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Abstract
Purpose: A diamond detector prototype was recently proposed by Marinelli
et al. (Medical Physics 2022, https://doi.org/10.1002/mp.15473) for applications
in ultrahigh-dose-per-pulse (UH-DPP) and ultrahigh-dose-rate (UH-DR) beams,
as used in FLASH radiotherapy (FLASH-RT). In the present study, such so-
called flashDiamond (fD) was investigated from the dosimetric point of view,
under pulsed electron beam irradiation. It was then used for the commissioning
of an ElectronFlash linac (SIT S.p.A., Italy) both in conventional and UH-DPP
modalities.
Methods: Detector calibration was performed in reference conditions, under
60Co and electron beam irradiation. Its response linearity was investigated in
UH-DPP conditions. For this purpose, the DPP was varied in the 1.2–11.9 Gy
range, by changing either the beam applicator or the pulse duration from 1 to
4 µs. Dosimetric validation of the fD detector prototype was then performed
in conventional modality, by measuring percentage depth dose (PDD) curves,
beam profiles, and output factors (OFs). All such measurements were carried
out in a motorized water phantom. The obtained results were compared with
the ones from commercially available dosimeters, namely, a microDiamond, an
Advanced Markus ionization chamber, a silicon diode detector, and EBT-XD
GAFchromic films. Finally, the fD detector was used to fully characterize the
7 and 9 MeV UH-DPP electron beams delivered by the ElectronFlash linac. In
particular, PDDs, beam profiles, and OFs were measured, for both energies and
all the applicators, and compared with the ones from EBT-XD films irradiated in
the same experimental conditions.
Results: The fD calibration coefficient resulted to be independent from the
investigated beam qualities.The detector response was found to be linear in the
whole investigated DPP range. A very good agreement was observed among
PDDs, beam profiles, and OFs measured by the fD prototype and reference
detectors, both in conventional and UH-DPP irradiation modalities.
Conclusions: The fD detector prototype was validated from the dosimetric
point of view against several commercial dosimeters in conventional beams.
It was proved to be suitable in UH-DPP and UH-DR conditions, for which no
other commercial real-time active detector is available to date. It was shown to
be a very useful tool to perform fast and reproducible beam characterizations
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in standard clinical motorized water phantom setups. All of the previously
mentioned demonstrate the suitability of the proposed detector for the
commissioning of UH-DR linac beams for preclinical FLASH-RT applications.
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1 INTRODUCTION

Since the discovery of the so-called FLASH effect in
radiation therapy,1 an increasing effort has been devoted
to its study by many research groups all over the
world.2–12 The growing interest in FLASH radiotherapy
(FLASH-RT) has driven a technological breakthrough
leading to innovative accelerator facilities, capable of
producing high- and ultrahigh-dose-rate (UH-DR) as
well as high- and ultrahigh-dose-per-pulse (UH-DPP)
beams.13–19 This poses challenging requirements to the
dosimetry of the radiotherapy beams generated by such
a new class of accelerators.8,9,20,21 Passive dosimeters,
such as alanine22–26 and GAFchromic films,16,17,26–28

have been shown to be suitable for these purposes,
with some limitations. In particular, their response can
be obtained hours or even days later than the irradi-
ation procedure, rendering the use of such detectors
for the daily linac quality assurance tests requested
for preclinical studies very impractical. Moreover, when
using UH-DPP beams, the irradiation of GAFchromic
films must be limited to a few pulses or even one sin-
gle pulse to sit in their optimal detection window.8,25,27

This results in an additional uncertainty in the dose
rate determination due to possible fluctuations of the
accelerator output. On the other hand, no commercial
real-time response dosimetric systems are available yet
for UH-DPP applications, due to recombination, sat-
uration, and nonlinearity effects typically observed in
the response of ionization chamber (IC)15,24,26,28–31

and solid-state detectors such as silicon and diamond-
based diodes.8,15,20,31 Novel detector prototypes are
being designed and characterized by several research
groups,30–32 whose properties are expected to over-
come these limitations. In particular,a diamond Schottky
diode detector prototype was recently proposed,33 the
so-called flashDiamond (fD), specifically designed for
UH-DPP and UH-DR applications. A thorough charac-
terization was performed in terms of detector response
linearity, which has been proven for DPPs up to at
least 20 Gy, average DRs of the order of 1 kGy/s, and
instantaneous DRs of about 5 MGy/s. The fulfillment
of this response linearity prerequisite demonstrated the
feasibility of a diamond-based detector for FLASH-RT
applications.

