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preserving the therapeutic efficacy on the tumor tissue, by drastically reducing the
total time of dose delivery (<200 ms). This effect, called the FLASH effect, immediately
attracted considerable attention within the radiotherapy community, due to the possibility
of widening the therapeutic window and treating effectively tumors which appear
radioresistant to conventional techniques. Despite the experimental evidence, the
radiobiological mechanisms underlying the FLASH effect and the beam parameters
contributing to its optimization are not yet known in details. In order to fully understand
the FLASH effect, it might be worthy to investigate some alternatives which can further
improve the tools adopted so far, in terms of both linac technology and dosimetric
systems. This work investigates the problems and solutions concerning the realization
of an electron accelerator dedicated to FLASH therapy and optimized for in vivo
experiments. Moreover, the work discusses the saturation problems of the most common
radiotherapy dosimeters when used in the very high dose-per-pulse FLASH conditions
and provides some preliminary experimental data on their behavior.

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

INTRODUCTION

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

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

These results attracted considerable attention within the radiotherapy community for their
potential clinical applications: in fact, the possibility of being able to increase the administered
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dose to the target without increasing the damage to the
neighboring tissues would allow to effectively treat tumors,
otherwise radioresistant to conventional radiotherapy techniques
(CONV-RT) [9, 10].

Nevertheless, there are still many questions to be addressed,
before using the FLASH effect in the clinical practice. The
radiobiological mechanism underlying the FLASH effect is still
unknown [11]; oxygen consumption has been proposed as a
possible explanation [12-14] but other works underlined the
limits of this explanation attempt and the need of further
investigations [11, 13].

There are also different aspects still to be clarified regarding
the dependence of the FLASH effect on various beam parameters
and the irradiated tissue. The dependence on the LET of the
radiation used is still an unknown factor; the majority of the
experiments were performed with electron beams (energy 4-6
MeV). There are significant difficulties in obtaining beams with
sufficient intensity to reach the FLASH effect with X-ray [15],
protons [16], and heavy ions; nevertheless, several attempts were
done. The interested reader can find an exhaustive review of the
state of the art in a paper recently published by Esplen et al. [17].

Only the dependence on the average dose rate and on the
duration of the entire irradiation has been clearly observed so
far. The roles of dose-per-pulse, instantaneous dose per pulse
(dose per pulse divided by pulse duration), and pulse duration
and frequency still remain to be understood.

This is essentially due to the fact that the accelerators
used up to now for in vivo FLASH experiments are electron
accelerators designed for industrial use [18-20] or modified
medical accelerators, where diffuser filters and monitor chambers
have been mechanically dismounted and removed from the beam
path [21]. Therefore, such accelerators are not able to perform
beam parameters real-time monitoring as well as provide an
accurate and reproducible output.

The linacs used did not have the possibility to modify the beam
geometry in order to obtain homogeneous dose profiles on fields
of different sizes and geometries. For this reason, such electron
beam did not allow neither performing accurate irradiation of
well-defined volumes nor studying the dependencies of the effect
on the volume of the irradiated tissue from a quantitative point
of view.

Moreover, the dosimetry is complicated by the saturation
problems typical of all clinical dosimeters which provide
online information to these dose-per-pulse values. In all the
experimental works published so far [18-21], the dosimetry was
performed using independent dose-rate dosimeters, in most cases
radiochromic films. Radiochromic films do not have the same
accuracy of other detectors (for example ionization chambers),
they do not provide online dosimetric information, and they
are not able to control any changes in the output during
the experiment.

All these aspects, together with the objective difficulties
of obtaining quantitative radiobiological data from in vivo
experiments, have contributed, so far, to not definitively and
quantitatively understand the dependencies of the FLASH effect
on the various parameters that characterize the beam used and
the tissue irradiated.

The main issues covered hereafter are as follows:

- The problems concerning the realization of an accelerator
dedicated to the production of FLASH electron beams, in
order to both optimize the experimental characterization
phase and, as a perspective, provide suggestions for the future
clinical applications.

- The issues concerning the saturation of the current
available dosimeters.

Regarding the linac, this work is focused on problems and
solutions concerning:

1. The production and acceleration of a fluence capable of
reaching the level needed to achieve the FLASH effect on
large/clinical volumes.

