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Abstract

Introduction: FLASH radiotherapy is based on delivering an ultra-high dose of ionizing radiation in a very short time,
which allows for the enhanced protection of healthy tissues and the effective destruction of tumour tissues. The paper
presents experimental verification of the applicability of the intraoperative electron radiotherapy (IOERT) accelerator to
obtain electron beams with ultra-high dose rates. The results of electron beam dosimetric measurements were compared
with simulations to verify the parameters of the electron beams obtained in FLASH mode.

Material and Methods: The IOERT AQURE accelerator is designed and manufactured at the National Centre for Nuclear
Research. The device provides electron beams with energies in the energy range of 4-12 MeV. The accelerator was
recently upgraded to deliver ultra-high-dose rates (FLASH). The emitted electron beams were verified by percentage dose
depth (PDD) and beam profile measurements using Gafchromic EBT-XD films. The measurement results were compared
with Monte Carlo simulations performed using the Geant4 application.

Results: Conventional and FLASH electron beam parameters, i.e. depths of doses, most probable beam energies at the
phantom surface, and average beam energies at the phantom surface were determined experimentally for the upgraded
IOERT accelerator for 6 MeV and 9 MeV. The results of dose measurements showed that the accelerator can provide
electron beams with homogeneous and symmetrical fields with dose rates up to 300 Gy/s + 6 Gy/s, for an electron beam
at a nominal energy of 6 MeV, and up to 440 Gy/s + 9 Gy/s at a nominal energy of 9 MeV. A comparison of measured
and simulated PDDs and dose profiles for FLASH beams showed good agreement (no worse than 90%) under the gamma
index of 3%/3 mm.

Conclusions: The results obtained confirm that the upgraded intraoperative accelerator can be used in planned, pre-clinical

radiobiology experiments in both conventional and ultra-high dose rate (FLASH-RT) modes.

Keywords: IOERT; ultra-high dose rate; FLASH; intraoperative electron accelerator; FLASH electrons.

Introduction

Currently, cancers in the world, right after cardiovascular
diseases, cause the most premature deaths. There are various
methods of fighting cancer, including surgery, chemotherapy,
and radiation therapy. Intraoperative electron radiation therapy
(IOERT) is a technique for using ionizing radiation to treat
cancer. This method consists of administering a high dose of
radiation to the cancerous tumour or the tumour bed after the
excision of the tumour while the surgical operation is still in
progress.

One of the breakthroughs in radiation therapy in recent years is
the FLASH radiotherapy. In this technique, a high radiation dose
is administered in a very short time (less than 200 ms) with an
ultra-high dose rate (tens of Gy/s). While the mechanism of the
FLASH effect is still not fully understood, the effect of saving
healthy tissues was noticed already in the 60s of the twentieth
century when it was shown that non-cancerous mammalian cells
irradiated at ultra-high dose rates had greater viability than those
irradiated at conventional dose rates.! Interest in this topic
increased rapidly after 2014 when it was shown that irradiation
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of the chest of mice with a single fraction of 17 Gy at
conventional dose rate (0.03 Gy/s) caused "moderate" and
"severe" areas of pulmonary fibrosis 36 weeks after irradiation,
while the same dose at high doses rates (40-60 Gy/s) induced
significantly reduced pulmonary fibrosis.2 At that time, this
effect was again assessed and called the FLASH effect.
Nowadays, the use of ultra-high dose rate beams appears to be a
great benefit in radiotherapy, and electron accelerators are one
of the most promising devices that may find wide application in
FLASH radiotherapy (FLASH-RT).?