The present work is a step forward in view of the
application of the fD detector in clinical studies. Two
main aspects are addressed both in conventional and
UH-DR irradiation conditions: (i) a comprehensive dosi-
metric validation of such detector and (ii) the application

to the commissioning of an ElectronFlash linac (SIT
S.p.A., Italy).

2 MATERIALS AND METHODS

2.1 Irradiation device

All the irradiation experiments reported in this study
were performed by using an ElectronFlash linac (SIT
S.p.A., Italy).15,18 The main features of the accelerator
are reported in Table 1. In particular, it can be operated
both in conventional and UH-DPP modalities. Pulsed
electron beams with two different energies are avail-
able (7 and 9 MeV). The pulse duration can be varied
in the range of 0.5–4 µs. The pulse repetition frequency
(PRF) can be varied as well, ranging from single pulse
mode up to a maximum frequency of 245 or 500 Hz, for
pulse durations of 4 and 2.5 µs, respectively.The linac is
equipped with several polymethylmethacrylate (PMMA)
cylindrical applicators, differing both in length and diam-
eter.More specifically,applicators 30,35,40,50,100,and
120 mm in diameter were used in this study. It is worth
mentioning that the length of the applicators varies as
well, thus changing the minimum source-to-surface dis-
tance achievable by each applicator. This implies that
different DPP ranges are obtained depending on the
applicator used during the irradiation procedure. In our
study, maximum DPPs of about 180 mGy and 11.9 Gy
were achieved in conventional and UH-DPP modalities,

TABLE 1 Main features of the ElectronFlash linac used in this
study

Parameter Range
Beam energy 7 and 9 MeV

Pulse duration from 0.5 to 4.0 µs

Pulse repetition frequency from single pulse to 500 Hz
Applicators
(mm)

Ext. ∅
(mm)

Int. ∅
(mm)

SSDa

(cm)
DPPmax
(Gy)

30 40 30 71.8 11.4

35 40 36 71.8 11.9

40 50 40 78.6 10.6

50 60 50 81.8 9.2

100 110 100 109.8 4.1

120 134 124 126.8 2.7

Note: The DPPmax values were obtained by EBT-XD films, positioned at dmax,
under 9 MeV irradiation, with the phantom in close contact with the applicator.
aSource-to-surface distance.
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respectively, by using 9 MeV electron beams and the
35 mm applicator. The ElectronFlash linac is equipped
with an online monitoring system as per IEC-60601-2-
1 prescription.34 The beam is monitored by means of
transmission detectors, that is,monitor chambers in con-
ventional mode and current transformers in UH-DPP
mode.15,18

2.2 Dosimetric systems

In this study, an fD prototype was investigated, whose
physical properties were recently reported by Marinelli
et al.33 It consists of a diamond Schottky diode, based
on the same working principle of the commercially
available PTW microDiamond (mD) (PTW-Freiburg,
Germany).35,36 The fD design and layout were specif-
ically modified in order to meet the stringent require-
ments of UH-DPP applications. Its sensitive volume is
a high purity intrinsic diamond, 1.4 mm in diameter and
about 1 µm thick. The device housing is the same as
used for the mD detector, so that the measuring point
is located at 1 mm water equivalent depth below the
housing top surface.Just as the mD detector,no external
bias voltage is required for the fD operation, and a pre-
irradiation of 5 Gy is recommended before daily use in
order to get a stable response within 0.5%.

