 It provides a direct

measurement of the dose-to-water, differently from
other methods for which a reading must be typically
converted to absorbed dose-to-water by multiplying by
calibration coefficients and conversion factors. It is basi-
cally the only fundamental method of measuring the
absorbed dose according to its definition. Calorimetry
measures the temperature rise resulting from irradiation
in an absorber—assuming all the energy deposited in
a material appears as heat (i.e., there is no change
in physical or chemical state of the absorber and all
the ionizations eventually dissipate to heat).140 If the
specific heat capacity of the absorber is known then the
energy deposited can be measured using the following
equation:

ΔE = mcΔT (8)

where ΔE is the increase in energy, m is the mass
of the absorber, c is the specific heat capacity of the
absorber, and ΔT is the radiation-induced temper-
ature increase. To give some numbers, a delivered
dose to water of 1 Gy leads to a temperature rise
of approximately 0.2 mK. Therefore, obtaining an
uncertainty lower than 1% requires the temperature
to be measured with an uncertainty of 2 µK, which
means that measurements at the room temperature are
challenging.

The materials most widely used for absorbed dose-
to-water calorimetry are water and graphite. Water has
several advantages as a material for absorbed dose
calorimetry, the most apparent of which is that using
water eliminates the need for a dose conversion factor
of the calorimeter material to water. However, practically,
there are several drawbacks in comparison with using
graphite. The presence of impurities in the water needs
to be avoided, as they can lead to absorption and scat-
tering of the radiation, whereas a graphite calorimeter
can be made almost entirely of graphite. The specific
heat capacity of water is higher than that of graphite,
meaning the temperature rise in water is approximately
six times less than the temperature rise in graphite for
the same dose.

Absorbed dose calorimetry has been widely used
for all the common clinical beam modalities covered
in reference dosimetry codes of practice, as well
as for small and nonstandard fields, and brachyther-
apy. Although originally developed at primary stan-
dard laboratories, absorbed dose calorimetry is not
restricted to primary standard instruments and sev-
eral developments are on-going on this regard.141 A
few prototypes of smaller portable calorimeters have
been designed and realized with the aim of mak-
ing them suitable for measurements at the clinical
facilities.142–145

Regardless of the material, calorimeters have the
advantage of having a response in terms of tem-
perature rise which is independent of the radiation
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dose rate, indicating that they are good candidates
for absorbed dose measurements at FLASH regimes,
although some practical aspects need to be addressed.
First experimental measurements with electron and pro-
ton beams at UHDRs have demonstrated the feasi-
bility of using portable calorimeters at these extreme
regimes, providing a reliable measurement of the
absorbed dose-to-water with a reduced uncertainty
compared to the ionization chambers which may be
affected by large ion recombination effects.54 More-
over, the first proof-of -principle measurement with laser-
driven proton beams at UHDRs has been recently
carried out, demonstrating for the first time the pos-
sibility of using this promising technology in a laser
environment.146

Portable calorimeters are being further developed,
employing the expertise on calorimetry acquired at
some NMIs for a translation of these devises to a pos-
sible usage in a clinical environment. Absorbed dose
calorimetry is a promising approach for UHDR beam
dosimetry and new developments are expected on this
regard.

3.10 Integrated current transformer

ICTs are devices designed to measure accurately the
bunch charge of charged particle beams. ICTs have
been reported to accurately measure the beam current
and demonstrated their ability to be used as a beam
monitoring system with absolute dosimetry at conven-
tional dose rates.147 ICTs also recently proved to be reli-
able tools to perform charge measurements of electron
pulses on a linac traceable to primary standards at a
national metrology institute.48 In the context of FLASH
RT, conventional transmission ionization chambers are
not suitable tools to monitor the beam due to the high
ion recombination effects occurring148 and ICTs were
cited as an alternative for monitoring FLASH beams.149

They are planned to be tested on facilities providing
FLASH beams in the context of the international project
UHDpulse.150

The main difference between ICTs relative to trans-
mission ionization chambers commonly used in a clin-
ical environment, is that ICTs are not able to provide
information about the beam spatial distribution (flat-
ness and symmetry) as requested by international stan-
dards to ensure the patient safety during delivery. How-
ever, thanks to their high accuracy in measuring the
irradiation-induced current and their prompt reaction,
ICTs could be reliable instruments to quantify the linac
output and improve dose accuracy in FLASH RT studies.
Additionally, ICTs allow non-perturbative measurements
and provide information about the beam temporal struc-
ture, which might bring valuable information in the con-
text of FLASH RT.

3.11 Nuclear track detectors

The application of nuclear track detectors (NTDs)151 in
FLASH therapies is buoyed by their ability to be used
in high-irradiation dose rate environments with success-
ful testing up (but not limited) to 108 Gy/s quoted in
the literature.152 The linear dose response range of
0.5–5000 cGy is adequate for the QA of many clin-
ical treatment scenarios and small (stereotactic) 2D
treatment fields can be investigated by NTD wafers
that are available up to 60 mm in diameter. The sub-
micrometer spatial resolution is excellent and ability to
be reused after thermal annealing or optical bleaching
makes them convenient to use. As they are an integrat-
ing passive dosimeter they are not able to be read out
in real time, but can be used in vivo similar to OSLDs,
TLDs, RCFs, etc. These detectors have been demon-
strated as suitable for use in both particle therapies and
intense photon therapies (e.g.,microbeam RT),so repre-
sent an excellent candidate for benchmarking treatment
plans, radiation transport simulation data, and QA in
FLASH RT.