Currently, the use of high dose rates is limited due to the
availability of high-quality FLASH beam-generating devices.
These are mostly clinical linear accelerators that have been
upgraded to produce a beam with FLASH parameters which
were used in preclinical and clinical research.* Another
challenge associated with the use of FLASH-RT in a clinical
context is the dosimetry of the ultra-high dose rate beams and
real-time beam monitoring.® To date, no guidelines for FLASH
beam measurement techniques have been established, and the
most used methods are well-known passive or new experimental
systems. Passive dosimetry, such as films or alanine, is currently
used for both research and clinical purposes. Using FLASH
radiotherapy in clinical applications requires a new, real-time
dosimetric method.®

This paper presents the experimental verification of the
applicability of the intraoperative electron accelerator AQURE
to obtain beams with ultra-high dose rates. For this purpose,
simulations and analyses of the energy spectra of beams in
conventional and ultra-high dose rate modes were performed.
Monte Carlo simulations of the dose distributions in
conventional and FLASH modes were carried out, which
allowed to determine the possible directions and scope of the
upgrading works of the conventional accelerator for IOERT.
The results obtained were compared with measurements taken
on an upgraded accelerator.

Materials and Methods

The upgrade of the AQURE accelerator to obtain ultra-high dose
rate beams was carried out in several steps. First, electron beam
dynamics were simulated using the General Particle Tracer
(GPT) code, and the resulting data were subsequently used for
Monte Carlo simulations with the Geant4 code. The simulation
results have shown the possibility of obtaining FLASH beams
for energies of 6 and 9 MeV, and then the device and its
components were updated to the FLASH mode and
measurements of the FLASH electron beams were carried out.

Electron Linear Accelerator System

The AQURE accelerator designed and manufactured at the
National Centre for Nuclear Research in cooperation with the
Greater Poland Cancer Centre is intended for use in the patient’s
treatment in intraoperative therapy. This radiotherapeutic device
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produces beams of electrons with energies from 4 MeV to 12
MeV, a maximum dose rate of 10 Gy/min, useful for standard
intraoperative radiotherapy. The accelerator is built on a
movable base ensuring the movement of the whole device as
well as the ability to move the head relative to the base. The
mechanical design of the device allows it to be flexible regarding
irradiation angles.” The accelerator head can be tilted in two
planes and rotated on the column, allowing the head to be tilted
from/to the column in the range of 45° and 30° as well as the
head to the sides by £45°. The head can be positioned within a
relatively large working area. All possible movements of the
accelerator are indicated by arrows in Figure 1. This mechanical
design offers great possibilities for multi-directional electron
beam therapy, which is also an advantage when using the
accelerator in preclinical research.

Figure 1. The schematic drawing of the AQURE accelerator with
all possible movements marked.®

In AQURE the source of electrons in the accelerating structure
is the triode electron gun controlled by a 15 kV gun modulator.
Electrons are shot into the structure with an initial energy of
several keV and then accelerated in the electromagnetic field
generated by the magnetron MG6090.° In the AQURE
accelerator, the duration of a single pulse can be adjusted in a
range from 2 to 5 ps. The pulse repetition rate is adjustable in
the range from 50 to 300 Hz. In comparison, conventional linear
medical accelerators used to deliver radiotherapy produce
radiation pulses with durations of 3 to 6 us and pulse repetition
rates of 60 to 360 Hz.® In conventional IOERT mode, the
operator determines the dose, measured by an internal dosimetry
system based on an open, dual ionization chamber.
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The electron beam that exits the accelerating structure through
the exit window is shaped by a beam-forming system that
includes scattering foils, a fixed collimator, and applicators.
Figure 2 shows the electron beam forming system of the
AQURE accelerator.’* The electron beam emitted by the
accelerator should be homogeneous and symmetrical, according
to the requirements of relevant standards and guidelines,
allowing irradiation of the field shaped by 40 to 100 mm
diameter applicators.’> The AQURE source surface distance
(SSD) is 60 cm; therefore, all dosimetry measurements and
Monte Carlo simulations were performed at this distance for
PMMA applicators with diameters of 50 and 100 mm. The 100
mm diameter applicator was chosen for measurements and
simulations because it is the reference applicator for IOERT
accelerator beam measurements, while the 50 mm diameter
applicator is used for irradiating biological material. The
conventional intraoperative beams were verified in
radiobiological research.'® The IOERT radiotherapy is based on
a single irradiation of the patient, which is also the principle in
planned irradiation using a FLASH beam. Thus, the upgrade of
the IOERT accelerator can be a beneficial solution for
conducting scientific research using an electron beam with
FLASH parameters.®

