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The FLASH effect is a radiobiological phenomenon that has garnered considerable
interest in the clinical field. Pre-clinical experimental studies have highlighted its
potential to reduce side effects on healthy tissues while maintaining
isoeffectiveness on tumor tissues, thus widening the therapeutic window and
enhancing the effectiveness of radiotherapy. The FLASH effect is achieved through
the administration of the complete therapeutic radiation dose within a brief time
frame, shorter than 200 milliseconds, and, therefore, utilizing remarkably high
average dose rates above at least 40 Gy/s. Despite its potential in radiotherapy, the
radiobiological mechanisms governing this effect and its quantitative relationship
with temporal parameters of the radiation beam, such as dose-rate, dose-per-
pulse, and average dose-rate within the pulse, remain inadequately elucidated. A
more profound comprehension of these underlying mechanisms is imperative to
optimize the clinical application and translation of the FLASH effect into routine
practice. Due to the aforementioned factors, the undertaking of quantitative
radiobiological investigations becomes imperative, necessitating the utilization
of sophisticated and adaptable apparatus capable of generating radiation beams
with exceedingly high dose-rates and dose-per-pulse characteristics. This study
presents a comprehensive account of the design and operational capabilities of a
Linear Accelerator (LINAC) explicitly tailored for FLASH radiotherapy research
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purposes. Termed the “ElectronFlash” (EF) LINAC, this specialized system employs a
low-energy configuration (7 and 9 MeV) and incorporates a triode gun. The EF
LINAC is currently operational at the Centro Pisano FLASH Radiotherapy (CPFR)
facility located in Pisa, Italy. Lastly, this study presents specific instances
exemplifying the LINAC’s adaptability, enabling the execution of hitherto
unprecedented experiments. By enabling independent variations of the
temporal parameters of the radiation beam implicated in the FLASH effect,
these experiments facilitate the acquisition of quantitative data concerning the
effect’s dependence on these specific parameters. This novel approach hopefully
contributes to amore comprehensive understanding of the FLASH effect, shedding
light on its intricate radiobiological behavior and offering valuable insights for
optimizing its clinical implementation.

KEYWORDS

FLASH radiotherapy, ultra-high-dose-per-pulse beams, temporal structure of the beam,
LINAC architecture, FLASH research LINAC

1 Introduction

FLASH Radiotherapy (FLASH-RT) is a promising radiotherapy
technique that involves delivering the entire radiation dose at an
extremely high dose rate, much higher than conventional methods.
The technique has been tested in various preclinical experiments
using different animals and organs, and results have shown a
significant reduction in side effects on healthy tissues while
preserving its therapeutic efficacy on tumor tissue. This has
generated considerable excitement in the radiotherapy
community as FLASH-RT may provide a way to effectively treat
tumors that are currently non efficiently treated with conventional
radiotherapy [1–7]; in particular:

1. Radioresistant tumors located in close proximity to radiosensitive
“serial” organs: it is hypothesized that a higher RT dose could be
delivered to the tumor without inducing severe toxicities to the
surrounding normal tissues as would be expected following
CONV-RT.

2. Large tumors arising in “parallel” organs: the delivery of
tumoricidal RT dose is hampered by the size and local
extension of tumor mass that would lead to a low-dose
irradiation of a significant portion of organ at risk with a
subsequent unacceptable risk of severe toxicity.

3. Reirradiation: tumor recurrence often occurs within a previously
irradiated high-dose region. This means that the dose required
for tumor control is often much higher than that required for
severe toxicity leading to an inverted relationship between NTCP
and TCP curves.

Despite the very promising results, there are still many
unanswered questions regarding the FLASH radiobiological
mechanisms: there is still no consensus on its physical
mechanism [8,9], and both its dependence on the various beam
parameters and the effect on the irradiated tissues remain to be fully
understood. One of the biggest challenges has been obtaining
quantitative radiobiological data from in vitro/vivo experiments,
which is essential to understanding the FLASH effect’s dependencies
on the different beam parameters.

