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Radiation therapy is currently the most utilized technique for the treatment of tumors by means of
ionizing radiation, such as electrons, protons and x/gamma rays, depending on the type, size and depth of
the cancer mass. Radiation therapy has in general fulfilled the main requirement of targeting thus damaging
the malignant cells and sparing the healthy tissues as best as possible. In this scenario, electron linear
accelerators have been operated as viable tools for the delivery of both high-energetic electrons and x-ray
beams, which are obtained via the bremsstrahlung process of the electrons hitting on a high-Z material.
Recently, it has been experimentally demonstrated that ultrahigh dose-rate bursts of electrons and x-ray
beams increase the differential response between healthy and tumor tissues. This beneficial response is
referred to as the FLASH effect. For this purpose, we have developed the first dedicated compact S-band
linear accelerator for FLASH radiotherapy. This linac is optimized for a nominal energy of 7 MeV and a
pulsed electron beam current of 100 mA and above. The accelerator is mounted on a remote-controlled
system for preclinical research studies in the FLASH regime. We will show the rf and beam dynamics
design of the S-band linac as well as the commissioning and high-power rf tests. Furthermore, the results of

the dosimetric measurements will be illustrated.

DOI: 10.1103/PhysRevAccelBeams.24.050102

I. INTRODUCTION

Over the past century, radiation therapy, usually referred
to as radiotherapy (RT), has provided invaluable benefits for
the treatment of tumors. Depending on the type, size and
depth of cancer mass, different types of ionizing radiation,
such as electrons, protons and x/gamma rays, are typically
employed [1,2]. Today, RT is administered with high
precision using intensity modulated RT, image guided RT,
stereotactic body RT and proton therapy [3]. Dose fractiona-
tion and precise volume optimization in conventional RT [4]
have enormously increased the normal tissue tolerance and
opened the possibility to achieve a very high curative dose
delivered to the tumor [5]. Typical delivered doses are
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around 2 Gy per fraction [6] per day and the average dose
rate is of the order of 1 cGy/s. Multiple treatment sessions for
five days a week and several weeks are required so that the
normal tissues and organs at risk have time to heal from the
damaging effects of the ionizing radiation.

Recently, a new approach called FLASH radiotherapy
(FLASH-RT) [7-11] has proved that shortening the overall
time for the dose delivery, together with the above-mentioned
advancements in conventional RT, could lead to the achieve-
ment of the increase of the normal tissue tolerance, thus
allowing the delivery of higher curative doses, and the
possibility to overcome the tumor radiation resistance.

The lowering of toxicity in healthy tissues, during the
irradiation of mice, was observed for the first time by
Homsey and Alper in 1966 [12]. About a decade later, it
was demonstrated by Hendry [13] that irradiating a mouse
tail with very fast bursts of electrons with pulse lengths of
4.5 ps induced resistance to epithelial necrosis which is
characteristic of oxygen depletion at high dose rates. In 2014,
a preclinical study was conducted at the Institut Curie [7]
where ultrahigh dose-rate irradiation (>40 Gy/s, several
orders of magnitude higher than those used in clinical
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practice today) was given in a single dose. The term FLASH
was introduced in reference to ultrafast electron pulse
delivery (few microseconds). In particular, the FLASH
“effect” is defined by the biological effect. This experiment
showed that FLASH irradiation protects lungs from radia-
tion-induced fibrosis. In other words, FLASH was shown to
be less fibrogenic than conventional irradiation. It results that
the implementation of FLASH irradiation improves the
differential response between healthy and tumor tissues.
Therefore, this method is a crucial candidate as an alternative
to conventional radiotherapy, with all its complications and
drawbacks, but without any loss of antitumor efficiency [14—
20]. As a matter of fact, the first FLASH-RT clinical case was
recently conducted at the Lausanne University Hospital [21].
The treatment was feasible and safe with a favorable outcome
both on normal skin and the tumor. For this patient, indeed,
the FLASH-RT reactions associated with the 15 Gy single
dose delivery were minimal and disappeared in a much
shorter time compared with dose fractionation in conven-
tional-RT. Eventually, the tumor response appeared rapid and
complete after only a 6-months follow-up.

The safety and performance requirements for a
medical linear accelerator are particularly stringent. The
International Standards [22-24] prescribe in details the
precision associated to each particular feature, such as
the output beam and energy stability, radiation protection,
etc. For example, among the main specifications for the
dose measurements, we recall here the short term repeat-
ability, as defined, which must be better than 1%, and the
long term repeatability that must be better than 3%.