The response of the fD detector obtained in con-
ventional and UH-DPP modalities was compared for
validation with the ones of several well-assessed detec-
tors. The latter were only used in the specific irradiation
conditions in which they can be considered reference
detectors. In particular, an Advanced Markus cham-
ber (type 34045, PTW-Freiburg, Germany), a silicon
diode (SiD) (type T60017, PTW-Freiburg, Germany),
an mD detector (type 60019, PTW-Freiburg, Germany),
and EBT-XD GAFchromic films (Ashland Inc., Bridge-
water, NJ, USA) were used in conventional irradiation
modality,whereas EBT-XD films only were used for com-
parisons in UH-DPP conditions. They were calibrated
and analyzed by the FilmQA Pro software (Ashland
Inc., Covington, KY, USA), according to the protocol
suggested by the manufacturer and the measurement
procedure reported by the authors in Ref. [33]. PTW
electrometers were used for the measurements per-
formed by active real-time detectors. In particular, a
PTW UNIDOS E electrometer was used for all “static”
measurements, such as absolute dose determinations,
linearity tests, and output factors (OFs). As for percent-
age depth dose (PDD) and profile measurements, a
PTW Tandem electrometer (PTW-Freiburg, Germany)
was used, in combination with a motorized water phan-
tom and the PTW Mephysto MC2 software. It is worth
mentioning that during the tests performed in UH-DPP
irradiation conditions a 100 nF capacitance box provided
by PTW was inserted in the readout chain, between
the detector output and the electrometer input.33 This
is mandatory in order to limit the instantaneous current

flowing through the electrometer below the threshold
value reported in both the UNIDOS E and Tandem
manufacturer specifications.

2.3 Experiments

The absorbed dose calibration of the fD was performed
in 60Co irradiation at the PTW secondary standard lab-
oratory, and under UH-DPP reference electron beams
at the Physikalisch-Technische Bundesanstalt (PTB). In
addition, it was cross-calibrated at SIT by comparison
with an Advanced Markus IC, under irradiation by Elec-
tronFlash beams in conventional modality and reference
conditions (100 mm applicator at the point of maximum
dose dmax).

Absolute dose measurements, linearity tests, PDDs,
beam profiles, and OF measurements were then per-
formed both in conventional and UH-DPP irradiation
conditions, by using 7 and 9 MeV electron beam ener-
gies. Such measurements were carried out in a water
phantom for all the detectors, with the only exception
of EBT-XD films, in which case a PMMA phantom was
used instead.

Response linearity tests were performed in UH-DPP
modality with the 9 MeV electron beam energy, in two
different irradiation conditions. In the first case, the DPP
was varied by changing the PMMA applicators and posi-
tioning the water phantom entrance window in close
contact with the applicator. The second measurement
was performed in reference conditions,again with 9 MeV
electrons. The DPP was varied by changing the beam
pulse duration from 1 up to 4 µs. An overall range from
about 1.2 up to 11.9 Gy/pulse was achieved by the com-
bination of the two setups. In all cases, the fD detector
positioning was carefully verified by measuring in-plane
and cross-plane beam profiles. Its response, measured
at the central beam axis and dmax, was compared with
the one from EBT-XD films. They were irradiated, while
sandwiched between PMMA slabs, whose thickness
was properly chosen to obtain the same water equiv-
alent depths as compared to the ones used for the fD
detector.

PDD measurements were performed in conventional
and UH-DPP conditions, both for 7 and 9 MeV beams,
by using all the available PMMA applicators. The fol-
lowing parameters were used: 25 Hz PRF, 4 µs beam
pulse duration, and 1 s Tandem electrometer acquisi-
tion time at each depth. A PTW semiflex IC (type 31010,
PTW-Freiburg, Germany) was used as an out-of -field
reference during the PDD acquisition, positioned out-
side the beam collimator where the beam intensity was
low enough to prevent its response saturation. In order
to evaluate uncertainty on the detector positioning, four
sets of three PDDs each were recorded in the very
same irradiation conditions,by removing and reposition-
ing four times the fD detector in the water phantom. The
standard deviation of the obtained R50 values was found
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(a) (b)

F IGURE 1 Charge per pulse (QPP) of the flashDiamond (fD) detector as a function of the dose-per-pulse (DPP) measured by EBT-XD
films. The DPP was varied by changing the PMMA applicator (a) and the pulse duration (b). The red dashed lines are the linear best fits to the
experimental data. Deviations from linearity plots are also reported in both cases.

to be 0.3 mm. Besides the fD detector, all the previously
listed commercial detectors were used for compar-
ing PDDs measured in conventional modality, whereas
only EBT-XD films were used as reference in UH-DPP
conditions. As for the GAFchromic film irradiation dur-
ing PDD measurements, they were positioned parallel to
the electron beam axis and sandwiched between PMMA
slabs.