Currently, there are two conditions which seems to trigger
the FLASH effect: average dose rate greater than 40 Gy/s and a
total irradiation time less than 0.2 s [10–15]. Nevertheless, the
beam temporal structure is quite complex, and these two
parameters are not enough to fully describe it. An exhaustive
representation of the temporal structure is reported in Figure 1:
Where

− dMAX depth of maximum dose on beam axis
− Dp

(n),k dose of nth pulse in the kth irradiation at DMAX [Gy]
− tp

k time width of a single pulse in the kth irradiation [s]
− tr

k time between two pulses in the kth irradiation [s]
− PRFk Pulse Repetition Frequency in the kth irradiation [s–1]
− np,k Number of pulses of the kth irradiation
− tFL

k irradiation time of the kth irradiation [s]
− tDk time separation between the end kth and the beginning of
(k+1)th irradiations [s]

− TDk total delivered dose at dMAX during tFL
k [Gy]

− tIRR Total irradiation time [s]
− TD total delivered dose atdDMAX during tIRR [Gy]
− ADRk Average Dose Rate during the kth irradiation at dMAX

[Gy s–1]
− ADRp

i,k Average Dose rate within the ith pulse during the kth
irradiation at dMAX [Gy s–1]

− IDRi,k Instantaneous Dose Rate within the ith pulse during the
kth irradiation at dMAX [Gy s–1]

In case of a single irradiation, the following relations hold:
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i
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Dp � ∫
tp

0
IDR t( )dt Gy[ ] (6)

If the irradiation consists of multiple sub-irradiations, the
previous equations can be easily generalized and the additional
relations hold:

tIRR � tFL
1 + tD

1 + . . . + tD
N−1 + tFL

N s[ ] (7)
TD � ∑N

i�1TD
i Gy[ ] (8)

with N being the total number of irradiations. It was chosen to start
from the definition of dose per pulse and pulse duration (instead of
introducing the dose rate directly) because these two parameters can
be measured precisely and independently from each other.

Additionally, if the dose is delivered with two or more train of
pulses, also the time lapse between the trains of pulses may play a
relevant role. Until now, due the technological limits of the electron
LINACs available, no detailed study on the impact of the different
parameters is available; nevertheless, there is a large consensus about
the need of such investigations, both for electrons and protons
[16–22].

FLASH research until today has been substantially slowed by the
absence of a specifically designed technological platform, both in
terms of beam sources and in terms of beammonitoring systems and
dosimeters [23–25]. More specifically, the electron accelerators
adopted for FLASH radiobiological experiments are not provided
with real-time monitoring of beam parameters, which makes it
impossible to take output variation into account. These accelerators
are typically electron accelerators designed for industrial use or
modified medical accelerators, where diffuser filters and monitor
chambers have been removed from the beam path [26]. This fact has
somehow limited the researchers’ ability to obtain accurate and fully
reproducible data on the radiobiological impact of the various beam
time structure parameters potentially impacting FLASH effect.

Although the FLASH effect’s robustness has been validated by
various animal models, organs, and radiobiology research works, the
radiobiological mechanism underlying the effect is still unknown.

While oxygen consumption has been proposed as a possible
explanation [27], other works have highlighted the limits of this
explanation and emphasized the need for further investigations [28].
Additionally, the dependence of the FLASH effect on the Linear
Energy Transfer (LET) of the radiation used is still unknown.

A better understanding of the complexity of FLASH effect is also
mandatory for the VHEE development and its clinical translation.

VHEE would allow to treat even deep-seated tumors. Different
national and international research projects are aimed at the
realization of Very-High-Energy-Electrons “FLASH” LINAC, with
energy up to or greater than 100 MeV. However, this raises new
radiobiological questions: such high energy electron beams cannot
be collimated mechanically yet, like the low energy ones, but the
dose to the target volume is deposited uniformly employing pencil
beam scanning technique, requiring to use more fields of view to
reach the desired dose conformation. It is therefore essential, before
the clinical translation, to quantify any dependence of the entity of
the FLASH effect on the beam volume (dimension of the beam) and
on the dose fractionation, since the movement of the gantry to pass
from one field of view to another is not temporally compatible with
the times need to trigger the FLASH effect (<0.1–0.2 s).