Over the past half-century, radio-frequency (1f) linear
accelerators (linacs) have provided high levels of reliability
for conventional radiotherapy delivery. Recently, some
existing linac systems have been modified [25-32] in order
to operate at ultrahigh dose rates for reaching the FLASH
regime which may represent a great promise for radiotherapy.

The first paper dealing with a “readapted” Flash linac can
be found in [28]. Several other groups have tried such an
approach with different linacs [29,30] with the main features
given in Table I. However, these initial experiments with
modified existing linacs have shown at least two significant
drawbacks: (i) The maximum field dimension achievable is
generally smaller than 5 x5 cm, and the field flatness is
pretty poor; furthermore, the target must be placed in
proximity to the linac exit. (ii) In order to achieve high dose
per pulse the beam monitoring system is bypassed, therefore
there is no real time control of the delivered beam.

As a consequence, it is clear that there are no existing
modified linacs that could meet the European Norms (EN)
standard requirements. Nevertheless, these machines
showed either low-energy beams, which are inadequate
for deep-seated tumors, or small achievable field sizes (e.g.,
diameter <5 cm). Moreover, there is the need to develop
new standard dosimetry protocols [33-35] to bring the
FLASH regime into clinical practice, since current state-of-
the-art dosimeters, such as ionization chambers, are pre-
cluded due to saturation phenomena.

In this paper, we propose the design and implementation
of an ad hoc S-band linac system optimized to operate at
ultrahigh dose rates for preclinical studies of the FLASH
effect. The system will produce variable output field sizes,
from 1 cm up to 10 cm diameter. We will refer to this design
as the “ElectronFlash,” hereinafter EF, which is the first
dedicated research accelerator for FLASH radiation therapy
(FLASH-RT). The system works in electron mode only,
it is designed to produce both FLASH and conventional
dose rates, with a nominal output electron beam energy of
7 MeV with a pulsed current beyond 100 mA. Therefore,
with the new dedicated linac, it is possible to obtain a
heavily pulsed beam, with dose rates that range from 0.01
up to 4000 Gy/s, and higher. This project effort is the result
of a well-established collaboration between the University
of Rome “Sapienza” and the private company SIT spa. We
will discuss the rf and beam dynamics design and the high-
power test measurements of the FLASH linac. Moreover,
the dose calibration and monitoring for pulse to pulse
stability, i.e., reliability of the linac-based machine, will be
also presented. It has to be noted that the EF system will
also work at lower energies than the nominal one as well as
it will permit to increase the output beam energy by
lowering the electron peak current. This collaboration
effort aims at establishing the first step in the development
of a reliable technology which can help define the FLASH
effect in an accurate way. The EF system was commis-
sioned by the Institut Curie, Orsay. The factory acceptance
test was carried out at SIT and the system was installed at
the Institut Curie in August 2020.

II. LINAC RF AND BEAM DYNAMICS DESIGN

The linac structure is today the key component for the
production of electron or x-ray beams utilized in numerous
applications from research, industry and medicine. Our
FLASH linac system will follow the main features used in

TABLE I. Table of modified existing linacs.

Beam Average Beam
Linac type energy dose rate Max field size monitoring
ELEKTA Precise [28] 10 MeV 1000 Gy/s <10 cm x 10 cm Absent
Varian 2100 IX [29] 20 MeV 33 Gyl/s <4 cm x4 cm Absent
IORT NOVAC7 [30] 9-11 MeV 500 Gy/s <3 cmx3cm Absent
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most medical and industrial linac-based machines, like
the existing LIAC™ machine by SIT. The EF is thus an
upgraded version of the LIAC for FLASH irradiation with
electrons.

The high-power f source is a commercial magnetron
energized by a high-voltage modulator. The electron beam
is generated by a thermionic electron gun and the linear
accelerator is optimized in order to deliver the high-current
electron beam. In this section, we will describe the rf and
beam dynamics design of the electron gun and the S-band
EF linac.