2. Reduction of the radiation leakage produced by the radiant
head/gantry, as defined in NCRP151 [22].

3. Possibility to vary the dimensions and geometric shape of
the beam.

4. Online fluence monitoring system, which should be
compliant with IEC 60601-2-1 requirements [23].

5. Possibility of delivering in FLASH/non-FLASH mode without
changing the irradiation setup.

The discussion on the new linac proposal, ElectronFlash, is
presented in section 2, “A dedicated research linac proposal.”
The problems concerning the dosimetric characterization of
a FLASH electron beam due to the saturation of the dosimeters
commonly used in the clinical practice are also addressed.
In particular, the behavior of three classes of dosimeters has
been analyzed:

1. Ionization chambers (PTW Advanced Markus).
2. Semiconductors (diamond and diode).
3. Scintillators.

The ionization chambers already showed significant
recombination problems at dose-per-pulse values typical of
IORT beams [24-27], which are about 2 orders of magnitude
lower than FLASH ones. In that case, the use of the ionization
chambers had been made possible by quantifying k-a
corrective factor to account for the loss of charge collected due
to recombination—by means of a formula deriving from the
Boag [28] theory. This formula takes into account the fraction
of free electrons (p), which is the fraction of electrons that are
not captured by the polarized oxygen molecules present in the
chamber air cavity.

In order to quantify accurately kg, and, consequently, be able
to use the ionization chamber as a dosimeter for FLASH beams,
the theory of recombination should be rewritten for FLASH dose-
per-pulse values (dose per pulse around 1 Gy/p or higher), taking
into account the shielding effects of moving charges (please refer
to Appendix, Section 1—Ionization Chambers).

The saturation problems of semiconductor and scintillation
dosimeters for FLASH dose-per-pulse values have not been
investigated yet. Semiconductor detectors are characterized by
a negligible time of electron-hole displacement; each pair of
electron holes, if invested by the radiation, is capable of providing
a signal but cannot be reused. This aspect suggests a negligible
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saturation (energy absorbed by the dosimeter but not revealed
by its detection system) until all the electron-hole pairs available
within the material have been used. Beyond such value, the
saturation suddenly reaches 100%: this is the cutoff dose-per-
pulse value, beyond which all the energy absorbed inside the
detector is not revealed and the value read by the dosimeter
no longer grows. Therefore, the saturation is expected to be
negligible up to a cutoff value and, once this threshold is
trespassed, it is no longer correctable. If FLASH dose-per-pulse
values are beyond such cutoff, these dosimeters cannot be used in
this context.

The scintillators instead have reusable, hence non-exhaustible
scintillation centers; however, the system has a deadtime given
by both the crystal scintillation time and the electronics. This
implies that a saturation increasing at increasing dose-per-
pulse values may arise at lower dose-rate values; however, the
threshold value for which saturation is no longer correctable is
probably higher. A method for the correction of the saturation
can be implemented (please refer to Appendix, Section 2—
Scintillators).

In this paper, some preliminary experimental data collected
irradiating various dosimeters in FLASH modality will be shown.

In particular, the saturation of two semiconductor
dosimeters (PTW T60017 Dosimetry Diode and PTW
T60019 microDiamond) and a scintillation dosimeter
(DoseWire™ Series 10) was assessed experimentally at different
dose-per-pulse values.

Since ElectronFlash was not yet operational in 2019, all the
measurements were performed with an IORT dedicated electron
linear accelerator NOVACI1, in a nonclinical configuration.

A DEDICATED RESEARCH LINAC
PROPOSAL

A common clinical specification for the minimum FLASH dose
rate has not been identified yet; the minimum amount of e-
beam current is not known either. Furthermore, the optimal
beam optic for delivering FLASH RT in electron mode is still
under investigation. Therefore, the exact number of electrons
to be accelerated has not been identified yet. In the following,
the peak current of 100mA for the accelerated e-beam is
chosen as a reasonable, even preliminary, guess (at least with
an optimized beam collimation system). Moreover, literature [2]
suggests that the whole dose should be delivered in <200 ms.
Such beam current features pose new and additional challenges
both for beam monitoring system (inside the linac) and for linac
commissioning, which are briefly discussed and analyzed in the
following sections. The solution proposed in this work is the
design of a new research linac.