In summary, while FLASH-RT has shown promising results,
there are still many uncertainties and many issues that need to be
addressed before it can be used in clinical practice. Further research
is necessary to determine the radiobiological mechanism underlying
the FLASH effect and to investigate the dependence of the effect on
various beam parameters on the irradiated tissues. Advances in
accelerator technology and dosimetry may provide a way to
overcome the current limitations and enable researchers to
obtain quantitative radiobiological data from in vitro/vivo
experiments.

A specifically designed LINAC would represent a powerful tool
for understanding the mechanism and exploiting the promising
radiobiological findings associated with the FLASH effect. Such
LINAC should provide the full capability to vary, set and
monitor the whole temporal beam structure, as reported in [29].
The discussion between some of the authors of this article, led to the

FIGURE 1
Temporal beam structure with all the relevant parameters.
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development of the new design of Electron Flash with a triode e-gun
and its power and piloting electronics. The availability of a triode
gun enables to adjust the electron fluence (and thus the dose per
pulse) in a wide range maintaining the time pulse width and beam
optics unchanged.

Such LINAC allows the study of the whole set of beam
parameters which could impact FLASH effect: dose per pulse,
pulse width, pulse repetition frequency, number of pulses,
irradiation time and consequently Average and instantaneous
dose rate. All these parameters can be varied independently and
without altering the experimental setup, thereby minimizing
experimental errors.

Thanks to special funding from Fondazione Pisa, the newly
designed system has been installed in July 2022, at the Centro Pisano
FLASH Radiotherapy (CPFR) in Pisa, Italy.

2 Materials and methods

2.1 Characteristics of the research LINAC
system

The research LINAC described in the study is the ElectronFlash
(indicated as EF in the following) produced by SIT S.p.A. (https://
www.soiort.com/flash-rt-technology/[29,30]). and installed in Pisa
A.O.U.P., S. Chiara Hospital.

Even though EF is a research LINAC, it has been designed in
order to comply with the requirements of IEC 60601-two to one,
Medical electrical equipment - Part 2–1: Particular requirements for
the basic safety and essential performance of electron accelerators in
the range 1 MeV–50 MeV [31]. Furthermore, as long as FLASH
treatment requires even additional monitoring in order to guarantee
the essential performance, novel monitoring techniques have been
devised and integrated [29].

The system operates in electron mode only, with energies of
7 and 9 MeV; e-beam is collimated by means of a purely passive
beam optics and several radiation fields are available (see Results
section).

The accelerating waveguide is a S band standing wave
accelerating guide, operating at 2.998 GHz in the π/2 mode; the
electrostatic radial focusing technique is implemented, in order to
avoid the use external solenoid. Such implementation guarantees the
stability over time of radial beam dynamics, and therefore also beam
symmetry and flatness.

The LINAC features a triode thermionic e-gun composed of an
indirectly heated cathode, a control grid, and an anode. The e-gun
generates an electron current in a temporal range variable from
0.2 to 4 µs with a peak accelerated current ranging from 1 up to
100 mA, which is adjustable using by means of the grid voltage. The
LINAC is powered by an S-band magnetron (model
MG6090 produced by E2V) delivering up to 3.1 MW. It is
powered by a Solid-State Modulator (model M100 produced by
Scandinova).

Beam collimation is achieved through a purely passive scattering
system, and the beam is conformed into different fields thanks to
different applicators, ranging from diameter 1 cm up to 12 cm.

EF is equipped with a real “dose monitoring system”, as defined
in IEC 60601-2-1, § 201.3.212 [31]: “system of devices for the

measurement and display of a radiation quantity directly related
to the absorbed dose”.

The dose monitoring system comprises several components,
each fulfilling a crucial role in signal processing. The initial stage
involves the precise and linear measurement of beam current.
This is accomplished using two independent Beam Current
Transformers (referred to as ACCTs), designed and
manufactured by Bergoz Instrumentation [32]. Previous
research has demonstrated the effectiveness of this system in
accurately estimating absorbed dose [33,34]. Although
alternative devices have been explored [35], ACCTs now
function as non-invasive sensors, safeguarding the integrity of
the beam and ensuring consistent measurement precision and
linearity in both conventional and UHDR modes.

Subsequently, the current waveform is digitized to facilitate
charge calculation through integration. Lastly, this computed
charge is converted into Monitor Units, normalized as desired by
the final user. These Monitor Units are then displayed on the user
interface and utilized for treatment control purposes.