SSD =60 cm

PMMA applicators

Gafchromic films

RW3 Slab Phantom

Figure 2. Cross-section of the beam forming system from the exit
window of the AQURE IOERT acceleration section to the PMMA
applicators and the RW3 Slab Phantom used in FLASH mode
beam measurements and Monte Carlo simulations, along with the
placed Gafchromic film. On the left: applicator with a diameter of
100 mm. On the right: applicator with a diameter of 50 mm.
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Optimization of FLASH electron beam
The electron absorbed dose rate D (Gy-s™) depends on the
electron flux density ¢ (cm?-s?), the collision stopping power

% (MeV-cm?-g1), and the density of the irradiated medium p:

p=o(-2)

S ax Eq.1

For a specific initial energy of the electron beam and a thin layer
of the irradiated medium, Equation 1 reduces to a dependence
on a beam current. Therefore, obtaining an ultra-high dose rate
electron beam begins with achieving the expected intensity and
energy parameters of the electrons accelerated using an
electromagnetic field in the linear accelerator.

To achieve the maximum possible dose rate, it is necessary to
optimise the influence of the generated RF (Radio Frequency)
power and the electron gun power supply parameters on the
radiation dose rate. An increase in the beam current injected into
the structure can be achieved by changing the electron gun
setting parameters.

To estimate the maximum dose rate and to model electron
beam spectra for low and high beam currents, simulations were
carried out using the General Particle Tracer (GPT).* In GPT
simulations, electron spectra were obtained for expected beam
energies of 6 and 9 MeV for low (0.02 A) and high average
currents (0.98 A) corresponding to conventional and FLASH
beams, respectively (see Figure 3). Energy spectra simulations
were performed consistently for various electron beam
parameters. GPT simulations were performed using the same
statistics for both energies with the energy bin size of 0.03 MeV.
The dispersion in the simulated electron spectra visible in
Figure 3 is caused by limited statistics. Increasing the statistics
of the electrons emitted in the simulations would allow for
reduced uncertainty, but significantly increase simulation time.
As the structure was optimised for 9 MeV, the spectrum for a
low current 6 MeV beam is broader than for 9 MeV. Increasing
the current results in a broader spectrum for both energies. The
simulations also provided the most probable beam energy at the
exit window (Ep) and the mean beam energy at the exit window
(Eo). The values of E, for the nominal 6 MeV energy beam are
7.62 MeV for low current (conventional mode) and 7.77 MeV
for high current (FLASH mode). E, for 9 MeV nominal energy
beam is 10.44 MeV for low current and 10.60 MeV for high
current. The mean beam energy for a nominal 6 MeV electron
beam for low current is 6.32 MeV and 6.02 MeV for high
current. The values of Epare 9.08 MeV for a low current 9 MeV
beam and 8.77 MeV for a high current 9 MeV beam. The results
of the GPT simulation are higher than assumed nominal beam
energies due to the loss of up to about 1 MeV in the beam
forming system, i.e. on the scattering foils. The energy spectra
obtained are broadened towards the lower energies of the
electron beam, which agrees with the Eo, and E; values.
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Figure 3. Energy spectra for two current values 1=0.02 A (low current) and 1=0.98 A (higher current) obtained from simulations in the GPT
programme for nominal 6 MeV on the top and 9 MeV on the bottom normalized to electron counts.