System Architecture

In order to consolidate the promising radiobiological results
given by the FLASH effect, a specifically designed linac is
necessary. This idea led Institut Curie (https://institut-curie.
org/), who pioneered the research in this field [1, 2, 18], to look
for a dedicated linac: the system ElectronFlash (in the following

identified as EF) has been designed according to this request. The
system is a research linac operating in electron mode only, with
energies 5 and 7 MeV, and a dose rate ranging from 0.01 to 4,000
Gy/s and higher. Pulse duration can be set according to the user
need in a wide range.

EF can be installed in a common radiotherapy bunker; the first
unit will be installed at Orsay Research Center of Institut Curie in
summer 2020.

The system drawing is shown in Figure 1 and the system block
diagram is shown in Figure 2.

The accelerating wave guide has been designed by adopting
the radial focusing technique: the e-beam radial dynamics is
guided by the electric field of the cavities and not by an
external solenoid. This approach, though challenging from the
manufacturing point of view, not only allows a better control with
virtually no X-ray leakage, but also the design of a lighter and
more compact system.

The accelerating waveguide concept is based on the experience
gained by SIT staff in the design of IORT-dedicated linacs [29].

Beam dynamics simulations have been performed by La
Sapienza SBAI Department (https://www.sbai.uniromal.it/) in
order to optimize the tank for high current beam. The guide
is shown in Figure 3 together with some outputs of beam
dynamics simulation performed with PARMELA code (https://
laacg.lanl.gov/laacg/services/serv_codes.phtml). It is shown that
no scattering happens between e-beam and the radiofrequency
(RF in the following) cavities: e-beam radial dimensions are
always smaller than the diameter hole (8 mm) of the RF cavities
beam channel, as shown in Figure 3.

A different approach has been implemented for e-beam
collimation compared to the standard medical linac. Instead
of using thick scattering foil, the beam is defocused by two
quadrupoles into the desired field. Such approach provides
several advantages for a linac operating in FLASH mode:

- Fluence transmission into the target is optimized, as long as
the only element the e-beam scatters with is the thin titanium
window that seals the vacuum tube.

- Due to the absence of thick scattering elements leakage
radiation is minimized.

- Large/clinical fields are achievable by properly setting the
quadrupoles current.

It is remarkable that such beam optic system implies that the ratio
of the doses for two different fields F1 and F2 is given by:

Dr1 . Sk
Dpy  Spr

where Dp; and Dg; are the delivered doses and Sg; and Sg, are
the surfaces of the two fields.

Beam Energy Monitoring

In order to comply with the standard IEC 60601-2-1 [23], beam
monitoring in the FLASH region requires not only a real time
measurement of the beam current (which is proportional to the
absorbed dose) but also a real-time check of the average energy of
the beam.
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FIGURE 1 | ElectronFlash.
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FIGURE 3 | Accelerating tank and beam dynamics simulation.

The standard IEC
201.10.1.2.101.5
requires that:

“IRRADIATION shall be TERMINATED
ENERGY, Ei, of the ELECTRONS striking:

[...]

- the ELECTRON RADIATION window deviates by more than
+20% or & 2 MeV, whichever is the lesser during ELECTRON
IRRADIATION, from the value of mean ENERGY that would
occur under normal operating conditions for the selected
energy and mode of operation.”

60601-2-1, in the
(“Selection and Display

paragraph
of Energy”)

if the mean

In a radiofrequency powered linac, the power generated by the
RF source can be written as:

Wror = Wrinac + We—beam

where Wimvac is the power absorbed by the accelerating
waveguide and W, _pe,,, is the power absorbed by the beam itself.
If the power absorbed by the e-beam becomes comparable with
the power absorbed by the accelerating tank, e-beam current
variation influences the beam energy.

Assuming a monochromatic spectrum,

We_peam [W] = Le—_peamlA] - Ee—peam [€V]

the precise calculus of the power absorbed by the accelerating
waveguide, Wiinac, can be performed as described in [30]; for
an accelerating waveguide operating in the S band, designed for
10 MeV, Wiinac is around 2 MW.

The percentage energy variation of the electron beam can be
roughly estimated as (refer to [30] for a detailed calculus).

ﬂ ~ AW, _peam
E Wror

In the abovementioned hypotheses, a beam current variation
slightly >10% induces an energy variation >20%. It is therefore
clear that a specific system for checking energy constancy is
mandatory. Such system should operate independently with
respect to the dose monitoring system.