Beam profile measurements were performed by using
the same irradiation conditions and acquisition param-
eters adopted for PDDs. They were recorded at dmax,
as derived for each collimator from the previously
measured PDD curves.

OFs were measured by the fD detector prototype in
conventional and UH-DPP conditions as well, both for
7 and 9 MeV beams, by using all the available PMMA
applicators. All the measurements were performed at
dmax. One hundred fifty pulses at a PRF of 25 Hz were
delivered for each OF measurement in conventional
modality, whereas 25 pulses at 5 Hz were used in the
case of UH-DPP irradiation conditions. The obtained
results were compared with the ones from the SiD detec-
tor and EBT-XD films in the case of conventional and
UH-DPP conditions, respectively. It is worth to point out
that similar irradiation parameters could be used for
the fD and SiD, whereas a much lower number of total
pulses (from 1 to 10 depending on the actual DPP value)
were delivered to GAFchromic films in order to prevent
their response saturation.

3 RESULTS

The fD prototype sensitivities obtained from the calibra-
tion procedures performed at PTB (UH-DPP electron

beams), SIT (electron beams in conventional modal-
ity), and PTW (60Co irradiation) are 0.305 ± 0.002,
0.306 ± 0.005, and 0.309 ± 0.005 nC/Gy, respectively.

The results of the fD response linearity tests are
reported in Figure 1. In Figure 1a, the DPP was var-
ied by changing the applicator and keeping constant 4
µs pulse duration. An uncertainty of ±5% was asso-
ciated with EBT-XD dose determination. Such a value
was derived from repeatability tests and thus includes
both the intrinsic uncertainty on the EBT-XD measure-
ments as well as possible fluctuations of the accelerator
output. The dashed red line is the linear best fit to the
experimental data, with a slope of 0.306 ± 0.01 nC/Gy.
In Figure 1b, the pulse duration was changed instead,
from 1 up to 4 µs. In this case, the slope of the linear
best fit is 0.310 ± 0.01 nC/Gy.

In Figure 2, the PDDs measured by the fD pro-
totype and reference detectors are reported, both in
conventional (Figure 2a) and UH-DPP (Figure 2b)
modalities, in the case of the 100 mm applicator under
9 MeV energy beam irradiation. The depths corre-
sponding to 90% and 50% of the maximum dose (R90
and R50, respectively) were extracted from the PDD
curves and summarized in Table 2. A maximum dif-
ference of about 0.5 mm is observed in the R90 and
R50 values obtained from all the detectors in each
modality.

Normalized beam profiles of two field sizes (FSs)
(applicators 100 and 40 mm) are reported in Figure 3,
both in conventional (a) and UH-DPP (b) modalities.
In particular, the response of the fD prototype was
compared with one of the SiD detector in Figure 3a,
whereas in Figure 3b the results from EBT-XD films
were used for comparison instead. The corresponding
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(a) (b)

F IGURE 2 Percentage depth doses (PDDs) measured by the flashDiamond (fD) prototype and reference detectors in the case of the 100
mm PMMA applicator and 9 MeV beam energy, both in conventional (a) and ultrahigh-dose-per-pulse (UH-DPP) (b) modalities

TABLE 2 R90 and R50 of the 9 MeV beams in conventional and
ultrahigh-dose-per-pulse (UH-DPP) modalities, calculated from the
percentage depth dose (PDDs) measured with the 100m applicator
by the flashDiamond (fD), microDiamond (mD), Advanced Markus,
EBT-XD and silicon diode (SiD) detectors

Conventional UH-DPP
Detector R90 R50 R90 R50

fD 21.0 31.3 24.5 33.8

EBT-XD 20.9 31.2 25.0 34.3

mD 20.8 31.1

SiD 21.2 31.2

Adv. Markus 20.8 30.9

Note: All data are expressed in mm.

values of average penumbra, FS, and profile flatness
are summarized in Table 3. The latter was calcu-
lated as 100 × (Dmax − Dmin)/(Dmax + Dmin), where
Dmax is the maximum dose measured in the cen-
tral region corresponding to 80% of the FS, whereas
Dmin is the minimum dose over the same region.
OFs are reported in Figure 4 and summarized in
Table 4, as measured by using all the available PMMA
applicators, beam energies, and irradiation modali-
ties. Again, the fD response was compared with the
one of the SiD detectors in conventional modality
(Figure 4a) and EBT-XD films in UH-DPP modality
(Figure 4b).