Monte Carlo simulations
The performance of the system and the feasibility of upgrading
the IOERT AQURE accelerator to produce an ultra-high dose
electron beam were simulated using a Monte Carlo method. The
Geant4 application, described in detail elsewhere!!, was used to
simulate electron beams at aconventional dose rate. The
FLASH beam simulation application was modified to consider
the initial energy spectrum of the electron beam and the
geometry of the applicators used in the FLASH experiments.
Electron beam energy spectra calculated using the GPT code'®
were used as input data for the Monte Carlo simulation at low
and high beam current regimes (see Figure 3). The model of the
beam-forming system used in the Monte Carlo simulation
closely reproduces the beam-forming system of the AQURE
accelerator as shown in Figure 2. Both conventional and
FLASH dose distributions were simulated for the beams of
nominal energy of 6 and 9 MeV in the water phantom. The
percentage depth dose (PDD) was calculated based on the
energy deposited in the tubular column of 5 mm diameter
centred on the beam axis and divided into 2 mm thick slices. The
off-axis dose profiles were calculated at the depth of maximum
dose deposition (Rigo) in a set of concentric rings of 2.5 mm
radial width and 2 mm thickness. Because of the axial symmetry
implied in the Monte Carlo simulation radial coordinates are
used to draw dose profiles.
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Dosimetry of the electron beam
Dosimetry of radiation beams is well known and defined in
recommendations issued, among others, by the International
Atomic Energy Agency (IAEA TRS 398), the American
Association of Medical Physicists (AAPM TG 51), and the
International Electrotechnical Commission (IEC 60976)'. In
this study, measurements in the conventional mode were
performed according to IEC standards using a diode detector
PTW 60023 microSilicon Dosimetry Diode (PTW, Freiburg,
Germany) and an ionization chamber — the PTW Advanced
Markus Electron Chamber in the PTW MP3 Water Phantom
The dosimetry of FLASH beams is still a challenge because
dosimetry of ultra-high dose rate beams requires high spatial and
temporal resolution of the detector used, as well as independence
from dose rate in the range of tens to even thousands of Gy/s
used.'® Due to the lack of in vivo detectors dedicated to high
dose rates, dosimetric measurements are performed mainly with
passive dosimetry e.g. radiochromic films. It is also possible to
use different methods e.g., alanine dosimetry and TLD, but their
limitation is that they can only perform point measurements. The
use of ionisation chambers in clinical conditions is hardly
possible due to the high dose of the pulse emitted in the FLASH-
RT, which negatively affects the efficiency of the measurements
and distorts the results. Only a few papers have appeared on
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developing a method for correcting ion recombination in the
Advance Markus ionisation chamber.®

The most popular dosimetry films are the polydiacetylene-
based self-developing radiochromic film, which changes colour
due to irradiation by polarising the polymers, making it possible
to quantify the dose received. The colour change observed due
to a change in optical density is usually recorded using optical
flat-bed scanners. Radiochromic films, e.g. Gafchromic™ films
(Ashland Advanced Materials, Bridgewater NJ, USA) type
EBT-3 or EBT-XD, allowing dose measurements of up to 60 Gy,
are commonly used in high dose rate studies, in preclinical and
clinical irradiations with electron and proton ultra-high dose rate
beams.*20-22, A major advantage of radiochromic films is the
ability to provide either planar or 3D measurements and energy
and dose rate independence, which has been confirmed in dose
rate measurements up to 9-10*2 Gy/s.%® Appropriate calibration
procedure and scanning precision allow for obtaining dose
values with an accuracy of about 1%.

In our tests, ultra-high dose rate beam dosimetry was
performed using Gafchromic EBT-XD. This method was used
to verify the quality of the beams, for 6 MeV and 9 MeV electron
nominal energies and two diameters of PMMA applicators (100
and 50 mm). All dose distribution measurements (PDD and
profile) and beam rate measurements were made at SSD of 60
cm using the PTW RW3 Slab phantom (Figure 2). Beam
profiles were measured at a depth of Rgo/2 following the
requirements of IEC standards. Films were scanned 24 hours
after irradiation using a Perfection V850 Pro flatbed scanner
(Epson, Long Beach, CA, USA) at 72 dpi resolution and
analysed using a calibration curve prepared for a9 MeV electron
beam, with 60 cm SSD and field size of 100 mm in diameter,
generated by conventional intraoperative radiotherapy
accelerator.

