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Abstract: Purpose: The electron linac ElectronFlash installed at Institut Curie (Orsay, France) is
entirely dedicated to FLASH irradiation for radiobiological and pre-clinical studies. The system was
designed to deliver an ultra-high-dose rate per pulse (UHDR) (above 10° Gy/s) and a very high
average dose rate at different energies and pulse durations. A campaign of tests and measurements
was performed to obtain a full reliable characterizations of the electron beam and of the delivered dose,
which are necessary to the radiobiological experiments. Methods: A Faraday cup was used to measure
the electron charges in a single RF pulse. The percentage depth dose (PDD) and the transverse dose
profiles, at the energies of 5 MeV and 7 MeV, were evaluated employing Gafchromic films EBT-XD
for two Poly-methylmethacrylate (PMMA) applicators with irradiation sizes of 30 mm and 120 mm,
normally used for in vivo and in vitro experiments, respectively. The results were compared with
Monte Carlo (MC) simulations. Results: The measurements were performed during a period of a
few months in which the experimental set up was adapted and tuned in order to characterize the
electron beam parameters and the values of delivered doses before the radiobiological experiments.
The measurements showed that the dose parameters, obtained at the energy of 5 MeV and 7 MeV
with different applicators, fulfill the FLASH regime, with a maximum value of an average dose rate of
4750 Gy /s, a maximum dose per pulse of 19 Gy and an instantaneous dose rate up to 4.75 x 10° Gy/s.
By means of the PMMA applicators, a very good flatness of the dose profiles was obtained at
the cost of a reduced total current. The flatness of the large field is reliable and reproducible in
radiobiological experiments. The measured PDD and dose profiles are in good agreement with
Monte Carlo simulations with more than 95% of the gamma-index under the thresholds of 3 mm/3%.
Conclusions: The results show that the system can provide UHDR pulses totally satisfying the FLASH
requirements with very good performances in terms of beam profile flatness for any size of the fields.
The monitoring of electron beams and the measurement of the dose parameters played an important
role in the in vivo and in vitro irradiation experiments performed at the Institut Curie laboratory.

Keywords: FLASH-RT; FLASH electron linac; dosimetry

1. Introduction

FLASH radiotherapy (FLASH-RT) is a promising cancer irradiation treatment, cur-
rently under investigation, which reduces the toxicity on the healthy tissues while keeping
the same efficiency in the tumor cure as in conventional treatments.

In the early 1960s, some experiments demonstrated that a very-high-dose rate in ultra-
short radiation pulses increased cell survival, that is, it spares healthy tissues, compared to
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conventional (CONYV) treatments [1-4]. After three decades, this phenomenon was again
investigated and confirmed by Vincent Favaudon and their team [5]. In FLASH RT, the
entire dose is delivered in a very short time. The definition of the FLASH regime demands
the specification of different inter-dependent temporal parameters such as pulse repetition
frequency (PRF), pulse number (1), pulse width (t,), dose per pulse (D), in-peak dose
rate (Dp), average dose rate (D), and the total irradiation time (t;).

Typically, the FLASH effect was observed with an irradiation time of t; < 100 ms [6],
an average dose rate D > 100 Gy/s [7], an in-peak dose-rate of D, > 10°, and a pulse
repetition frequency PRF > 100 Hz [8,9]. It must be noted that these are not threshold
values, and to the best of our current knowledge, there is no well-defined limit for the
instantaneous dose rate, but only an empirical demonstration that sparing normal tissue
can actually be achieved. In addition, the FLASH electron pulse usually provides a dose
> 1 Gy, which is three orders of magnitude greater than a conventional electron pulse
(<1 mGy/pulse). These parameters are shown in Figure 1.
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Figure 1. Typical time structure of electron beam parameters.

After Favaudon’s experiments, many multidisciplinary teams published articles that
confirmed the beneficial FLASH effect in healthy tissues [10]. Even though many studies
have been carried out in recent years, the mechanisms underlying the FLASH effect remain
largely unknown.

In order to investigate the FLASH effect, several efforts were made to develop new
devices able to irradiate in an ultra-high-dose rate regime, such as the Oriatron eRT6 [11]
and the Mobetron [12].

