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Abstract: FLASH irradiations use dose-rates orders of magnitude higher than commonly used in
patient treatments. Such irradiations have shown interesting normal tissue sparing in cell and animal
experiments, and, as such, their potential application to clinical practice is being investigated. Clinical
accelerators used in proton therapy facilities can potentially provide FLASH beams; therefore, the
topic is of high interest in this field. However, a clear FLASH effect has so far been observed in
presence of high dose rates (>40 Gy/s), high delivered dose (tens of Gy), and very short irradiation
times (<300 ms). Fulfilling these requirements poses a serious challenge to the beam diagnostics
system of clinical facilities. We will review the status and proposed solutions, from the point of
view of the beam definitions for FLASH and their implications for beam diagnostics. We will
devote particular attention to the topics of beam monitoring and control, as well as absolute dose
measurements, since finding viable solutions in these two aspects will be of utmost importance to
guarantee that the technique can be adopted quickly and safely in clinical practice.
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1. Clinical Treatments and FLASH Modifications

Proton therapy is a form of radiation therapy that uses the fact that protons stop in the
body at a depth proportional to their energy to precisely adapt the radiation dose distribu-
tion to the size and shape of the tumor, while leaving the surrounding tissues minimally
affected. For this reason, it is currently used to treat tumors close to critical structures (e.g.,
tumors of the brain or close to the spinal cord) or tissues that are particularly radiation-
sensitive (e.g., pediatric patients) [1]. In proton therapy, the energy of the incoming beam
can be changed quasi-continuously to allow reaching deep-seated tumors in the body;
modern systems use the so-called pencil beam scanning (PBS) technique, with dedicated
magnets placed at the end of the beamline, steering the narrow, pencil-like proton beams to
a defined transverse position. With PBS, very complex, fully conformal dose distributions
can be realized. Thus, proton therapy allows sparing healthy organs better than standard
radiation therapy, allowing higher doses to the tumors, and/or limiting radiation-induced
side effects. Treatments of about 60-80 Gy are administered for most tumor sites over
the course of several weeks, with most patients receiving about 2 Gy each day (so-called
dose fractionation).

Increasing the dose rate at which patients are treated makes an interesting scenario
for the future of proton therapy. Biological experiments have shown that ultra-high
dose rates may increase radiation resistance in healthy tissues (the so-called ‘FLASH
effect’) [2]. In FLASH irradiations, high doses (tens of Grays) are delivered within hundreds
of milliseconds, at drastically higher dose rates than standard clinical conditions. Such
high dose rates have been studied initially in the "70s in many studies concerning tumor
resistance to radiation [3] but have been recently re-discovered in a completely different

Appl. Sci. 2021, 11, 2170. https:/ /doi.org/10.3390/app11052170

https:/ /www.mdpi.com/journal/applsci


https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-7482-2264
https://orcid.org/0000-0001-7576-3238
https://doi.org/10.3390/app11052170
https://doi.org/10.3390/app11052170
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11052170
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/11/5/2170?type=check_update&version=1

Appl. Sci. 2021, 11,2170

20f11

context: that ultra-high dose rates might substantially improve tissue sparing while keeping
tumor control levels at least to the level of standard dose rates. Dose rates of more than
40 Gy/s have been applied to different animal models, in-vitro and in-vivo [2], and lung,
smooth muscle, and epithelial cell sparing has been reported [4]. In addition, dose rates
above 100 Gy/s have shown memory sparing effects on live mice undergoing whole-brain
irradiation [5]. These results pose many questions about the differential response of tumor
and healthy tissues at high dose rates, which require biological understanding at the
cellular and systemic level [6]. Several groups tested modifications of clinical machines to
enable small animal irradiation studies at high dose rates [7-9].