The solution proposed is illustrated in Figure4: e-beam
energy can be real time monitored, pulse by pulse, by means of
a signal taken by a pick-up positioned inside a RF cavity. The
operation principle is briefly described; further details can be
found in [30]. The total energy gain AKror in the accelerating
waveguide is:

AKtor = Nacc - AK
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where Nycc is the number of the accelerating cavities and AK is
the energy gain per single cavity.

In general, AK o Ej where Ej is the spatial average of
the longitudinal electrical field along the cavity (at a fixed time,
when e-beam is in phase with the field). Inside each cavity,
the electric field has a fixed ratio respect to the magnetic field
B. Therefore, the measurement of such field provides a real
time, nondestructive measurement of the electric field Ey and,
therefore, of overall energy of the accelerated e-beam [31]. The
time derivative of the magnetic flux generated by B is measured
through the pick-up shown in Figure 4 so that,

0 —>
AKO(/ — B(t)
ot

the speed of such system is determined by the electronic board
maximum speed, as long as signal detection itself is luminal. Such
technique provides an online and easy system for checking energy
constancy, with a precision better than 5%.

Output Monitoring: Beyond Monitor
Chambers

Ionization chamber technology appears probably not adequate
both for beam monitoring and dose measurements. There are,
at least, two issues:

- Assuming the electrical field inside the ionization chamber
not being affected by the one generated by the ionization, the
current models [32] cannot describe properly the ionization
chamber behavior;

- Response time of the chamber itself.

The dose monitor system must guarantee that the correct dose
is delivered within the required tolerance levels. Furthermore,
the dose monitor system should respond quickly enough
to shut off the beam when the dose set is reached. The
drift time of the electrons within an ionization chamber
operating in FLASH regime is probably too slow to reach
this goal; hence, new dose monitoring techniques will be
required. A solution for overcoming all the issues related
to ionization chamber operation in the FLASH region
represents a change of paradigm. Fluence can be detected
by means of in vacuum electrical measurements. Such
techniques, widely adopted in high-energy physics, are still
not common in medical linacs but represent indeed the most
promising perspective.

The system EF has been designed in order to produce
both FLASH and conventional dose rates. Therefore,
a dual-dose monitoring system has been implemented
(Figure 5) to allow an adequate fluence reading within a
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very broad range (0.01 cGy/p—40 Gy/p) for FLASH and
conventional modality.

In FLASH modality, e-beam output is monitored by means
of two toroidal inductors and monitor chambers are positioned
outside the beam line; in conventional modality, the monitor
chambers are inserted along the beam line, as illustrated in
Figure 5. Because of their sensitivity of 10 V/A, the toroidal
inductors provide a fast and robust signal up to few milliamperes
of beam current. The dual hardware allows to get a very good
signal to noise ratio in every operational mode.

A possible alternative to toroidal inductors is represented
by a passive resonant cavity, as proposed by Leggieri et al.
[33]: the beam, while crossing the cavity, induces a resonant
electromagnetic field that can be detected through a pick-up. The
voltage at pick-up terminations is representative of the real time
beam current and is elaborated, by a microcontroller system, for
the output monitoring.

The passive resonant cavity reading, for a given beam
current, can be varied by changing parameters such as its
internal shape and material [34]; however, an optimized

monitor system capable of appropriately monitoring a beam in
a wide range (1-100mA for ElectronFlash) would necessarily
require at least two different cavities, each optimized for a
specific range. Furthermore, this solution requires the a fine
tuning of each cavity and its thermostating at the same linac
temperature. On the other hand, the dual monitoring system
implemented in ElectronFlash adopts two different technologies
(monitor chambers and toroidal inductors), achieving in
principle the same overall accuracy. Monitoring system
performances will be experimentally verified and validated after
ElectronFlash installation.

SATURATION PROBLEMS OF ONLINE
DOSIMETERS USED IN THE CLINICAL
PRACTICE

The dose-rate DR generated by a pulsed electron beam is directly
proportional to the dose-per-pulse D,

DR = PRF - D,
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FIGURE 6 | NOVAC11: FLASH irradiation setup.

SSD 1,6 cm

SSD 7 cm

SSD 30 cm

where PREF is the pulse repetition frequency.