Furthermore, some clinical linacs were modified and successfully employed to deliver
electron beams with an average dose rate of approximately 5000 Gy /s, so as to be com-
patible with the threshold values which define the FLASH effect (>40 Gy/s). However,
because of their dosimetric and geometric properties, they are only suitable for small-animal
experiments [13-15].

A new linac dedicated to FLASH irradiation was installed at the Institut Curie in Orsay
(France) to replace the Kinetron [16] previously used by Favaudon’s team. The accelerating
structure, described in some detail in Section 2.1, is called ElectronFlash (EF) [17,18]. It
operates at 5 and 7 MeV, and it can irradiate in conventional and FLASH modalities by
changing the pulse width, the pulse repetition frequency, and the number of pulses. The
flexibility of the machine allows the investigation of the FLASH effect on small animals or
cell samples, with uniform dose profiles. The characterization of the electron beam in terms
of doses was necessary to calibrate the data obtained in the radiobiological and pre-clinical
experiments performed at Institut Curie.
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2. Materials and Methods
2.1. Description of the Electron Linear Accelerator System

The FLASH electron linac installed at Institut Curie (Orsay) is based on a standing
wave (SW) accelerating structure. It is 52 cm long and it works at 2.998 GHz (S-band) in
the 7r/2 resonant mode, with a bi-periodic geometry in which the accelerating cells are
alternated with unexcited coupling cells. The nominal energies of the electron beam are
5 MeV or 7 MeV, for both FLASH and conventional radiation operations. A thermionic gun
generates electrons with pulse peak currents up to 120 mA, which are necessary for the
FLASH mode. The linac is powered by an S-band magnetron delivering 3.1 MW [19] with
the RF pulse adjustable between 0.5 and 4 us. The magnetron is protected by a circulator
from accidental power reflections in the waveguide of the SW Linac. The linac parameters
are summarized in Table 1.

In conventional mode, two ionization chambers are used for online dosimetry. They
are automatically displaced from the beam axis when the FLASH regime is chosen because
of their saturation when a high current per pulse is delivered. In this case, the beam current
can be measured through a pair of toroids which also provide the pulse time duration.

An external Faraday cup monitoring system consisting of an aluminum cylinder 5 cm
thick and 12 cm large was used. Almost all charges can be collected in the Faraday cup
(>93%) according to the Albedo factor [20]. The Faraday cup is connected through a high-
quality coaxial wire to an oscilloscope which allows the measurement of the total charge
per pulse and the time pulse profile. The system has a nano-second time resolution with
the advantage of not saturating, even with a high charge in the electron pulse [21-24].

Table 1. Main features of ElectronFLASH.

Parameters Value
Output energy 5or7 MeV
Pulse repetition frequency 1-250 Hz
Pulse width 0.5-4 us
Maximum peak beam current 7 MeV 120 mA
Maximum peak beam current 5 MeV 108 mA

For the measurements of the dose parameters and profiles, two poly-methylmethacrylate
(PMMA) cylindrical applicators were used. The PMMA applicators have a 5 mm wall
thickness and 30 mm (A-d30) and 120 mm (A-d120) inner diameters, with a source-surface-
distance (SSD) of 55 and 110 cm, respectively. Because of the charge interaction with
PMMA walls, the current decreases by approximately 50% at the end of the applicators.
The accelerator head was able to irradiate both in the vertical and horizontal directions.
The vertical one is usually dedicated to in vitro irradiation while the horizontal one is for
in vivo irradiation.

2.2. Dose Measurements with Gafchromic Films

The absorbed dose distribution in a sample has been evaluated in a PMMA phantom
in terms of percentage depth dose (PDD) and beam dose profiles. PDD and beam transverse
profiles at different depths were investigated by inserting Gafchromics films [25] EBT-XD
(Ashland Inc., Wilmington, DE, USA) in a PMMA slab phantom. The film response was
calibrated with 10 EBT-XD films exposed in the range 0-30 Gy in CONV mode with a
pulse width of 4 us, using a circular field of 120 mm in diameter, at 10 mm depth in a
PMMA solid phantom for both 5 MeV and 7 MeV beams. To determine the dose applied to
the calibration films, an advanced Markus ionization chamber (PTW, Breisgau, Germany)
was used. For the ionization chamber read-out, a PTW UNIDOS webline electrometer
with 400 V polarization was used. The conversion of the ionization chamber signal to the
absorbed dose follows the general TRS-398 [26] formalism. For PDD FLASH measurements,
films placed parallel to the beam axis in the PMMA phantom were irradiated with both