For the conventional and FLASH modes, the parameters of the
depth dose distributions obtained from simulations and
measurements were compared i.e. depths of 100%, 90%, 80%,
and 50% doses (R0, Reo, Rso, Rso), depth of practical range R,
as well as the most probable beam energy at the phantom surface
(Ep) and the mean beam energy at the phantom surface (Eo). The
E, and Eo were calculated based on R, and Rsp according to
IAEA TRS 277% and IAEA TRS 3812° procedures. The relative
uncertainties in the measurements, as well as in the simulations,
were below 1% and were neglected in quantitative analyses.

A comparison of simulation results with measurements for
both nominal energies of 6 and 9 MeV conventional and FLASH
beams was performed using the gamma index method. The
gamma index (y) is a standard dosimetric verification method. It
is used to compare calculated and measured dose distributions
point by point.?® This comparison shows the quality and
consistency of the simulations and the measurements, allowing
a quantitative assessment of regions that pass and that fail the
assumed acceptance criteria.?’
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Results

The pulse characteristics of intraoperative conventional therapy
(10 Gy/min - approx. 3 mGy/pulse) and ultra-high dose rate
beam (>40 Gy/s - from 0.3 to 3 Gy/pulse) were obtained for the
IOERT accelerator.

Simulated and measured PDD distributions obtained for
conventional beams using an applicator with a field diameter of
100 mm are presented in Figure 4. Table 1 shows an analysis
of the gamma index for the simulated and measured PDD curves.
For beams in conventional mode, the best agreement was
obtained with a minimum value of 3%/3 mm acceptance criteria.
The dosimetric parameters (from the measured and simulated
PDD curve presented in Figure 4) are listed for simulated and
measured PDD for the conventional dose rate beams in Table 2.

The results of the Monte Carlo simulation for the ultra-high
dose rate mode and the film dosimetry results for the FLASH
dose rate electron beam obtained after the upgrade of the IOERT
accelerator are shown in Figures 5 and 6 fora PMMA applicator
with a diameter of 100 mm and 50 mm, respectively. In the
FLASH mode, the maximum dose rate obtained for a nominal
energy of 9 MeV is significantly higher than that of 6 MeV. The
maximum dose rate measured by film dosimetry was 300 Gy/s
+ 6 Gy/s, for an electron beam at a nominal energy of 6 MeV,
and 440 Gy/s + 9 Gy/s at a nominal energy of 9 MeV, these
results agreed with previous predictions made through the
calculations and simulations.

The agreement between the measurements of percentage dose
depth curves for FLASH beams using Gafchromic films and the
Monte Carlo simulations of ultra-high dose rate electron beam
(shown in Figure5 and Figure 6) was assessed using an
analysis of the gamma index. For FLASH beams, the best
agreement was obtained with a minimum value of 3%/3 mm.
The acceptance criteria are given in Table 3 for PDD for two
applicators of 100 and 50 mm diameter.

Table 4 summarises the dosimetric parameters from the PDD
curves for the ultra-high dose rate beams simulated by Monte
Carlo methods: Rigo, Reo, Rso, Rso, Rp, Ep, and Eo, and measured
by Gafchromic films.

Beam profiles analysis for the beam of FLASH dose rate mode
was also performed. Figures 7 and 8 show profiles obtained
from film dosimetry of FLASH beams and corresponding Monte
Carlo simulations. Profiles were measured at a depth of R80/2,
i.e., 10 mm for a 6 MeV beam and 15 mm for a 9 MeV electron
beam.
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Figure 4. Measured (continuous blue line) and simulated (dashed red line) PDD obtained using a 100 mm diameter applicator for the 6 MeV
conventional IOERT dose rate (10 Gy/min) electron beam on the left and the 9 MeV conventional IOERT (10 Gy/min) electron beam on the
right.

Table 1. Comparison of simulation results with measurements for depth dose curves for both nominal energies 6 and 9 MeV conventional
dose rate (10 Gy/min) beams using PMMA applicator on diameter 100 mm according to IEC standards.