Since the biological mechanism has not yet been understood, it is hard to precisely
define the beam conditions to trigger the FLASH effect. Average dose rates thresholds of
40 Gy/s have been identified in older studies of animal models, while more recent results
seem to show larger importance of instantaneous dose rate and total irradiation time.
Experiments with electron and photon beams have shown FLASH effects for instantaneous
dose rates between 10* and 10° Gy/s, and total irradiation time below 200 ms [10]. Clinical
proton accelerators already are able to deliver dose rates in the low end of this range and,
therefore, are excellent candidates for a first clinical translation of FLASH irradiations [11].
There is also likely a minimum amount of dose to be delivered to trigger the effect, as
reported in older studies on radio-resistance [3]. In addition, for this reason, the main
scenario considered for the application of FLASH with patients is hypofractionation or
even single-fraction treatments [2,10]. This means that a direct clinical translation of the
technique in standard radiotherapy practice will still require substantial work, from the
point of view of not only the understanding of the biological aspects, but also from a
technological point of view. Only a handful of human patient have been so far treated with
this technique [12,13].

In this paper, we will review some of the challenges faced by proton therapy facilities
who want to upgrade to a FLASH irradiation modality. A simplistic sketch of a proton
therapy facility is shown in Figure 1. Standard proton therapy is delivered at a dose rate of
a few Gy/minute (1-2 Gy/min for standard fractionation schemes and PBS, 10 Gy/min
for hypofractionated eye melanoma treatments with scattering). Switching to a FLASH
regime means increasing the dose rate by a couple of orders of magnitude. This can be a
challenge for the accelerator system itself; reaching high currents at the treatment room is
particularly challenging for low energies and cyclotron systems since the energy switching
process causes large beam losses and, therefore, limits the current that reaches the treatment
room. On the other hand, the short treatment times envisioned for FLASH treatments
may also be a challenge for non-continuous-wave accelerators, like synchrotrons; in such
systems, the treatment should be delivered within a single spill. The increase of the
dose rate poses a challenge also on the dose measurement and monitoring aspects: Most
facilities use dose monitoring systems based on ionization chambers, which, however, are
expected to suffer from recombination effects at these higher currents; therefore, either
reliable correction mechanisms or, eventually, new, dose-rate independent detectors will
be required. Controlling a high dose in a very short time also poses much more stringent
requirements on the reaction times of the dose control and safety systems. In view of a first
clinical application, online dose validation is clearly necessary, as is independent validation
of the delivery of the first treatments. We will review all challenges mentioned above,
particularly in their relationship to beam diagnostics aspects, in the next sections.
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Figure 1. Schematic picture of a proton therapy facility. We identify here the "upstream’ and
‘downstream’ beamlines that we will refer to in the text.

2. Beam Characteristics

This section aims to define the typical characteristics of proton beams used for FLASH
irradiation. Together with FLASH irradiation conditions, such as dose delivery time, they
determine the requirements that instruments for beam diagnostics must fulfill. The main
characteristics discussed in this section are grouped into three categories—beam currents,
beam structure, and beam energy.

2.1. Beam Currents

In general, FLASH irradiation implies a relatively high beam intensity. The required
currents are at least two orders of magnitude higher than currently used in a clinical setting.
It translates to beam currents of the order of 100 to 1000 nA in the treatment area. The same
beam intensities or higher will be extracted from an accelerator.

In cyclotron-based facilities, beam monitors upstream of treatment areas are typically
suitable for such high currents [14]. Beam coming from a cyclotron has fixed energy;
therefore, a degrader is needed. However, this leads to large beam losses; therefore, cur-
rents extracted from the cyclotron are high, matching the FLASH range. In the case of
synchrotrons, the whole beam diagnostics is usually designed to match beam currents
required in the treatment area, as no energy degrader is used and no significant beam
losses are present. Therefore, beamline beam monitors are usually optimized for beam
current of the order of 1 nA [15]. Detectors based on solutions adequate for low currents,
such as ionization chambers or crystal/gas scintillation detectors, will likely experience
effects, such as pileup or saturation of signals. These may require either significant modi-
fications or replacement. Some solutions, specifically developed for low currents, can be
easily deployed for much higher intensities, as for example, a dielectric-filled reentrant
cavity resonator [16]. In addition, beam instrumentation used to monitor proton beams in
radioisotope production facilities can potentially find application for FLASH-specific range
of beam currents [17,18]. Radioisotope production facilities use beam currents typically
well above 100 A, and beam instrumentation used along their beamlines are capable of
monitoring beams as intense as 1 pA or more [19]. However, many of these instruments
are slow, so, without specific adaptations, they can be used only for off-line monitoring
and beam characterization.