At PRF smaller than 100 Hz, all the dosimeters analyzed have
a shorter signal collection time with respect to the repetition
time of the pulses (> 10 ms), and, consequently, the saturation
is influenced only by the dose-per-pulse (duration of the pulse is
around 2.5 ps).

Considering a standard frequency of 30Hz, in order to
reach FLASH dose-rate values (> 40 Gy/s) it is necessary to
produce dose-per-pulse higher than 1 Gy/p. This value is at
least one or two orders of magnitude greater than the dose-per-
pulse produced respectively by IORT and conventional linacs,
for which the most common online dosimeters were designed,
produced, and tested.

Materials and Methods

Absolute dose in a PMMA phantom was measured with a
10-MeV electron beam produced by a NOVACI1 mobile
accelerator. The dose-per-pulse has been increased by a
minimum of 5 cGy/p in reference conditions up to 40 Gy/p by
modifying the collimation system as described in detail in section
Experimental Setup. In order to investigate dosimeter saturation
problems in FLASH dose-per-pulse conditions, different types
of detectors were irradiated at increasing dose-per-pulse up to
FLASH values (40 Gy/p), using as reference the measurements
performed with independent dose-rate  radiochromic
films dosimeters.

Experimental Setup

Currently, IORT dedicated linacs are characterized by a
significantly high dose-per-pulse [26, 27], typically around
5 cGy/p, with a pulse repetition frequency ranging from
1 to 30 Hz: dose rates higher than conventional ones
are achievable. This feature, together with the very simple
beam collimation system, makes the system itself particularly
attracting for a preliminary study of the dosimeters behavior in
FLASH mode.

In order to produce an electron beam with dose-rate
values proper of a FLASH beam (>1 Gy/p), a preexisting
dedicated IORT electron linear accelerator has been considered,
the NOVAC11.

NOVACI1 provides 4 nominal electron energies (4, 6,
8, 10 MeV) and the electron beam collimation system
is purely passive: NOVACI1 does not use any scattering
foil for beam broadening that is obtained by means of
a hard-docking collimation system. Such collimation system
consists of two separated polymethylmethacrylate (PMMA)
cylindrical applicators that can be directly attached to the
radiant head. The applicator is made of two parts: an upper
part called applicator holder or upper applicator—directly
mounted to the radiant head—and the terminal part called
terminal applicator, which is connected to the upper one by
means of a ring nut. The PMMA applicators have 5mm
wall thickness, internal diameter ranging from 3 to 10cm,
and a flat or beveled end. The length of the applicators

Frontiers in Physics | www.frontiersin.org

November 2020 | Volume 8 | Article 570697


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Di Martino et al.

FLASH: LINAC and Dosimetric Challenges

SSD 1.6 cm

Dp ~ 35 Gyip
DR 35- 1050 Gyls

Dp ~ 10 Gy/p
DR 10 - 300 Gyis

= 3
55D 30 cm Bag Dp 1 Gylp
\T / DR 1-30 Gyls
—————
S5D 80 cm Dp 0.05 Gyip

DR 0.05-1.5 Gy/s

FIGURE 7 | Beam collimation and achievable SSDs, maximum dose rates,
and dose per pulse achievable with NOVAC11 (applicator @10 cm).

determines the Source Surface Distance (SSD), which is
80 cm for the reference applicator with a diameter of 10 cm.
Thanks to this relatively simple architecture, it is possible
to obtain several collimation configurations (Figure 6). Every
configuration leads to a different SSD and, consequently, to a
different resulting dose-per-pulse.

The different setups are obtained as follows:

- Clinical reference configuration: upper and terminal
applicator connected to the chambers housing (SSD 80 cm).

- Upper applicator connected to the monitor chambers housing
(SSD 30 cm).

- Only monitor chambers housing (SSD 7 cm).

- Dismounted monitor chambers (SSD 1.6 cm).

In Figure7, such configurations, together with the possible
maximum achievable dose-rates, are detailed.

A more detailed description on how Novac can be
converted into a FLASH research machine, and its dosimetric
characterization is available in [28].