Energy/ field diameter Gamma index (3%, 3mm)
6 MeV/100 mm 96.4%
9 MeV/100 mm 96.4%

Table 2. The dosimetric parameters of the Monte Carlo simulated and measured percentage depth dose distributions for the conventional
dose rate (10 Gy/min) beams, for PMMA applicator with a diameter of 100 mm, i.e. depths of 100%, 90%, 80%b, 50% dose (R100, Reo, Rso,
Rs0), depth of practical range Rp, and the most probable energy at the phantom surface (Ep) and the mean energy at the phantom surface (Eo)
for beams of 6 and 9 MeV nominal energy.

6 MeV
SIMULATION MEASUREMENT
Rioo [mm] 13.0 12.3
Rgo [mm] 19.5 19.3
Rso [mm] 27.3 26.4
Rp [mm] 34.9 333
Eo [MeV] 6.2 6.2
E, [MeV] 7.2 6.8
9 MeV
SIMULATION MEASUREMENT
Rioo [mm] 15.0 13.9
Reo [MM] 311 30.9
Reo [MM] 38.0 38.6
Rp [mm] 478 49.4
Eo [MeV] 8.8 9.0
E, [MeV] 9.8 10.1
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Figure 5. Measured (continuous blue line) and simulated (dashed red line) PDD obtained for the 6 MeV FLASH dose rate electron beam
on the left and 9 MeV FLASH dose rate electron beam on the right with using a PMMA applicator with a diameter of 200 mm.

120 120
= = =6 MeV SIMULATION = «= =9 MeV SIMULATION
6 MeV MEASUREMENT 9 MeV MEASUREMENT
100 A~ 100 =
/ N ,° N
/ \ \
80 \ 80 \
— \ _ \
=S \ S, \
a \ 8 \
\ \
40 \ 40 \
\ \
\
20 \ 20 \
\ \
\ \,
0 S 0 I
0 20 40 60 0 20 40 60
Depth [mm] Depth [mm]

Figure 6. Measured (continuous blue line) and simulated (dashed red line) PDD obtained for the 6 MeV FLASH dose rate electron beam
on the left and 9 MeV FLASH dose rate electron beam on the right using a PMMA applicator with a diameter of 50 mm.

Table 3. Comparison of simulation results with measurements for the FLASH dose rate electron beam percentage depth dose curves measured
by Gafchromic films for energies 6 and 9 MeV and for two field diameters 100 and 50 mm.

Nominal energy/field diameter

Gamma index (3%, 3 mm)

6 MeV/100 mm
9 MeV/100 mm
6 MeV/50 mm
9 MeV/50 mm

96.3%
91.7%
90.0%
96.4%
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Table 4. The dosimetric parameters for the Monte Carlo simulations and measurements for the FLASH dose rate beam i.e. R1o0, Roo, Rso, Rso,
Rp, and Eo for simulated 6 and 9 MeV nominal energy beams. Results for 50 mm PMMA applicator and 100 mm PMMA applicator.

6 MeV
PMMA 50 mm PMMA 100 mm
SIMULATION MEASUREMENT SIMULATION MEASUREMENT
R10 [mm] 10.4 11.0 10.1 11.0
Rgo [mm] 17.3 17.1 16.2 16.8
Rgo [mm] 20.0 19.3 19.0 19.2
Rso [mm] 24.7 24.1 24,5 24.3
R, [mm] 318 315 31.6 31.8
Eo [MeV] 5.8 5.8 5.7 5.8
E, [MeV] 6.5 6.5 6.5 6.6
9 MeV
PMMA 50 mm PMMA 100 mm
SIMULATION MEASUREMENT SIMULATION MEASUREMENT
R0 [mm] 11.2 13.0 11.1 13.0
Rgo [mm] 25.0 24.1 22.7 24.3
Rgo [mm] 29.5 27.6 28.4 28.1
Rso [mm] 37.6 34.5 36.6 35.4
R, [mm] 48.1 44.6 47.0 45,5
Eo [MeV] 8.6 8.0 8.5 8.2
E, [MeV] 9.8 9.1 9.6 9.3
120 120
== == =6 MeV SIMULATION == e= =9 MeV SIMULATION
6 MeV MEASUREMENT 9 MeV MEASUREMENT
100 100
80 80
S S
o 60 S 60
3 3
[a) a)
40 40
20 20
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0 20 40 60 80 40 60 80
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Figure 7. Measured (continuous blue line) and simulated (dashed red line) beam profiles were obtained for the 6 MeV FLASH dose rate
electron beam on the left and the 9 MeV FLASH dose rate electron beam on the right using a PMMA applicator with a diameter of 100 mm.
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Figure 8. Measured (continuous blue line) and simulated (dashed red line) beam profiles were obtained for the 6 MeV FLASH dose rate
electron beam on the left and the 9 MeV FLASH dose rate electron beam on the right using a PMMA applicator with a diameter of 50 mm.