2.2. Beam Structure

Existing proton therapy centers use one of three types of accelerator: an isochronous
cyclotron, a synchrocyclotron, or a slow-cycling synchrotron [20]. The beam’s time structure
is different for each kind of accelerator, as summarized in Table 1. The main parameters
describing the beam’s time structure are acceleration RF frequency, length of a proton
bunch, the width of a continuous pulse usable for treatment, and its repetition rate.
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Table 1. Typical beam time structure for different clinical accelerators.

Accelerator Type Isochronous Cyclotron Synchrocyclotron Synchrotron
RF Frequency (MHz) 50-100 50-100 1-10
Bunch Length (ns) 1-2 1-2 25-200
Treatment Pulse Width (s) - (1-20) x 1076 0.5-5
Pulse Repetition Rate (Hz) continuous ~103 0.5

In the case of isochronous cyclotrons, the extracted beam can be considered continuous,
as RF frequencies of cyclotrons used for proton therapy are in the range of 50-100 MHz. As
such, every 10-20 ns, a 1-2 ns long bunch is delivered. The beam continuity, combined with
high beam intensities which existing cyclotrons can reach, makes an isochronous cyclotron
appear to be the best candidate for potential FLASH proton therapy, unless the dose rate
within the pulse is important.

Synchrocyclotrons operate with similar RF frequencies, but the time structure of the
extracted beam is significantly different. The RF frequency is decreased synchronously
to the increasing revolution time at larger orbit radii. The RF does not vary very quickly;
thus, the acceleration is slow and requires many turns up to extraction. The whole cycle is
repeated with a frequency of up to 1 kHz. This means that the beam consists of short pulses
(order of 1 pus) repeated every 1-3 ms. As such, the use of synchrocyclotrons for FLASH
irradiation seems to be challenging and might require some adaptations. For instance, a
clinical Mevion HYPERSCAN® (Mevion Medical Systems, Littleton, MA, USA ) system
was modified to deliver ultra-high dose rates for FLASH experiments [21]. One of the key
changes was an increased pulse width to 20 ps. As such, an average dose rate of up to
200 Gy/s was achieved. However, the pauses between pulses are still long (1.5 ms). As
it is still not clear whether the instantaneous dose rate or average dose rate is the main
driver of the FLASH protective effect, this unit represents a promising platform for further
investigation of this aspect.

Synchrotrons accelerate beam in cycles (spills), each including filling of the ring with
bunches of protons, acceleration to a desired energy, extraction, and ramping down to the
initial situation [22]. All the existing clinical machines are slow-cycling. This means the
extraction is realized in multiple turns, which guarantees a continuous beam for 0.5-5 s
with a constant intensity (on average). The treatment pulse for the same energy can be
repeated after approximately 2 s. This represents one of several challenges to deploy
synchrotrons for FLASH proton therapy [23]. Assuming sufficient intensity, which can be
achieved with multi-turn injection, fast energy changes, and rapid extraction are needed.
The base for these adaptations would be rapid-cycling synchrotrons. The use of synchrotron
for experiments with cells have been recently reported [24]. Ultra-high dose rates up to
800 Gy/s were achieved by applying a high-frequency power dozens of times higher than
usual to extract all protons within approximately 50 ms.

The major challenge for online upstream beam monitoring is the total irradiation
time. The beam instrumentation must have a suitable time resolution for online beam
monitoring. For instance, a sampling rate of acquisition devices must be higher than
1 kHz, as single-fraction irradiation can be as short as 1 ms. For in-room diagnostics, other
challenges also have to be taken into account, as discussed in Section 3.