The commissioning of the ElectronFlash linac by the
fD detector was completed by the acquisition of PDD
and beam profile datasets at 9 and 7 MeV, by using
all the applicators, in conventional and UH-DPP modal-
ities. The obtained results are summarized in Table 5
(PDDs) and Table 6 (beam profiles). In Figures 5 and 6,
PDDs and profiles are reported in the of UH-DPP

modality only, more relevant for the aims of the present
study.

4 DISCUSSION

The aim of the present work is to test a novel dia-
mond detector prototype as a tool for the commissioning
of a linac capable of UH-DPP and UH-DR irradiation
modalities. As such, the investigated detector was first
calibrated in different facilities: at PTW under 60Co irra-
diation, at PTB under UH-DPP electron beams, and
at SIT under pulse electron beams in conventional
modality. The values obtained under electron irradia-
tion at SIT and PTB are in agreement, thus indicating
that no differences are observed in the fD response
when conventional and UH-DPP electron beams are
used. In addition, the calibration coefficients obtained
by 60Co and electron beam irradiation are also in
agreement within the experimental uncertainties. As a
consequence, the beam quality correction factor from
60Co to electron beams is unity within the experimen-
tal uncertainty. This is consistent with what is reported
in the literature for the mD, in which case the devi-
ation of the detector sensitivity under 60Co and high
energy electron beam irradiation was found to be lower
than 0.5% by Monte Carlo simulations37 and confirmed
experimentally to be lower than 1%.38

The linearity tests, whose results are reported in
Figure 1, demonstrate that the fD response is linear at
least up to the maximum DPP of 11.9 Gy available in
this study, well in the UH-DPP range. This confirms the
results previously reported for fDs by the authors.33 Two
experimental data shown in Figure 1a and obtained
by using the 30 and 35 mm applicators, that is, the
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(a) (b)

F IGURE 3 Beam profiles measured by the flashDiamond (fD) prototype and reference detectors in the case of the 100 and 40 mm PMMA
applicators, 9 MeV beam energy, both in conventional (a) and ultrahigh-dose-per-pulse (UH-DPP) (b) modalities

TABLE 3 Average 80%–20% penumbra, field size (FS) and flatness of the 9 MeV conventional and ultrahigh-dose-per-pulse (UH-DPP)
beams calculated from the profiles with 100 and 40 mm applicators measured by the flashDiamond (fD), silicon diode (SiD) and EBT-XD

Conventional
100 mm 40 mm

Detector Penumbra (mm) FS (mm) Flatness (%) Penumbra (mm) FS (mm) Flatness (%)

fD 4.7 101.5 3.0 5.1 41.1 5.2

SiD 4.7 101.4 2.8 5.8 40.7 6.9

UH-DPP
100 mm 40 mm

Detector Penumbra (mm) FS (mm) Flatness (%) Penumbra (mm) FS (mm) Flatness (%)

fD 7.2 101.0 3.4 6.7 40.9 8.8

EBT-XD 6.5 101.3 3.4 6.0 40.5 7.6

(a) (b)

F IGURE 4 Output factors (OFs) measured by the flashDiamond (fD) prototype and reference detectors by using all the applicators and the
beam energies, both in conventional (a) and ultrahigh-dose-per-pulse (UH-DPP) (b) modalities
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TABLE 4 Output factors (OFs) measured by the flashDiamond (fD) prototype and reference detectors by using all the applicators and the
beam energies, both in conventional and ultrahigh-dose-per-pulse (UH-DPP) modalities

Conventional UH-DPP
7 MeV 9 MeV 7 MeV 9 MeV

Ø (mm) fD SiD fD SiD fD EBT-XD fD EBT-XD

30 1.89 1.91 2.03 2.04 2.56 2.48 2.90 2.81

35 2.02 2.02 2.11 2.12 2.66 2.74 2.91 2.94

40 1.81 1.81 1.89 1.93 2.35 2.40 2.59 2.62

50 1.68 1.70 1.74 1.74 2.10 2.14 2.23 2.26

100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

120 0.77 0.76 0.76 0.74 0.68 0.70 0.67 0.66

TABLE 5 R90 and R50 of the 7 and 9 MeV conventional and ultrahigh-dose-per-pulse (UH-DPP) beams extracted from the percentage
depth dose (PDDs) measured by the flashDiamond (fD) with different applicators