ACCT are currently considered as an optimal solution for
the beam monitoring in UHDR modality [25,29,36,37], it is
however important to stress that a dose monitoring system is
much more than the radiation detectors itself: it is a system at
least capable of:

- transforming the measurement of the single pulse into a
quantity proportional to the absorbed dose ([31] §
201.10.101.1.1.2) and properly visualizing such quantity in
terms of MU ([31]§ 201.10.101.1.1.2);

- halting the irradiation when the programmed MU have been
delivered ([31] § 201.10.101.1.1.5);

- halting the irradiation if anomalies occur in the monitoring
process and/or a given threshold is trespassed [31] (§
201.10.101.1.3 and [31] § 201.10.101.1.3).

Monitoring system reading can be normalized as desired by the
final user. All such features have been implemented in EF. The
monitoring system performances (linearity, long and short-term
stability) are described in the Results section. A schematic of the
beam optic, including the ACCT, is reported in Figure 2.

Two screenshots reporting the monitoring system interface are
presented in Figure 3. The reading of both channels for each pulse,
the integral dose delivered and the temporal structure of the beam is
clearly visible; in the left image an irradiation stopped by the MU
limit is reported (500 MU limit set, 2 pulses lasting 4.5 µs, PRF
200 Hz, total irradiation time ≈5 m and total MU1 delivered 530)
while in the right one an irradiation stopped by the number of pulses
is reported (10 pulses at 200 Hz, each lasting 2.5 µs, PRF 200 Hz,
total irradiation time ≈45 m).

EF can also deliver two different trains of pulses, with a time
interval between the two trains in the range 0.05 s–60 s. Such feature
allows the delivery of two irradiation separated by a time interval,
and it is provided in order to study the possibility such dose delivery
modality could enhance Flash effect.

EF is designed in a way that the user can vary independently
each parameter of the beam temporal structure; notably it allows, by
opportunely varying the beam current, to deliver the same dose per
pulse even when varying the time width of the pulse in a large range.
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FIGURE 2
Schematic of the beam optic including ACCT.

FIGURE 3
System interface of the EF LINAC.
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The ElectronFlash can therefore adjust its average dose-per-
pulse, average dose rate and its average instantaneous dose rate. This
is achieved by modifying various parameters such as:

- the E-gun peak current, which leads to an accelerated current
between 1 and 100 mA;

- E-gun pulse duration, which can be set between 0.2 µs
and 4 µs;

- Pulse Repetition Frequency (PRF), which can be set between
1 Hz and 250 Hz with 1 Hz increments. Higher PRF are
achievable, up to 400 Hz, but with a shorter radiofrequency
pulse duration down to 2.5 µs instead of the standard 5 µs?

Electron beam is collimated into the target by means of PMMA
cylindrical tubes, called applicators. These applicators determine the
uniform field dimensions and establish an upper limit on the
achievable dose per pulse by modulating the incident electron
spectrum and fluence. Since the beam collimation is entirely
passive, its performance remains constant over time.
Consequently, real-time monitoring is not necessary for ensuring
beam flatness, as the uniformity of the dose distribution at a specific
depth is primarily influenced by the multiple scattering of electrons
with the collimator wall.

2.2 LINAC dosimetric characterization

The dosimetric characterization of a LINAC with the illustrated
characteristics pose a challenge for commercial dosimetric devices
due to very high charge density generated by dose per pulse, which is
three orders of magnitude greater than in conventional radiotherapy
LINACs [29]. Corrective methods are not sufficient to use standard
detectors for the absolute dosimetry needed for commissioning the
ElectronFlash [38]. Several FLASH dedicated dosimeters are
currently being developed and tested, mainly ionization chambers
[22,39] and semiconductor detectors [40,41]. In this study, we used a
PTW flashDiamond as the active dosimeter for both relative and
absolute dosimetry. The linearity of the employed dosimeter was
tested up to 18 Gy per pulse with a graphite calorimeter [42] and
alanine pellets.