A. The electron gun

In Fig. 1 is shown the 2D model of the thermionic
electron gun (e-gun) geometry used for the simulations
with the code EGUN [36]. The working e-gun voltage is
12 kV. The anode aperture is chosen in order to confine the
electron beam so to focus it to a waist into the first cell of
the downstream linac. The equipotential lines from the
simulations are given in green and the continuous flow of
the electron beam is in blue. All units are in 0.1 mm scale.
The current emitted by the cathode of the e-gun is 250 mA,
as per SIT’s specifications. The emitting surface is about
4 mm in diameter. The simulation shows that the waist of
the electron beam is about 1.5 mm in diameter, located
about 1.3 cm from the cathode (indicated at 130 on the
abscissa axis, where the angular divergence of the beam
1S zero).

B. rf design of the FLASH linac

The FLASH linac is a magnetically coupled biperiodic
standing-wave (SW) accelerating cavity, operating in
S-band (2.998 GHz). The SW structure works in the
7/2 resonant mode with a high effective shunt impedance
per unit length (R,;) and a high stability of the accelerating
field configuration against external mechanical solicita-
tions. The structure features a biperiodic geometry in which
accelerating cells alternate with unexcited coupling cells.

&0 4
= .
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§ ¥ Cathode /
x (2 mm diameter)
P Electron beam
rays
\\
0!
o 20 40 &0 1] 100 120
Diode Sun R Z [X 0.1 mm]
FIG. 1. 2D model of the electron gun. The equipotential lines

from the simulations are given in green and the continuous flow
of the electron beam is in blue. All units are in 0.1 mm scale.

All cells are attached to each other axially and are coupled
via magnetic fields through coupling holes located off axis.
The rf design of the linac was carried out with the cST
MICROWAVE STUDIO SUITE code [37].

The linac rf design is optimized according to the main
specifications on the output electron beam. The required
nominal FLASH linac output beam energy is 7 MeV with
an electron beam peak current of at least 100 mA.

In order to further increase the linac shunt impedance,
the cells have a nose-cone type geometry. In Fig. 2 is given
the sketch of a typical coupled cavity which was optimized
and used in our project. The nose angle is 30° and the cell
length is equal to fA/2, where A is the rf field wavelength
and f = v/c is the electron velocity v normalized to the
speed of light c¢. The nose cone allows for the localization
of very high electric field in the middle of the accelerating
cells thus creating a very efficient acceleration of the beam
propagating from the e-gun and along the linac axis. The
nose-cone geometry allows for higher acceleration effi-
ciency (i.e., higher effective shunt impedance), for a given
input rf power.

The input rf power is provided by a commercially
available S-band magnetron [38] which is able to deliver
up to 3.1 MW of input power. The total number of cells is
chosen as a compromise between the maximum output
beam energy (7 MeV), available rf power and linac
compactness. The final choice of the number of the
accelerating cells is 11, resulting in a total length of
52 cm. The bunching section is composed of the first
five cells. Each single cell is designed to resonate at
f =2998 MHz, with an effective shunt impedance equal

Accelerating
Cell

™

Coupling Cell

FIG. 2. Sketch of the S-band nose-cone cavity geometry. The
nose-cone increases acceleration efficiency. The electromag-
netic energy builds up in the accelerating cells through the
coupling slots.
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TABLE II. Table of each cell main rf parameters.

Cell number fres [GHz] Ry, MQ/m] Q

1 2.990 53.5 10773
2 2.987 91 13019
3 2.990 93.3 14247
4 2.991 91.6 14842
5 2.991 90 15243
6 2.994 90 14901
7 2.991 90 15243
8 2.991 90 15243
9 2.991 90 15243
10 2.991 90 15243
11 2.993 94 15887

to Ry, =90 MQ/m and a quality factor Q in the range
(13000-15000) as shown in Table II.

The 3D rendering of the coupled-cavity linac is shown in
Fig. 3. In the figure is also included the input 1f waveguide
(WR284) which delivers the high power to linac from the
magnetron and is matched to the cavity through a dedicated
tapered section.

The electric field vector plot of the 7/2 operation mode
is shown in Fig. 4. For the total linac we have obtained
a resonant frequency equal to f,/, = 3000 MHz, well
within the magnetron bandwidth, an average quality factor
O = 14900 and average effective shunt impedance equal
to Ry, = 90 MQ/m.

In Fig. 5 is shown the on-axis accelerating electric field.
The field distribution shows a good flatness.

On the second-last cell, a magnetic loop is inserted in
order to perform on-line measurements of the rf signal,
such as field electromagnetic field buildup inside the linac.
The CAD model which shows the magnetic loop insertion

Input RF power
from Magnetron

FIG. 3. 3D rendering of the coupled-cavity linac. The input rf
waveguide (WR284) is matched to the linac through a tapered
section.