2.3. Beam Energy

There are different scenarios considered for future FLASH treatments. The most
straightforward is the so-called "transmission irradiation’, where the beam "shoots-through’
the patient at a very high energy. The most challenging but also closest to state of the art
treatments instead involves sequential position and energy variation—the so-called "pencil
beam scanning’. The first is easier to realize and allows reaching higher dose rates (because
of the lower scattering of high energy beams in tissues) but will generally increase the dose
to the normal tissues, which in turn might be clinically unacceptable since the ultra-high
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dose rates are expected to to spare normal tissue by only about 30-50% [2,25]. Especially
for protons, the use of transmission irradiation only is unlikely, as such a solution seems not
fully to exploit the sparing properties of protons. Eventually, there are some compromise
solutions, such as the use of ridge or pin filters to form a spread-out Bragg peak [23].
Depending on the solution, a different number of energies will be required.

The range of energies used for proton therapy is typically 70-230 MeV. The perfor-
mance of most diagnostic devices does not depend on energy variation in such a narrow
range. The potential energy-dependent response of detectors can usually be corrected by
applying a corresponding factor.

Regarding the different machines mentioned before, the only difference is that synchro-
cyclotron and cyclotron produce beams of fixed energy, unlike the synchrotron. Only the
latter does not generally require an energy degrader, as the energy can be varied between
cycles. Therefore, the energy spread of the beam is also smaller. Energy change with a
degrader typically takes at least 100 ms [26]; thus, sequential energy changes might be too
slow for future FLASH treatments. There are concepts of diminishing this time to about
10 ms [27], which is still long for FLASH applications. As previously mentioned, energy
degraders also limit beam intensity transported to the treatment area and, thus, the dose
rate. A solution, such as the previously mentioned ridge filter, would allow transporting a
mono-energetic beam through a beamline. For synchrotrons, rapid cycling with ultrafast
energy changes is potentially possible. However, this requires further studies and major
developments [23].

3. Control and Monitoring

In the early days of proton therapy, accelerators had a less stable output. The nowadays
widely used step-and-shoot PBS delivery technique was invented at Paul Scherrer Institut
(PSI) [28] and at GSI Helmholtzzentrum fiir Schwerionenforschung (GSI) [29] to realize a
very precise delivery despite possible beam intensity variations from the particle source [30].
The technique relies on the integration of a certain amount of dose and is as such completely
independent of beam current. However, the precision of the detector used for the dose
measurement, which triggers the switch from one spot to the next, is of fundamental
importance to ensure that FLASH irradiations could be delivered correctly—and safely—in
a clinical setting.

Ionization chambers vented to air are commonly used in radiotherapy and are the
recommended dosimeter for dosimetry in radiotherapy. As such, they are often integrated
in the delivery or monitoring system of proton therapy facilities, with the absolute dose
monitoring system relying on them. Therefore, their ability to work at a higher dose rate
needs to be assessed before such systems can be released as 'FLASH-ready’ for treatments.

Pencil beam scanning typically employs large dose rates along the beam axis; therefore,
studies about dose-rate dependent detector effects have been performed, even before
FLASH became an important topic. Liszka et al. [31] found small variation in recombination
visible already at clinical dose rates; in particular, they found that recombination corrections
estimated at an isochronous-cyclotron facility increase as a function of dose-rate. Such
recombination correction variations are usually neglected in clinical practice, either because
of their size (less than 0.5% in a clinical volume) or because the variations in dose rates
are compensated by the accelerator system by extracting lower currents at higher energies,
therefore keeping the dose rate constant at the patient. Beam monitors used for controlling
the dose delivery are usually placed close to the patient treatment position, at the end of
the beamline and, therefore, will not require dose-rate dependent corrections in this case.