Appl. Sci. 2023,13, 631

40f11

5 MeV and 7 MeV beams, with applicators A-d120 and A-d30 and a pulse width of
4 ps. In addition, three films were irradiated for each energy-applicator combination in
correspondence with the dose peak value depth (R100), 80% depth (R80), and 50% depth
(R50). Twenty-four hours after the irradiation, the films were scanned using an Epson 800,
48-bit color scanner, and the dose maps were analyzed with FAImQA Pro software [25], with
triple-channel and reference dose protocols.

2.3. Monte-Carlo Dose Simulations

Experimental measurements were compared with simulations obtained by means of
the MC software 2020.0.10 FLUKA version [27,28]. In particular, the accelerator beam
optics from the titanium window (at the end of the linac) to the end of the applicator was
simulated.

As mentioned previously, the A-d30 and A-d120 applicators were chosen to validate
the EF dosimetric proprieties according to the foreseen radio-biology experiments.

In the simulations, the electron beam exits from the linac and goes through a 55 pm-
thick titanium window that seals the linac vacuum. Depending on the applicator, the source-
to-surface distances (SSDs) are 55 cm and 110 cm for the A-d30 and A-d120, respectively,
(Figures 2 and 3).
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Figure 2. Two-dimensional visualization of FLUKA simulation geometry used for the A-d120
simulation. The beam travels in the z direction.
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Figure 3. Two-dimensional visualization of FLUKA simulation geometry used for the A-d120
simulation. The beam travels in the z direction.

The A-d120 applicator was modeled as a series of three PMMA cylinders centered on
the beam axis (z axis), with diameters of 50, 120, and 120.4 mm, a wall thickness of 5 mm
and lengths of 62.6, 155.4, and 852.0 mm, and one truncated cone 30 mm long parallel to
the z axis, with the larger and smaller circular base of 120.4 mm and 120 mm in diameter,
respectively. The A-d30 applicator was modeled in the same way using three PMMA
cylinders with diameters of 50 mm, 120 mm, and 30 mm, having 5 mm wall thickness and
lengths of 62.6 mm, 155.4 mm, and 332.0 mm, and one truncated cone 43 mm long with the
larger and smaller circular base of 120 mm and 30 mm diameter, respectively.

A PMMA phantom 40 x 40 x 40 cm® was placed in both simulations at the exit of the
applicator, according to the setup used for the experimental data acquisition.

The specification of the electron beam arriving on the titanium window was provided
by the manufacturers and thus defined as a Gaussian distributed electron profile with
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full-width of half-maximum (FWHM) on the x and y planes of 3.4 mm and a negligible
mean angular spread. Figure 4 reports the energy distributions of EF electron beams at
5MeV and 7 MeV. As shown in Figure 4, two types of electron beam energy spectra are
obtained, i.e., a single peak and a double peak case for the 5 MeV and 7 MeV, respectively.
The difference between the two cases is due to the phasing between the electron bunch
and the RF fields inside the linac. Since the RF field behaves as a cosine function in time
and the bunch length is large compared to the RF wavelength, it is possible to have a
situation in which the electrons experience two different stable points in terms of capture,
at two different energies, for example, on the crest and slightly before or after. Nevertheless,
these two points are so close in energy that no dosimetry change is expected between
the single-peak and the double-peak cases. Indeed, we performed simulations with these
types of beam spectra but no difference in the absorbed doses was appreciable between the
two cases.
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Figure 4. EF at 5 MeV (left) and 7 MeV (right) normalized planar fluence out of the linac. The energy
bin width is 50 keV. The two energy spectra were obtained using the TSTEP code, a derivative of
Parmela, for beam dynamics simulation [29].