7 MeV 9 MeV
Conventional UH-DPP Conventional UH-DPP

Ø R90 R50 R90 R50 R90 R50 R90 R50

30 15.9 23.7 18.7 26.0 20.2 29.9 23.1 32.9

35 16.9 24.7 18.2 25.4 21.4 31.2 24.1 33.3

40 17.1 24.7 19.2 26.2 21.9 31.5 25.1 34.3

50 17.3 25.0 18.3 25.5 22.5 31.9 25.1 33.9

100 15.7 23.8 17.8 24.9 21.0 31.3 24.5 33.8

120 14.8 23.0 17.3 24.7 19.5 30.0 24.2 33.4

Note: All data are expressed in mm.

TABLE 6 Average values of the 80%–20% penumbras, field sizes (FSs), and flatness of the 7 and 9 MeV conventional and
ultrahigh-dose-per-pulse (UH-DPP) beams calculated from the profiles measured by the flashDiamond (fD) using applicators of different
diameters

7 MeV 9 MeV
Conventional UH-DPP Conventional UH-DPP

Ø
(mm)

Penumbra
(mm)

FS
(mm)

Flatness
(%)

Penumbra
(mm)

FS
(mm)

Flatness
(%)

Penumbra
(mm)

FS
(mm)

Flatness
(%)

Penumbra
(mm)

FS
(mm)

Flatness
(%)

30 5.4 30.9 9.5 6.0 30.8 11.6 4.8 31.2 7.9 6.1 31.2 10.7

35 5.2 37.2 6.2 5.8 37.0 8.9 5.2 37.5 5.8 6.5 37.3 9.1

40 5.2 40.8 5.8 5.9 40.5 7.6 5.1 41.1 5.2 6.7 40.9 8.6

50 5.0 51.2 2.8 4.6 51.2 2.8 5.7 51.5 3.6 7.3 51.4 7.4

100 4.3 101.2 2.3 5.3 101.0 1.1 4.7 101.5 3.0 7.2 101.0 3.4

120 4.0 126.8 2.2 5.3 126.6 1.7 4.5 127.2 2.9 7.6 126.4 3.8

ones at the highest DPPs in the plot, deserve a specific
comment. Very similar charges, and thus DPPs are
measured by the fD detector. This is not the case for
the EBT-XD values, the DPP acquired with the 35 mm
applicator being about 4% higher (see Table 1). Indeed,
according to the 5% uncertainty associated with the
EBT-XD dose measurements, such two values can be
considered consistent within the experimental error.

The detector sensitivities were derived from the
slopes of the linear best fits, both in Figure 1a and 1b.

The obtained values of 0.306 ± 0.01 nC/Gy (Figure 1a)
and 0.310 ± 0.01 nC/Gy (Figure 1b) are consistent
with the previously reported calibration coefficients, thus
providing a further cross-calibration of the fD detector
against the reference EBT-XD films. However, a higher
uncertainty is associated with such sensitivities, basi-
cally due to the relatively poor accuracy of the EBT-XD
dose determination.

The next step in the dosimetric validation of the fD
prototype was the comparison of its response with the
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(a) (b)

F IGURE 5 Percentage depth dose (PDDs) measured by the flashDiamond (fD) prototype irradiated in ultrahigh-dose-per-pulse (UH-DPP)
modality, by using all the applicators and beam energies, in the case of 9 MeV (a) and 7 MeV (b)

(a) (b)