Additionally, we used EBT-XD Gafchromic films [43] to
measure the beam profiles given their high spatial resolutions.
Prior to use, we calibrated the EBT-XD films in a plastic
phantom by delivering doses ranging from 0.5 to 60 Gy. The
dose was delivered with a Dp of approximately 0.02 Gy, a pulse
duration tp of 4 µs, and a PRF of 1 Hz. The total dose delivered was
measured using an Advanced Markus ionization chamber
connected to a PTW UNIDOS electrometer with a +400 V
polarization. The chamber was able to correctly operate with the
standard two voltage saturation correction at the polarization and
dose per pulse employed. The dose values were obtained following
the standard dosimetry protocol for absolute dosimetry in water
TRS-398 [44], with a correction factor for the use of a plastic
phantom. After a 48-h waiting period, all the films were scanned
using an Epson Expression 10000XL scanner and the netOD values
were converted to dose values via the calibration curves [45].

We started the dosimetric characterization by performing
relative dosimetry measurements, which involved acquiring
percentage depth dose (PDD) curves and lateral beam profiles.
We obtained these measurements using different applicators, and
also carried out measurements without any applicator, directly at the
head hosing exit. The measurements were taken for both energies
and three (low, mid, high) selected beam current values ((4, 60,
100 mA for 9 MeV; (15, 51, 85 mA) for 7 MeV).

To obtain the PDD curves, we measured the absorbed dose to
water using the flashDiamond detector positioned in a modified
MP3-XS water phantom that was adapted for horizontal irradiation
by cutting a hole in one of the vertical sides and replacing it with a
1 mm thick water-tight carbon window.

The dose was delivered as train of 4µs pulses with 5 Hz PRF and
evaluated moving, every 10 s, the flashDiamond detector in
increments of 1 mm in the buildup region and 2 mm thereafter.
Starting from the PDDs curves data, we evaluated the invariance of
the R100, R90, R50 and Rp parameters (see Table 1 for definitions)
for each energy, applicator, and beam current combination.

To measure the beam profiles, we positioned gafchromic films
between slabs of RW3 plastic phantom at a depth equivalent to the
R100. The films were irradiated with the same dose, and we
evaluated the beam flatness, symmetry, and the width at the 95%
isodose.

TABLE 1 Definition of parameters used to characterize the system.

PDD

Parameter Abbreviation Definition

Depth of dose max R100 [mm] Depth corresponding to the maximum dose

Depth of 90% of dose value R90 [mm] Depth corresponding to the 90% of the maximum dose

Depth of 50% of dose value R50 [mm] Depth corresponding to the 50% of the maximum dose

Practical range Rp [mm] The depth at which the tangent plotted through the steepest section of the PDD curve intersects with the
extrapolation line of the bremsstrahlung background

Flatness Flat [%] Max. variation (Dmax—Dmin)/2 within the flattened region

Symmetry Sym [%] Maximum dose ratio (D(x)/D (-x))max * 100% within the flattened region

Most probable energy at the phantom
surface

Ep0 [MeV] 0.22 + 1.98Rp + 0.0025Rp
2
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For absolute dose measurements, we irradiated the
flashDiamond at the dMAX depth in a water phantom using 4 µs
pulses and a PRF of 5 Hz. The dose per pulse for each irradiation
combination was calculated by dividing the total dose by the number
of delivered pulses. To ensure sufficient statistical accuracy, we
delivered a minimum of 20 pulses for the highest beam current
and 200 pulses for the lowest beam current. From this data, we
determined the maximum ADRp for each irradiation condition.

We then assessed the linearity of the total dose with respect to
the number of pulses. This was done by delivering a different
number of pulses, ranging from 1 to 60, and measuring the total
dose delivered. The procedure was repeated 5 times to estimate the
output variability.

Next, we evaluated the variation in LINAC output with respect
to the PRF in the range of 1–245 Hz while delivering a fixed number
of pulses at 9 MeV and a beam current of 60 mA. Additionally, we
measured the achievable dose rate ranges by measuring the dose at
PRF values of 1 Hz and 245 Hz for each beam current.

To characterize the temporal properties of the pulse, we investigated
the dose dependence with respect to the pulse width for the 9 MeV
beam. We measured the reproducibility of the pulse width using the
signal obtained from the ACCT current transformer. This involved

delivering 20 pulses and measuring the resulting pulse duration. We
then varied the pulse width from approximately 4 µs–0.38 µs while
recording the dose with the flashDiamond for three consecutive pulses.