The energy cut-offs for the transport and production of both electrons and photons
were set to EMFCUT =10 keV (kinetic energy). Particles with an energy below this threshold
are not transported further and their energy is locally deposited. The expected dose per
electron was evaluated in the PMMA phantom. In order to score the energy deposition, the
40 x 40 x 20 cm® phantom was divided into 201 x 201 x 200 voxels of size 2 x 2 x 1 mm3.
In the next section, the results of the simulations are compared with measurements.

3. Results
3.1. Measurements of Dose Parameters

The results of dose measurements performed with gafchromic films at the R100 point
using the previously applicators described (A-d30 and A-d120) at 5 MeV and 7 MeV with
a maximum pulse width of 4 s, are reported in Table 2. The uncertainty for the EBT-XD
dose determination is £5%. In all cases, the dose per pulse is above the FLASH threshold
(>1 Gy). It is worth noting that the dose per pulse of A-d30 is higher than A-d120 by a
factor of approximately 6, due to the reduced surface of irradiation and the shorter length
of the applicator.

Table 3 reports the maximum instantaneous dose rate with a pulse duration of 4 us,
and the average dose rate, calculated with the repetition frequency of 250 Hz. These
dose rates, together with the dose per pulse, define the FLASH regime. We notice that
the reference values of 10° Gy/s (instantaneous dose rate) and 100 Gy/s (average dose
rate) are easily achieved with the A-d30 applicator normally used for in vivo experiments.
In the case of the A-d120 applicator, the dose per pulse and the average dose rate fulfill
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the reference values adopted for FLASH, while the instantaneous dose is a bit lower than
10° Gy/s (itis 0.75 x 10° Gy/s at 7 MeV and 0.5 x 10° G/s at 5 Mev), nevertheless, in ref. [7],
it was shown that these values are sufficient to observe FLASH effects in radiobiological
experiments.

Furthermore, by making use of the values of the charge in the pulse of 4 us measured
with the Faraday cup, we also calculated the dose per nC (Gy/nC). These data are reported
in Table 4 for the same cases of Table 2.

During the measurement campaign, we also investigated the dependence of the dose
on the pulse width. Figure 5 reports the results for applicators A-d30 and A-d120 and at the
energies of 5 MeV and 7 MeV. The dose was measured with the EBT-XD films positioned
on the top of the Faraday cup. R-squared analysis shows a linear relationship between
the dose and the pulse width. We also observe that in the case of the A-d30 applicator,
the delivered dose per pulse is >1 Gy in the entire range of measurement. Conversely, in
the case of the A-d120, the dose only reaches the FLASH threshold for irradiation pulses
larger than 2 us. In the case of 7 MeV, the linear fit extrapolation does not cross the zero
value, suggesting the uncertainty of pulse widths <1 us, and of the corresponding charge
in the pulse.

Table 2. Dose per pulse measurements with film (uncertainty of 5%), obtained with different applica-
tors for a 4 pulse duration of us at energies at 5 MeV and 7 MeV.

Applicator Size 6(mm) 7 MeV Dose per Pulse (Gy) 5 MeV Dose per Pulse (Gy)
120 3 2
30 19 12.3

Table 3. Dose rate measurements with the film (uncertainty of 5%), obtained with different applicators
for a pulse duration of 4 us at energies of 5 MeV and 7 MeV.

Instantaneous Dose Rate

Applicator Size 6(mm) Average Dose Rate (Gy/s)

(Gy/S)
120 at 7 MeV 0.75 x 100 750
120 at 5 MeV 0.5 x 106 500
30 at 7 MeV 4.75 x 10° 4750
30 at 5 MeV 3.07 x 10° 3075

Table 4. Summary of film and Faraday cup measurements. Beam size: A-d30 (¢ = 30 mm) and
A-d120 (¢ = 120 mm); the dose per pulse is calculated on film with an uncertainty of 5%. The charge
measurements were performed using a Faraday cup. The table shows the dose per pulse in Gy/nC,
obtained with different applicators for a pulse duration of 4 ps.