Dosimetric Equipment and Measurements

Even though NOVACI1 is not able to produce a FLASH beam
suitable for radiobiological experiments, it is however possible,
by changing the SSD, to reach a very high dose-per-pulse beam
inside a small spot homogenous enough for the irradiation of
small dosimeters like those considered in the present study.
Due to the unsuitability of the dosimeters commonly used
in the clinical practice—as they show saturation problems
approaching to FLASH dose-rates—reference dosimetry was
performed using radiochromic films. Radiochromic films are
dose-rate independent, hence they allow an extensive dosimetric
characterization of the e-beam. The GAFCHROMIC EBT-XD
[35] calibration curve has been obtained by irradiating the
films with increasing dose values in the range from 0 to
150 Gy, by positioning the films in a PMMA solid phantom at
Rigo depth. The calibration fitting function, according to the
optimized protocol for calibration and dosimetry [36] distributed
by Ashland, is represented by the rational function:

fx) =A+B/(x—-C)

where A, B, and C are parameters of the function, and f(x) and
x are, respectively, the absorbed dose in ¢cGy and the color value
in 16 bpch [36], as read by the RGB scanner Epson 1680 Pro.
Cross-calibration between optical densities and absolute dose-
response has been performed by means of an ionization chamber
in a conventional dose-rate range.

The detectors to be tested have been chosen among the
commercially available ones adequate for measuring the beam
produced by IORT linacs. IORT linac is the highest dose-per-
pulse machine among the currently available medical linacs
(3-13 cGy/p against 0.07-0.3 cGy/p). Radiochromic films
(GAFCHROMIC EBT-XD) irradiated within a PMMA phantom
have been considered as reference.

The online dosimetric systems tested were:

- PTW TW34045 Advanced Markus®) Electron Chamber [37].
- PTW TM60017 Dosimetry Diode E [38].

- PTW TW60019 microDiamond [39].

- DoseVue DoseWire™ Series 100 scintillating fiber [40].

DoseWire is an inorganic scintillator detector consisting of a
hemispherical 0.1 cc active volume of europium-doped yttrium
oxide. The emission light is in the range 600-650 nm. If the
dosimeter is used in its standard counter mode, the minimum
time between two consecutive events, in order that the system is
able to discriminate them, is of the order of 20 ns.

Results
Calibration curve calculated by the dedicated software FilmQA
Pro is shown in Figure 8.

The focus of the present work is the saturation phenomena of
the dosimetric systems tested. As previously discussed, saturation
phenomena are primarily caused by the value of the dose-per-
pulse Dy,. Atavalue of 1 cGy/p, either the dosimeters cannot show
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saturation phenomena (scintillator, diode, and microdiamond
[26]) or their saturation can be correctly calculated (ionization
chambers [24, 25, 27]). Then, we have considered the ratio
between the reading of each dosimeter at varying the dose-per-
pulse and its reading at D, = 1 cGy/p; such ratio is called DrR
(dosimeter reading ratio) in Figure 9.

DrR is defined as

R
Rger

R —_—

R|DP =1cGy/p

DrR =

DrR combined standard uncertainty can be estimated as op,r =
IR

Je? + (

deviation over five consecutive measurements and results always
around or <0.7%; therefore, the combined standard uncertainty
is smaller than 1% and it is not shown in the graphs of
Figures 9, 10.

The graphs are displayed in a double log plot in order to
facilitate their visualization. Such approach offers an immediate
and qualitative picture of dosimeters behavior in a very wide
range. Ideally, for a dosimeter not affected by any saturation
phenomena, DrR is a line with angular coefficient equal to 1, as
for radiochromic films (reference black line in Figure 9).

In Figure 10, the ratio between DrR and the dose-per-pulse as
measured by radiochromic films is reported.

The measurements performed offer a clear, even though
preliminary, picture of the inadequacy of the current dosimetric
equipment when operating in the FLASH region.

ORREF

2
g
R ) . The quantity % is evaluated as the standard

PTW Diode E and microDiamond semiconductors show
a nonreversible saturation beyond a threshold around 15
cGy/p. DoseVue DoseWire™ Series 100 scintillators show a
negligible saturation up to 1 Gy/p, it increases significantly up
to at least 11 Gy/p and it reaches a cutoff value between 11
and 36 Gy/p.

PTW Advanced Markus® TIonization chamber saturation
cannot be adequately described according to the methods
reported in literature for values above 30 cGy/p: the Laitano et al.
[25] model does not provide any solution while the Di Martino
model [24] greatly underestimates the recombination effect, as
shown in Figure 10. Such experimental results are consistent
with the data reported by McManus et al. [41], even they adopt a
Very High Energy Electrons (VHEE) system and the maximum
dose per pulse is 5.26 Gy/p.