4 PRACTICAL CONSIDERATIONS:
COMMISSIONING AND NEEDS FOR
PROTOCOLS

In conventional RT, the international code of practice
recommends performing and documenting the accep-
tance and commissioning procedure when validating
a new RT machine, for example, a linear accelerator
for clinical use. Such procedures define the reference
absorbed dose-to-water for the reference geometry and
provide reference values for any future QA program.
This framework is based on the available calibrated
instruments and adequate monitoring of the beam. As
explained previously, the reference dosimetry of UHDR
beams is challenging, which has direct consequences
on commissioning of new facilities. The reference val-
ues of absorbed dose-to-water are certainly the first
challenge, and will be solved when adequate reference
beam qualities are available at the appropriate refer-
ence laboratories. On this regard, there are intense col-
laborative efforts worldwide to try to address the chal-
lenges related to dosimetry and beam monitoring of
UHDR beams. In particular, the European project "UHD-
pulse" (metrology for advanced RT using particle beams
with ultra-high pulse dose rates) is a metrology focused
program with the aim of developing a measurement
framework, including traceable reference standards and
validated reference methods for dose measurements
with UHDR beams.150 The UHDpulse project brings
together leading European NMIs in the field of radiation
dosimetry with leading universities, research institutes
and academic hospitals in the field of RT and radiation
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detector developments. The project has also the aim of
developing traceable and validated methods for relative
dosimetry, characterising stray radiation, and contribut-
ing to international codes of practice.

Given the current status of detector development, it
is safe to assume the challenges related to reference
dosimetry and beam monitoring in FLASH RT environ-
ments will be addressed in the near future. However,
there are still correction factors for the actual irradia-
tion conditions, such as depth, energy, or dose rate from
the reference conditions that remain a very significant
challenge and will require guidance from an adequate
code of practice as well as appropriate treatment plan-
ning systems. This is especially the case for users of
linacs, because the UHDRs are far from conventional
treatment dose rates. However, proton beams operating
at UHDR are not that far from the already challenging
requirements of proton therapy, especially in the case
of pencil beam scanning systems. A few examples of
commissioning of FLASH RT systems are reported in
the literature,22,153,154 but in the next years, many more
centers will use UHDRs and will develop strategies to
insure safe use of UHDR beams.

5 CONCLUSIONS AND FUTURE
DIRECTIONS

Currently, there are neither guidelines for FLASH RT
dosimetry nor recommendations for the choice of
dosimeters. It signifies that there is a need for novel
dosimeters that can be used as a ground truth in such
ultra-high dose rate environments. However, there is an
unprecedented effort by the scientific community for
the assessment of accurate dosimetric methods and
standardized procedures, which are paving the way for
the establishment of future reliable international proto-
cols. The issues related to UHDR beams and the large
doses per pulse typically characterizing FLASH RT stud-
ies, pose challenges which are being addressed follow-
ing two different, but complimentary, approaches: (i) try-
ing to address ion recombination issues in ionization
chambers, which are considered the "gold standard"
for absolute dosimetry in RT, by improving the collec-
tion efficiency through the optimization of the cham-
ber design; (ii) investigating alternative approaches rely-
ing on active dosimeters, as much as possible dose-
rate independent. Passive detectors are also currently
employed in several facilities for preclinical FLASH stud-
ies, although the establishment of dosimetric proce-
dures through active detectors is unavoidable for clinical
trials and future patient treatments. Fricke-type dosime-
ters and calorimeters have shown dose-rate indepen-
dent behavior.37 However, the implementation of these
two dosimeters is not very straightforward and requires
sophisticated equipment and a highly trained opera-
tor. Compact and more easy-to-handle calorimeters are

being developed. A real-time beam monitoring system
is very desirable for FLASH RT QA, as well as to eval-
uate the beam flatness and symmetry. Traditional ion-
ization chambers and diode-based dosimeters are not
the optimum choice for FLASH dosimetry due to their
poor spatial resolution and significant dose-rate depen-
dency, respectively. RL-based devices can provide a
high-resolution 2D measurement and other solid-state
detectors currently under development,such as SiC and
amorphous silicon, can be considered promising alter-
natives. However, their use must be rigorously verified in
these UHDR conditions.

It must be said that, according to the discussed chal-
lenges,a rather different impact on the approaches to be
used for absolute and relative dosimetry and beam mon-
itoring is found depending on the specific particle accel-
erator. Indeed, as shown previously, the different pulse
duration, dose-per-pulse, and "instantaneous" dose rate
imply drastically different levels of saturation effects on
the considered detectors. Therefore, a combination of
radiation quality and dose/dose-rate per pulse will basi-
cally determine the dosimetric procedures to be fol-
lowed, the latter strictly dependent of the specific beam
time structure.

Finally, there are not yet validated and standardized
protocols for UHDR beam dosimetry for FLASH RT
and detectors for dosimetry and beam monitoring have
not been fully established. However, a relevant num-
ber of national and international projects are being pro-
posed with the aim of addressing the related challenges,
such as the European UHDpulse project, dedicated to
the metrology of UHDR beams and the assessment
of traceable and validated methods for absolute and
relative dosimetry. Moreover, a joint TG-359 has been
recently formed by the AAPM, the European Society for
Radiotherapy and Oncology, and the European Federa-
tion of Organizations for Medical Physics charged with
dosimetry aspects of FLASH RT.

All these initiatives are sensibly contributing, in a com-
plimentary way, to support the clinical translation of
FLASH RT, allowing for the delivery of robust dosimet-
ric procedures relying on validated methods and estab-
lished technologies.
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