3 Results

3.1 Customer Acceptance Test
measurements

To evaluate the performance of the LINAC system, a set of
procedures was developed in accordance with the Customer
Acceptance Test (CAT). These procedures were categorized into
two groups: beam properties and beam output.

For the beam properties evaluation, PDD curves were
measured for both available energies (7 and 9 MeV) and for
three different current values (low, medium, high) using the
40 mm diameter applicator. The PDDs were analysed to measure
values such as, R100, R90, R50 and Rp as defined in Table 1. The
stability of the LINAC was assessed over 3 days by checking the
R50 values, which were required to be within a 1 mm tolerance
using the 40 mm applicator. Furthermore, measurements of PDD

FIGURE 4
9 MeV PDDs for various applicators.

TABLE 2 PDD characteristics for the 9 MeV beam for different applicators.

Applicator internal diameter [mm] R100 [mm] R90 [mm] R50 [mm] Rp [mm]

30–120 13.0 ± 0.5 21.0 ± 0.5 31.8 ± 0.2 42.0 ± 1

Uncollimated 10.8 18.8 31.4 43.2

Frontiers in Physics frontiersin.org07

Di Martino et al. 10.3389/fphy.2023.1268310

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1268310


were conducted using different applicators to verify the position
of R50 and, consequently, the stability of PDD among the
different fields. The beam profiles were also evaluated by
measuring flatness symmetry and 95% isodose width for all
available applicators.

Regarding the beam output, measurements were performed with
both energies (7 and 9 MeV) and for 2 dose-per-pulses (high and
low), setting the flashDiamond at the R100 and using the 40 mm
applicator. The short-term stability of the LINAC system (i.e., the
stability of charge collected in 10 consecutive irradiations) and the
long-term stability (i.e., stability of the ratio between collected
charge and the registered MU over a period of 3 days) were
checked to be within tolerance (2% and 5%, respectively).

The proportionality between the output and the pulse duration
(from 0.5 up to 4 µs) and the linearity between the output and the
number of pulses were also evaluated. The linearity between the
output and the registered MU was checked. This was performed
with a 100 mm applicator after MU calibration (at the value 1 cGy/
MU at the build-up region) for the same applicator. The
proportionality ratio between the output and PRF, ranging from

5 to 245 Hz, was also checked by measuring the standard deviation
of the charge collected for the same number of pulses delivered with
different PRF. A summary table indicating the boundary tolerance
for each measurement is provided in the Supplementary Materials.

3.2 LINAC flexibility and performance

The percentage depth dose curves obtained at 9 MeV with a
fixed beam current of 4 mA for all available applicators are shown in
Figure 4. The beam parameters and the maximum measured
variation are listed in Table 2, with the uncollimated beam data
reported separately. It is worth noting that all PDD curves, except for
the uncollimated beam, exhibit a semi-flat region of approximately
10 mm for the 97% isodose, allowing for flexibility in the placement
of devices or specimen. The impact of the different applicators on
the PDD can be deemed relatively insignificant.

Figure 5 displays the variation of the 9 MeV PDD curves in
response to changes in the beam current, while Table 3 provides a
summary of their characteristics: in particular it can be observed

FIGURE 5
9 MeV PDDs for different beam currents.

TABLE 3 PDD characteristics for the 9 MeV beam for different beam currents.

Beam current [mA] R100 [mm] R90 [mm] R50 [mm] Rp [mm]

4 12.9 20.8 31.5 42.7

60 14.5 21.8 32.2 42.9

100 15 23.2 32.8 42.2
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that therrent, the maximum variation observed in the R50

parameter is less than 1 mm. The differences in PDDs
resulting from changes in the beam current are not critical
when positioning samples at the R100, thanks to a fairly large
zone of uniformity of the dose around the depth of maximum
dose (dmax) observed in all three PDDs.

The results of the analogous studies with the 7 MeV beam are
reported in the Supplementary Materials.

The beam profiles obtained at R100 with 9 MeV energy for all
applicators are displayed in Figure 6, normalized to the maximum
dose. Table 4 presents the corresponding Flatness, Symmetry, and
the diameter of the 95% isodose for each profile. Additionally,
Figure 7 depicts the gaussian profile for the uncollimated beam.
Notably, the 120 mm and 100 mm applicators exhibit a sufficiently
large useful field, making them suitable for accommodating various
sizes of cell culture multiwell plates, thereby facilitating in vitro
experiments. The smaller applicators are more suitable for

irradiating individual dishes with more extreme irradiation
parameters.