Applicator Size o(mm) 7 MeV (Gy/nC) 5MeV (Gy/nC)

120 0.012 0.014
30 0.08 0.11




Appl. Sci. 2023,13, 631

7of 11

304 5 MeV (A-d120) ¢
5 MeV (A-d30) ¢ 01 - y=0.48x-0.07 R?=0.99 J
1754 ——- y=1.59x+0.07 R2=0.99 % 4 7 MeV (A-d120) I
¢ 7 MeV (A-d30) K ——- y=0.78x-0.25 R?=0.99 4§
-=- y=4.68x-1.35 R?=0.99 S 2.5 -
15.0 7% ¥
/, "
// /’

125 %4 = 2.01 =
= e 2 Vg K
<) 3’ g , PP
3100 Ve 315 v o
3 e . 4 4
o L’ m /’ R
g 754 ¥ ¢ ¢ -7
a 7 " 2 4 -
o 4 J 3 1.0 K pLe
2 , - 4 -
3 A -t o g -
S 50 N JUPt s A, 40

’ - Vi
4 - -
v o 0.5 LA
25 A .’//,— el
/u/,a" /’/
- Pa
00147,/ 0.0 0,,:/
, /
, ,
0 1 2 3 4 0 1 2 3 4
Pulse width [us] Pulse width [us]

Figure 5. Dose per pulse measurements with film at the end of the A-d30 (left) and A-d120 (right),
for 5 MeV electron beam (red) and 7 MeV (green), as a function of the pulse width. The dashed lines
show the linear fit.

3.2. Measurements of the Percentage Depth Dose (PDD) Curve and of the Dose Profiles

Figure 6 (red dots) reports the experimental data of PDD measured along the beam
axis as a function of the depth in the PMMA phantom, for A-d30 and A-d120, and for
electron beams with the energy of 5 MeV. Figure 7 reports the data relative to the case of
7 MeV. Data concerning the depth-dose curves were normalized to their maximum value
at a depth of 12 mm for the beam energy of 7 MeV and of 7 mm for the beam energy of
5MeV.

Starting from the data of the PDDs, the lateral dose profiles, at the points R100, R80,
and R50, were obtained as shown in Figures 8 and 9 for the energies and applicator cases
considered in this analysis. The lateral dose profiles were investigated at 12 mm (R100),
17 mm (R80), and 21 mm (R50) depth for 7 MeV and at 7 mm (R100), 11 mm (R80), 14 mm
(R50) depth for 5 MeV. The measured and simulated profiles were normalized to the
maximum dose value. We observe a very good flatness over almost the entire field of
radiation for A-d120. The flatness also remains fairly good for the case of A-d30.

Monte Carlo simulation results for PDDs and lateral dose profiles are shown for
comparison on the same figures (Figures 6-9) (continuous blue lines).

100
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0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
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Figure 6. Measured (dotted red line) and simulated (continuous blue line) PDD in the PMMA
phantom obtained for the 5 MeV electron beam collimated with the A-d30 (left) and A-d120 (right)
applicators.
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Figure 7. Measured (dotted red line) and simulated (continuous blue line) PDD in PMMA phantom
obtained for the 7 MeV electrons beam collimated with the A-d30 (left) and A-d120 (right) applicators.
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Figure 8. Measured (dotted line) and simulated (continuous line) transverse profile in the PMMA
phantom obtained for the 5 MeV electrons beam collimated with the A-d30 (left) and A-d120 (right)
applicators. The figures show the profiles obtained at 7 mm (R100), 11 mm (R80), and 14 mm

(R50) depth.
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Figure 9. Measured (dotted line) and simulated (continuous line) transverse profile in the PMMA
phantom obtained for the 7 MeV electrons beam collimated with the A-d30 (left) and A-d120 (right)
applicators. The figures show the profiles obtained at 12 mm (R100), 17 mm (R80), and 21 mm

(R50) depth.
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To evaluate the goodness of the agreement between the measured and simulated
curves, a gamma index analysis [30] was carried out. The best agreement was obtained
with the minimum value of 3% 3 mm acceptance criteria, as reported in Table 5 for PDD
and in Table 6 for transverse profiles.

Table 5. Gamma index analysis for PDD, performed with 3% 3 mm threshold.