Table 5. Comparison of simulation results with measurements for off-axis profiles for nominal energies 6 and 9 MeV FLASH dose rate beams
and for two field dimeters 100 and 50 mm.

Energy/ field diameter Gamma index (3%, 3mm)
6 MeV/100 mm 92.6%
9 MeV/100 mm 96.3%
6 MeV/50 mm 92.9%
9 MeV/50 mm 100.0%

Table 6. The comparison of the flatness for simulated and measured profiles for 6 and 9 MeV FLASH dose rate beams with the use of aplicators
on diameters 50 and 100 mm.

6 MeV
PMMA 50 mm PMMA 100 mm
SIMULATION MEASUREMENT SIMULATION MEASUREMENT
Flatness [%0] 24 35 0.6 0.7
9 MeV
PMMA 50 mm PMMA 100 mm
SIMULATION MEASUREMENT SIMULATION MEASUREMENT
Flatness [%0] 3.4 2.9 0.9 0.9
A comparison between measured and Monte Carlo simulation Discussion
profiles was made using gamma index analysis for 3%/3 mm
acceptance criteria for off-axis profiles for 50 and 100 mm Usually, IOERT accelerator manufacturers show and analyse the
PMMA applicators, as shown in Table 5. isodose value of 80%, i.e. Rso, which for a conventional 6 MeV
The flatness of simulated and measured profiles for 6 and 9 clectron beam Shoulgs be 20 i 2 mm and for a 9 MeV bea;?
MeV FLASH beams for 50 and 100 mm PMMA applicators is should be 302 mm accord!ng to AA_‘PM task group reports™.
shown in Table 6. These values are also consistent with the dose parameters

available in the literature®. For conventional mode beams, these
values are within the assumed ranges (21.8 mm for 6 MeV and
30.9 mm for 9 MeV). In the FLASH mode, Rgo has a lower value
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but is still in the assumed range (19.2 mm for 6 MeV and 28.7
mm for 9 MeV).

In the FLASH mode, the maximum dose rate obtained for a
nominal energy of 9 MeV is significantly higher than that of 6
MeV. The maximum dose rate measured by film dosimetry was
300 Gy/s = 6 Gy/s for an electron beam at a nominal energy of
6 MeV and 440 Gy/s + 9 Gy/s at a nominal energy of 9 MeV. It
may be possible to achieve higher dose rates in the upgraded
AQURE accelerator but at the expense of energy. To maintain
the assumed nominal energies of the electron beams, it would be
necessary to replace the microwave source of the IOERT
accelerator.

Conclusions

The IOERT accelerator was upgraded to generate FLASH dose
rate electron beams. As part of this research, the parameters of
conventional (10 Gy/min - approx. 3 mGy/pulse) and FLASH
beams (> 40 Gy/s - from 0.3 to 3 Gy/pulse) were determined.
Two nominal electron beam energies of 6 MeV and 9 MeV were
tuned for which dosimetry measurements on SSD=60 cm for a
PMMA applicator with a diameter of 50 mm and 100 mm were
performed. Dosimetry measurements have shown that it is
possible to obtain the maximum dose rate of up to 300 Gy/s at 6
MeV and 440 Gy/s at 9 MeV electron beam energy for PMMA
applicator on diameter 100 mm, respectively.
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