F IGURE 6 Beam profiles measured by the flashDiamond (fD) prototype irradiated in ultrahigh-dose-per-pulse (UH-DPP) modality, by using
all the applicators and beam energies, in the case of 9 MeV (a) and 7 MeV (b)

ones obtained by well-assessed reference detectors, in
terms of PDD and profile curve measurements. As for
the PDDs, Figure 2 and Table 2 demonstrate a gen-
eral very good agreement. In particular, according to the
experimental datasets reported in Figure 2a for conven-
tional beam modality, an agreement is observed within
0.3 mm among the R50 values obtained by using the
five detectors, namely fD, mD, SiD, Advanced Markus,
and EBT-XD, which is compatible with the estimated
positioning error. A small overestimation of about 1% is
indeed observed in the case of EBT-XD with respect
to all the other detectors at depths exceeding about
45 mm, where very low doses are measured, below the
EBT-XD dynamic range recommended by the manu-
facturer. In Figure 2b the PDD curves are reported for
UH-DPP irradiation conditions. In this case, the fD pro-
totype response could be compared with the one from
EBT-XD films only, all other detectors being unsuitable
for measuring such high DPPs. A good agreement is

confirmed between the two PDDs with a difference of
the R50 values of about 0.5 mm, even though a some-
what noisier curve is observed from the films.The results
obtained both by the calibration procedures and the
PDD measurements demonstrate that the fD response
is independent from the beam energies used in the
present study.

The beam profile curves acquired by the fD proto-
types were compared with the ones obtained by an SiD
detector in the case of conventional irradiation modal-
ity, and EBT-XD films in UH-DPP conditions. The results
are summarized in Figure 3 and Table 3.An overall good
agreement is again observed between the fD curves,
and those from the reference detectors. Just as for the
PDD measurements, noisier curves are obtained from
EBT-XD films and small deviations can be noticed in
the out-of -field low dose regions. As far as the penum-
bras are concerned, the values reported in Table 3 are
in good agreement, showing a maximum difference of
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0.7 mm. As the active area diameters of the fD and
SiD detectors are 1.4 and 1.2 mm,39,40 respectively,both
smaller than the intrinsic penumbra of the 100 and 40
mm beam sizes, the observed discrepancies are likely
ascribed to the measurement uncertainty rather than to
a different spatial resolution of the three detectors.

OFs were then measured by using the fD detector
and compared with the ones of the SiD in the case
of conventional irradiation modality and with the EBT-
XD responses in UH-DPP conditions. All the fD OFs
are in agreement with those measured by reference
detectors. However, it is noticed that larger discrepan-
cies are observed in the comparison with EBT-XD film
values, up to a maximum value of about 3%. Again, this
is consistent with the 5% uncertainty associated with the
GAFchromic film dose determination.

After the previously reported fD detector prototype
characterization, the focus of the present study was
addressed to the completion of the ElectronFlash com-
missioning procedure. To this purpose, PDDs and beam
profiles were acquired for all the available beam ener-
gies, irradiation modalities, and PMMA applicators. The
fD detector position was manipulated in a PTW motor-
ized water phantom in combination with the Mephysto
MC2 software. The obtained results are summarized in
Tables 5 and 6, and specifically reported in Figures 5
and 6 for the case of UH-DPP modality only. As for the
PDD curves, it is worth mentioning that the combination
of applicator lengths and diameters results in a different
contribution from scattered electrons, and thus to the
small differences in the R50 values reported in Table 5
and noticeable in Figure 5. As far as the beam profiles
are concerned, a somewhat higher out-of -field dose
values can be appreciated in Figure 6 in the case of
the 35 mm applicator. This is ascribed to the smaller
wall thickness (2 mm instead of 5 mm, see Table 1) of
this specific applicator, allowing for a larger number of
electrons escaping the applicator and contributing to
the overall dose in the out-of -field region.

5 CONCLUSIONS

A detailed dosimetric characterization of an fD detec-
tor prototype was carried out, in terms of absolute
dose, response linearity, PDDs, beam profiles, and OF
determinations. To this purpose, an ElectronFlash linac
was used, operated both in conventional and UH-DPP
irradiation modalities, covering a DPP range up to
11.9 Gy. Several well-assessed commercial dosimeters
were used for comparison, in measurements performed
in both irradiation conditions. The results obtained from
the previously reported comprehensive characterization
provide an experimental validation of the fD prototype
from the dosimetric point of view and demonstrate its
suitability as a valuable tool for the commissioning of
FLASH-RT electron beam linacs. Monte Carlo simula-
tions of both the ElectronFlash linac beams and the fD

detector are in progress as well, in order to provide the-
oretical support to the dosimetric validation reported in
this study.
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