The linearity of the dose with respect to the number of delivered
pulses was verified through a linear fit (y = 0.877x, R2 = 0.999). These
measurements also revealed a pulse variability of less than 2%, which
can be corrected by the ACCT reading.

The investigation of the LINAC output dependence on different
PRF, as shown in Figure 8, resulted in a variation of less than ±1.5%
relative to the average value measured when scanning various PRF.
This variation was adjusted for the beam output variability
monitored by the ACCT.

The effect of pulse width on the dose per pulse was studied by
measuring the effective pulse duration, determined as the full width
at half maximum (FWHM) of the ACCT signal recorded using an
oscilloscope. Figure 9 shows different pulse waveforms along with
their corresponding effective durations. The measurements
demonstrated high reproducibility, with relative differences of

FIGURE 6
Beam profiles for all the applicators.

TABLE 4 Profile data for various applicators.

Applicator diameter [mm] Flatness [%] Symmetry [%] Diameter of 95% isodose [mm]

120 4.65 1.49 70

100 4.03 1.02 60

50 3.79 0.69 36

40 5.02 1.25 30

35 5.97 2.05 26

30 7.20 1.50 20
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FIGURE 7
Beam profile for the uncollimated beam.

FIGURE 8
Relative differences from the mean dose value of dose measured at different PRFs.
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less than 0.3% observed for the same pulse duration setting. To
analyze the relationship between pulse width and dose, a linear
regression was performed on the dose values associated with each
pulse width, as shown in Figure 10. The results revealed a clear linear

trend with a slope of 0.343 and an excellent goodness of fit (R2 =
0.999).

Additionally, we calculated the ranges of irradiation parameters
available at R100 for each applicator and the maximum pulse

FIGURE 9
Pulse waveform for different pulse duration.

FIGURE 10
Linear fit (red) to the Dose value with respect of the pulse duration. Errorbars are on the order of graph point size.
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duration using the collected data. These ranges are presented in
Table 5, where the available dose per pulse values at 9 MeV are
explicitly listed for the 100 mm applicator, while for the other
applicators, only the minimum and maximum values are
provided. Intermediate values can be obtained by scaling the
values of the 100 mm applicator. Furthermore, since the ADR
depends on the number of pulses, even when the PRF is fixed, in
the table we normalized such dependency reporting the normalized
ADRn, obtained by dividing the ADR by n/(n-1), where n is the
number of pulses.

3.3 Discussion

In this study, we described the unique architecture of the
ElectronFlash, a triode gun electron LINAC specifically developed
for investigating the FLASH effect. The dosimetric characterization
of the ElectronFlash system was also described in detail. This LINAC
allows independent control of three key beam parameters relevant to
the FLASH effect: average dose rate, dose per pulse, and
instantaneous dose rate. The flexibility to vary these parameters
within a wide range, spanning from conventional radiotherapy
values to extreme FLASH conditions, is a significant advantage.
Importantly, these parameter changes can be achieved without
modifying the experimental setup, reducing uncertainty in
dosimetric and radiobiological experiments.

The ElectronFlash system is equipped with two dedicated
ACCTs that enable online monitoring of output variability,
allowing adjustments to account for small output variations,
which have been measured to be below 2%. The availability of
various applicators further enhances the versatility of the LINAC.
Larger applicators enable simultaneous irradiation of multiple
samples under FLASH conditions (>1 Gy per pulse) with a useful
field diameter (>95%) of 70–60 mm. Smaller applicators can be used
to gradually transition to extreme irradiation values at the cost of a
reduced useful irradiation area. Additionally, the LINAC offers two
nominal energies, 7 and 9 MeV, providing further flexibility in
experimental setups.