DISCUSSION AND CONCLUSION

The recent experimental evidence of the FLASH effect
obtained in vivo has generated great interest within the
radiotherapy community due to its potential and important
clinical implications.

Before the radiobiological mechanisms underlying this effect
could be fully understood, several technological and scientific
challenges must be faced.

Such challenges affect the irradiator as well as the
measuring devices.

This work presents the design of an electron linac dedicated to
ultra-high dose rate experiments, ElectronFlash [42].
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The specific problems and requirements generated by the
acceleration and monitoring of a Flash electron beam are
discussed, and some possible solutions are presented. The first
EF unit will be installed in Institut Curie during summer 2020; a
complete characterization of its performances will be presented
in a future manuscript.

While electron linacs may be the simplest implementation
for a Flash irradiator, they may represent the most complex
challenge for dosimetry. Radiofrequency (RF)-powered electron
linacs produce a heavily pulsed beam, with a dose per pulse up to
40 Gy/p or higher, with a pulse repetition frequency (PRF) up to
400 Hz.

On the other hand, proton and carbon ion accelerators
produce a continuous or almost continuous beam; even when
reaching the ultra-high dose rate region, their dosimetric
characterization can be performed adopting the common
dosimetric protocols, provided that saturation is determined with
a different approach (the recombination theory for proton and
light ions has been presented and discussed in [43]).

Thus, while Flash proton beams may be successfully measured
within the framework of the current protocols [44], even with
some adjustment in the determination of recombination factor
[43], Flash electron beams may require a complete change of
paradigm. The experimental results with ionization chambers,
which confirm the data presented by McManus et al. [41],
show the inadequacy of the current approaches [24, 25, 44] in
determining the chamber saturation.

The analysis performed in Appendix, Section 1—Ionization
Chambers shows that, for electron beams around 1 Gy/p
or higher, the electric field generated by ionized charges
exceeds the one generated by the polarization applied and,
therefore, cannot be neglected. This may lead to the need
of introducing a different, more complex model, capable of
describing properly the chamber ionization behavior in the ultra-
high dose rate region.

This may lead to the need of introducing a different and
more complex model capable of describing properly the chamber
ionization behavior in the ultra-high dose rate region.

Other dosimeters were studied: semiconductor diodes
and scintillators.

The tested semiconductor dosimeters have a total saturation
at a precise dose-per-pulse value (cutoff value) around 15 cGy/p
that is significantly lower than the FLASH dose-per-pulse values.
Hence, semiconductor dosimeters currently available on the
market cannot be used.

The tested scintillator shows a dose-per-pulse response as
expected, with the saturation increasing with the dose-per-pulse,
reaching a cutoff value between 11 and 36 Gy/p, where saturation
is no longer correctable.

The scintillator was used in its standard mode (counter mode);
nevertheless, the analysis performed in Appendix, Section 2—
Scintillators suggests that a better behavior could be reached if
the system works in integrator mode, introducing a correction
for the deadtime.

The present work offers some possible solutions in the design
of an electron Flash linac and raises many questions about its
dosimetric characterization which remain to be answered.

A new linac concept has been described, a system capable
of accelerating and monitoring the fluence needed for reaching
the Flash beam dose rates studied so far [1, 2, 4, 5] and even
beyond; the specific solutions implemented were discussed and
its performances will be described in a future work after its
installation in Institut Curie.

However, the Flash electron beam dosimetric characterization
still poses unsolved challenges, for online dosimeters, both
concerning relative and absolute dosimetry.

In particular, the current description of ionization chambers
behavior in the Flash region for electron beams is not adequate.
When dose-per-pulse is around or above 1 Gy/p, the shielding
effect of the electric field generated by the ionized charges,
during their movement toward the two opposite electrodes,
is no longer negligible. Therefore, the current recombination
models [24, 25, 44], which totally neglect such effect, do not
properly describe saturation phenomena in FLASH dose-per-
pulse regime. New theoretical models must be developed and
experimentally validated before ionization chambers could be
used for FLASH beam dosimetry.

In conclusion, it is possible to state that there is a lot of
research to be done before the dosimetric characterization of
Flash electron beams will be fully understood.
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