In a first attempt at controlling the delivery in dose-driven mode, Nesteruk et al. [32]
have realized a dose-rate dependent efficiency drop correction to the ionization chamber
placed at the end of the beamline and used it to control the beam, delivered in PBS spot-
scanning mode [30]. The measured efficiency drop of an ionization chamber as a function
of beam current was calibrated against the number of protons collected by a Faraday cup,
which does not show any dose-rate dependency [33]. In the study, below 5 nA no efficiency
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drop was visible; the maximum drop observed was below 1% up to 10 nA. for higher
currents, though, recombination increases dramatically, causing an efficiency drop up to
20% at the highest current measured. The proposed correction uses as input the current
measured more upstream with a dose-rate independent detector; therefore, it could be
easily implemented as an online-correction, applied during the delivery. Such a correction
strategy could be an easy way to adapt the dosimetry and control systems of already
existing clinical proton gantries to FLASH dose-rates, as they usually rely on ionization
chambers to decide when to move the beam to the next irradiation position.

Such effects are not unexpected; the Boag theory [34] predicts non-linearity effects
depending on the dose per pulse rather than the (average) dose rate, an effect confirmed also
in photon and electron studies [35]. Therefore, the beam structure might be very important
in realizing a good correction strategy for recombination effects in a proton facility. The
challenge in obtaining a high-precision dose monitoring with ionization chambers was
highlighted by Darafsheh et al. [21]. In this study, the authors could measure more than
200 Gy/s dose-rate beams produced by a clinical synchro-cyclotron with a commercially
available plane-parallel ionization chamber; however, the measured value was about 5%
off the expectation, an uncertainty which might be due to several reasons. In particular, the
standard dosimetry protocols used to calculate the recombination corrections resulted in
correction values that disagreed by up to 4% at the highest dose rates. Common correction
approaches show strong limitations when applied in ultra-high dose rates beams.

Other online beam current/dose monitors, developed for high power accelerators,
do not show dose-rate dependence and are usually capable of coping with large beam
currents. However, the short times associated with the FLASH delivery pose a challenge to
the usage of these detectors in a clinical FLASH setting. The secondary emission monitors
and ionization chambers in use at the PROSCAN facility at PSI [36] provide reliable current
measurements, with limited saturation and recombination effects even at currents of
500 nA; however, the presence of temporary drops in the signal (for about 20 s after beam-
on time) and microphonic noise limits their direct applicability in FLASH experiments. In
addition, resonator detectors [16] could easily cope with such high currents but usually
have a relatively long integration time. To be usable as FLASH monitors, they should
provide a reliable signal within only about 100 ps; investigations using these detectors are
still ongoing.

Detectors are also linked to important tasks of delivering the treatment safely. With
increasing beam current, the time to react to beam delivery instabilities or failures of
hardware devices reduces. This makes an active control of the beam delivery rather
challenging. Additionally, this time also needs to be estimated very precisely in order to
assess how much dose could be erroneously delivered to the patients in case of delivery
errors before the safety elements switch off the beam.

If we assume an irradiation scenario of about 10 Gy delivered dose, and 50 Gy/s dose
rate, to make sure the additional dose delivered to the patient is 1% or less of the total
dose, the reaction time of the safety system must be below 2 ms. For higher dose rates,
even shorter reaction times are needed (please note that instantaneous dose rate rather
than average dose rate should be considered in these calculations, if the beam structure
is not continuous). Such reaction times seem within reach of currently available safety
systems; for example, at PSI the first level of safety is able to interrupt the irradiation
within 300 ps. However, if higher instantaneous dose rates will be required in future
FLASH applications, even faster-reacting systems might be needed. Several aspects could
be exploited to improve the reaction times; at the PSI facility cited above, switching from a
magnetic deflector to an electrostatic deflector to stop the beam in case of errors reduces
the reaction time by a factor 6 [37]. However, since most of the reaction time of the safety
system is needed to actually detect the error and communicate the beam-off command, a
further reduction of reaction times will also require faster detectors (for example, based on
scintillation), as well as fast logic and communication. Therefore, achieving faster monitors
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will be one of the main steps towards realizing FLASH in the clinic for both dose control
and safety.