Irradiation Settings PDD¢ Index
A-d120 at 7 MeV 95.68%
A-d120 at 5 MeV 99.00%

A-d30 at 7 MeV 98.67%
A-d30 at 5 MeV 97.01%

Table 6. Gamma index analysis for transverse dose profiles at R100, R80, and R50, performed with
3% 3 mm threshold.

Irradiation Settings R100 y-Index R80 -Index R50 y-Index
A-d120 at 7 MeV 99.00% 100% 96.29%
A-d120 at 5 MeV 95.00% 95.57% 95.00%

A-d30 at 7 MeV 98.40% 99.60 % 99.60%
A-d30 at 5 MeV 96.01% 100% 96.41%

4. Discussion

In this paper, we reported the methods and the results obtained in the characterization
of the electron beam with the relative dose properties, used for the FLASH radiobiological
experiments at the Institut Curie. For this purpose, the ElectronFlash Linac was used.
The linac, operating at 5 and 7 MeV, can irradiate in conventional and FLASH modalities,
by changing the pulse width, the pulse repetition frequency, and the number of pulses.
Thanks to the PMMA applicators, it was possible to irradiate different field sizes with an
extremely homogeneous beam spot. This is very important for the irradiation of animals
(mice) and cells in culture. Because of the high dose per pulse and high dose rate, it was
necessary to use an energy-independent and dose-rate-independent dosimeter to measure
the depth-dose curves and beam profiles. To this end, EBT-XD Gafchromic films have been
used. A beam monitoring system based on a Faraday cup was used to measure the total
charge per pulse at the end of the applicators. The results of charge measurements were
related to the absorbed dose at the applicator exit for several values of the pulse widths.

The dose per pulse was changed by varying the applicator diameter between 30 mm
and 120 mm or by modifying the time pulse width for the same applicator. The dose
delivered downstream the PMMA applicator A-d120 was 3 Gy/pulse at the energy of 7 MeV,
corresponding to a UHDR of 0.75 x 10° Gy/s, and 2 Gy/pulse at 5 MeV, corresponding to a
UHDR of approximately 0.5 x 100 Gy/s. With the PMMA A-d30, the dose was 19 Gy/pulse,
corresponding to a UHDR of approximately 5 x 10° Gy/s at 7 MeV, and 12.3 Gy/pulse,
corresponding to 3.07 x 10° Gy/s at 5 MeV. Therefore, with the applicator A-d30, we are
always in the FLASH regime (>1 Gy/pulse) with one single pulse and time duration
between 1 us and 4 ps. For the applicator A-d120, we are in the FLASH regime with a pulse
width between 2 us and 4 ps.

As a consequence, the beam parameters are definitively suitable for the investigation
of the mechanism underlying the FLASH effect for in vivo and in vitro experiments. The
field radiation sizes and the electron beam penetration make the system suitable to perform
total body irradiation of small animals (e.g., mice), or the superficial irradiation of cell
cultures. Finally, the comparisons between Monte-Carlo simulations with the PDD and
dose profile measurements showed a very good agreement with more than 95% of the
curve points under the chosen thresholds 3% 3 mm.
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5. Conclusions

In this experimental study, we report the main results of the electron pulse and dose
parameter characterization performed for the radiobiological experiments at Institut Curie
with ElectronFlash linac at 5 MeV and 7 MeV, in conventional and in FLASH modality.
The measurements were performed at the linac exit in FLASH mode, showed a maximum
pulse peak current of 120 mA at 7 MeV and 108 mA at 5 MeV, while the values of the
currents almost halved with the PMMA applicators. The expected linear relationship
between the delivered dose and the pulse time width was confirmed by measurements.
All the measured dose values complied with the FLASH parameters usually adopted by
the radiobiology research community. One of the aims of this article was to compare PDD
and dose profiles measured with the Gafcromic films with MC simulations. Comparisons
between the experimental measurements of PDD and dose profiles, and Monte-Carlo
simulations showed good agreement using the Gamma index analysis. The results show
that the system can provide UHDR irradiation satisfying the FLASH requirements with
very good performance in terms of the beam profile flatness for any size of the fields. The
measurements have shown the reliability of the system in terms of electron beams and
dose parameters, which allow for stability and reputability in pre-clinical radiobiological
experiments at Institut Curie (Orsay, France).
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