Given the challenges of using commercial active dosimeters for
FLASH irradiation, the dosimetric characterization was performed
using a specially designed detector, the flashDiamond detector. The

linearity of the flashDiamond detector was verified through
measurements at 9 MeV using NPL’s secondary standard
calorimeter and alanine pellets, traceable to UK’s primary
standard electron and photon calorimeters, respectively.
Calibrated EBT-XD gafchromic films were used to obtain beam
profiles. The results confirmed that changes in applicators or beam
current had negligible effects on the percentage depth dose (PDD)
curves. Furthermore, the 9 MeV PDD curves exhibited a wide near-
flat region near the maximum dose (97% isodose), allowing for
flexibility in the types of specimens to be irradiated. The linearity of
output with respect to the number of pulses, pulse duration, and
independence on the pulse repetition frequency were also
successfully verified.

Based on the dosimetric measurements, the maximum range of
beam parameter excursions was determined: average dose rate
ranging from ~2 cGy/s to ~4800 Gy/s, dose per pulse ranging
from ~2 cGy to ~20 Gy, and average dose rate within the pulse
ranging from ~5.8 kGy/s to ~4800 kGy/s.

To showcase the remarkable versatility of the ElectronFlash
system, we propose three different irradiation setups that can be
utilized to independently investigate the irradiation parameters.
The first setup involves irradiating samples under FLASH
conditions (Dp > 1 Gy/pulse, ADR >100 Gy/s) with a fixed
number of pulses. Subsequently, the experiment can be
repeated under conventional irradiation conditions, delivering
the exact same dose with a difference of less than 1%. This can be
easily achieved by utilizing the lowest beam current settings,
which allow precise delivery of very small doses. Additionally, the
real-time monitoring provided by the ACCT system ensures
accurate adjustment for any output variation. Furthermore,
dose escalation experiments can be conducted by fixing the
ADR and adjusting the pulse repetition frequency (PRF)
accordingly, considering the ADR’s dependency on the
number of pulses, which is particularly relevant in high dose
per pulse conditions such as FLASH. The second type of
experiment, designed to test the ADR dependency, can be
readily implemented by fixing the beam current, the number
of pulses, and varying the PRF. With the availability of numerous
beam currents, a wide range of ADR values can be explored while
keeping the dose per pulse (Dp) and average dose rate within the
pulse (ADRp) constant. Lastly, by fixing the PRF and maintaining

TABLE 5 Irradiation parameters available at R100. The interval extremes are reported for all but the 100 mm applicator diameter where all the available dose per
pulses are listed.

Applicator
diameter [mm]

Normalized average dose rate
ADRN [Gy/s]

Dose per pulse [Gy] Average dose rate within the
pulse [kGy/s]

120 [0.023, 330] [0.023, 1.36] [5.8, 340]

100 [0.035, 500] 0.035, 0.069, 0.36, 0.54, 0.85, 1.16, 1.42,
1.66, 1.85, 2.05

[8.8, 513]

50 [0.097, 1390] [0.097, 5.67] [24.2, 1418]

40 [0.116, 1660] [0.116, 6.79] [28.9, 1696]

35 [0.131, 1880] [0.131, 7.67] [32.7, 1918]

30 [0.132, 1900] [0.132, 7.75] [33.1, 1937]

Uncollimated [0.33, 4890] [0.33, 19.95] [82.5, 4988]
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a constant product of the beam current and pulse duration, a
setup can be established where both the ADR and Dp remain fixed
while the ADRp varies.

Considering all the aforementioned features, the
ElectronFlash system proves to be an ideal instrument for
investigating the FLASH effect, providing extensive flexibility
in experimental setups and allowing for precise control of
irradiation parameters.

Establishing FLASH-RT as a viable clinical technique requires
further research to determine the radiobiological mechanism
underlying the FLASH effect and to investigate the dependence
of the effect on various beam parameters and irradiated tissues.
Advances in accelerator technology and dosimetry may provide a
way to overcome the current limitations and enable researchers to
obtain quantitative radiobiological data from in vivo experiments.
The proposed design of a new research LINAC provides a promising
avenue for further research into FLASH-RT, essential to study the
response of dosimeters to UHDP beams, the quantitative
dependence of the effect on the beam parameters and the
mechanisms underlying the effect itself. All this is essential for
the development of specific dosimetric protocols, to understand the
optimal characteristics of clinical FLASH LINACs and, in general, to
arrive at the optimal clinical implementation of the FLASH effect in
the shortest possible time.
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