4. Absolute Dose Measurement

A reliable dose monitoring system is sufficient to deliver the desired dose in a well-
known clinical setting, as described in the previous section. As dose delivery in the FLASH
mode is still being explored, and accurate dose monitoring in this regime is challenging,
an independent measurement of the absolute dose in the experiments and possible first
experiences with patients will be necessary to validate the whole dosimetry protocol.

The absolute dose can be measured through active or passive detectors. Active
detectors provide real-time dose measurement, while passive ones need to be read out
by specific methods and cannot be used to evaluate the delivered dose immediately after
irradiation. The standard detector used in a clinical setting is the ionization chamber. As
mentioned in Section 3, ionization chambers at ultra-high dose rates suffer from reduced
ion collection efficiency, primarily due to volume recombination. Therefore, it is worth
exploring other dose-rate-independent possibilities, at least to complement ionization
chambers. In this section, examples of both active and passive alternatives, which can be
deployed for FLASH irradiation, are given and briefly described.

4.1. Active Detectors

One of the most accurate dosimetry devices is the Faraday cup [33,38]. It allows for an
absolute determination of the number of protons reaching its charge collector. Therefore,
Faraday cups are widely used to accurately measure low beam currents in different acceler-
ator facilities [39,40], as well as the reference dose of clinical proton beams [38]. The Faraday
cup has been shown to give linear response while varying beam current also for ultra-high
dose rates [33]. The Faraday cup is a destructive detector and can, thus, be used only as a
beam stopper (Figure 2). Therefore, it can only be employed in transmission mode.

Beam
Nozzle =——

Destructive detectors
(e.g., Faraday cup, calorimeter)
For transmission irradiation only

Figure 2. Destructive and non-destructive detectors for dosimetry. The former may be used on either
side of the patient, while the latter can serve beam stopper only in the case of transmission irradiation.

While thinking about high dose rates, a natural concept is to apply solutions widely
used in high energy physics. One of the easily applicable detectors would be calorimeters.
A calorimeter measures the energy deposited by particles contained in a particle shower
initiated by the incident particle in the material of the calorimeter. Compact graphite
calorimeters have already been developed for dosimetry of clinical proton beams [41,42].
As in the case of the Faraday cup, this kind of dosimeter cannot be applied in front of the
patient (Figure 2).

Semiconductor-based dosimeters, such as a silicon diode or diamond, represent
another class of active detectors. Standard silicon diodes will suffer from readout saturation
when exposed to ultra-high dose rates. Some efforts have been made to overcome that
problem, including the development of new p-type silicon strip detectors (S5D) [43]. They
have found application in dosimetry of X-ray microbeams and have been tested at ultra-
high dose rates [44-46]. Diamond detectors represent an attractive choice for dosimetry.
Diamond has numerous advantages, among which are a good tissue equivalency (its atomic



Appl. Sci. 2021, 11,2170

8of11

number is very close to the effective atomic number of the tissue), a high resistance to
radiation damage, high sensitivity and stability of response, and a good time resolution [47].
Diamond detectors can be produced in small sizes (compared to standard dosimeters,
such as cylindrical or plane-parallel ionization chambers), so they can be easily placed
in different experimental setups and anatomical structures of irradiated phantoms, as
well as be deployed for in vivo dosimetery [48]. Diamond detectors have already been
used in dosimetry of proton pencil beams [49]. They have also been employed in FLASH
experiments, and no significant dose-rate dependency has been found for dose rates up to
40 Gy/s [9].

4.2. Passive Detectors

One of the most commonly used passive detectors for clinical beams is radiochromic
films. These are self-developing radiation dosimeters. The film contains an active layer
with a dye that changes color when exposed to ionizing radiation. The intensity of the
colorization is proportional to the dose. In particular, Gafchromic® EBT3 films (Ashland
ISP Advanced Materials, Kearny, NJ, USA) are used for dosimetry with the clinical photon,
electron, and proton beams [50]. In several studies, it has been shown that the response
of Gafchromic films should be independent of the dose rate [11]. EBT3 films have already
been employed in FLASH studies with protons, e.g., Reference [51].

Alanine is an amino acid that forms a very stable free radical when exposed to ionizing
radiation. Irradiated dosimeters are read out by means of Electron Spin Resonance (ESR),
and the signal produced by the free radical is proportional to the dose. This kind of
dosimeter has been used for dose verification in the first FLASH treatment of a human with
electrons [12]. Although alanine detectors have been shown to be dose-rate dependent, it
was not significant for delivered doses below 5000 Gy [52].

Thermoluminescent dosimeter (TLD) is another variety of passive dosimeters. It
contains a thermoluminescent crystalline material, which absorbs and traps some of the
energy when exposed to ionizing radiation. Some of the excited electrons which reach
the conduction band do not recombine to the valence state but are trapped instead in
intermediate energy levels by existing material defects or added impurities. For reading
out, the detector has to be heated so that the trapped electrons reach the conduction band
and recombine to the ground state emitting photons of visible light. The intensity of the
light is related to the dose to which the crystal was exposed. TLDs have been shown to
keep the dose-rate independence also for ultra-high dose rates while exposed to electrons
and photons [53-55]. The use of TLDs in FLASH experiments with electron beams has
been reported [55,56].

Optically-stimulated luminescence dosimeters (OSLDs) are very similar to TLDs. The
major difference is that OSL dosimeters only require optical stimulation, instead of heat, to
bring electrons to the conduction band and make them recombine with the holes in the
valence band. Therefore, a different readout technique is used. These detectors can be cut
to the desired size and are, thus, easy to accommodate in any experiment. OSL detectors of
various sizes have been tested with protons at ultra-high dose rates up to 9000 Gy/s, and
no dose-rate dependency was found [57].

5. Conclusions

We have quickly summarized some of the challenges and proposed solutions for
beam diagnostics and monitoring of proton FLASH experiments. These experiments may
represent a revolution in the way the dose is delivered to a patient, going from treatments
taking weeks and a low dose per session, to treatments of high-dose administered in one
or few sessions.

Since most of the evidence seems to show that short treatment time and high doses
are in general needed to trigger a reproducible FLASH effect, we hypothesized what such
scenarios could look like in a modern clinical facility. State-of-the-art proton facilities,
based on cyclotrons and synchro-cyclotrons, have already shown their ability to reach
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FLASH dose rates in several experiments, and first proof-of-principle experiments in
synchrotrons have also been successful. Beam current monitoring at these facilities is
often able to cope with large beam currents, even though the commonly used dose control
systems based on ionization chambers will require either dose-rate-dependent corrections
to recombination effect or new, dose-rate-independent detectors. A big challenge for
monitoring and safety will be the very short irradiation times, which will require the
diagnostics to work at much higher sampling rates. For first experiments and patients, an
external validation of the absolute delivered dose will likely be required, where we also
illustrated the different possibilities.

The potential of FLASH therapy is still being explored, and current proton therapy
machines are generally able to provide FLASH beams and a reasonably precise diagnostics
system. The ’first in human” FLASH trial (FAST-01 [13]) has already started recruiting
patients. Indeed, proton therapy seems to be the radiation therapy platform with the
fastest pathway to the application of FLASH irradiation to a large variety of tumors. On
the other hand, the exact beam parameters needed to trigger the FLASH effect are still
being investigated [10]. Biological experiments have so far investigated only a handful of
tissues and tumor models, and different tissues/organs might show different dose and/or
dose-rate thresholds. New findings might lead to even more stringent requirements in
terms of dose linearity, dose precision, and diagnostics speed, for example. Therefore,
we expect still a few years of development will be needed before patients can reliably be
treated with this technique.
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