1
I
Linac Length = 52 em

FIG. 4. Electric field vector plot of the /2 operation mode.
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FIG. 5.

On-axis accelerating electric field.

FIG. 6. Cavity with magnet loop for on-line measurements of
the rf signal.

is given in Fig. 6. After inserting the magnetic loop in the
cell, the diameter of this cell was modified in order to keep
the design resonant frequency and the desired flatness of
the electric field.

C. Optimization of waveguide-to-linac
rf power matching

In order to obtain efficient coupling between the magnet-
ron and the accelerating structure, the rf waveguide is
inserted in the middle cell (coupler cell). Central coupling
allows to get rid of half of the linac resonant modes, which
are then not excited. The waveguide-to-linac coupling
coefficient . must be optimized to minimize the reflected
rf power when the electron beam is accelerated. The
formula we used as reference is the following [39]:

P I,R;,l
fo=1+-L=1422
Pd Vacc

’

where P, is the beam power, P, is the power dissipated in
the cavity walls, 1, is the beam peak current, R, is the
effective shunt impedance, / is the linac length, and V.. is
the accelerating voltage. Taking into account the rf linac
parameters, as illustrated above, we have obtained the
optimal value to be . = 1.52. In order to achieve this
required coupling coefficient, various tuning steps of the
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FIG. 7. Linac reflection coefficient I'.

coupling slot dimensions and geometry of the coupler cell
were performed. The linac reflection coefficient, I', is
plotted in Fig. 7 as a function of frequency. The resonant
7/2 mode is located at f,, ~3 GHz with a reflection
coefficient of ' = —13.8 dB (~0.2 in linear scale), which
confirms the required coupling coefficient, since f. =
(1+T)/(1-=T). The plot also shows that only one
resonant mode is excited inside the structure within the
working bandwidth of the magnetron. This reassures that
no other electromagnetic field can interfere with the
operational one.

In Table III, we list the optimized linac main rf
parameters. The required input rf power is about 2 MW
in order to achieve the nominal operation requirements, i.e.,
electron beam energy of 7 MeV and current of 100 mA.

D. Beam dynamics simulations

The beam dynamics (BD) simulations were carried out
with the 2D numerical code T-STEP [40]. The input electron
beam distribution was imported from the EGUN output. The
BD performance is optimized to achieve three main
requirements; electron beam energy of 7 MeV, electron
beam peak current above 100 mA; variable beam transverse
size (up to 10 cm diameter) at the target located at 80 cm
from the linac exit.

The BD performance was optimized in parallel with
the rf design. The cell lengths, in particular for the initial

TABLE III.  Output electron beam parameters.

Parameter Value
Frequency 2.998 GHz
Effective shunt impedance, Ry, 90 MQ/m
Quality factor, Q 14,000
Cell-to-cell coupling coefficient, K 3%
Waveguide-to-linac coupling coefficient, /. 1.52

rf power consumption @ 7 MeV 2 MW
Linac length 52 cm

Z(cm)

FIG. 8. Beam energy gain from z =0 cm (linac input) to
z =67 cm (linac output). The final energy is 7 MeV.

bunching section, were chosen in order to obtain accel-
eration synchronism between the low-energy beam and
the accelerating electric field from the e-gun all the way
through the linac. In Fig. 8 is shown the beam energy gain
from z = 0 cm (linac input) to z = 67 cm (linac output).
The final energy is 7 MeV.

The electron beam phase-space projections at the linac
entrance are illustrated in Fig. 9. The beam spot diameter is
about 1.5 mm and its length is equal to one wavelength of
the operating nominal frequency (2.998 GHz). The beam is
basically monoenergetic with the energy £ = 12 keV from
the electron gun. The energy spread AE = E — E, where
E; is the reference particle energy, is negligible, as shown
in Fig. 9(d).

The final BD optimization led to the required output
beam parameters, given in Fig. 10. The beam output peak
current reaches the value of 105 mA, corresponding to a
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FIG. 9. T-Step input electron beam parameters. (a) longitudinal
phase distribution in degrees; (b) beam transverse spot size in cm;
(c) beam longitudinal phase-space (energy vs phase); (d) beam
energy spectrum in MeV.
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FIG. 10. T-STEP output electron beam parameters. (a) Longi-

tudinal phase distribution in degrees; (b) beam transverse spot
size in cm; (c) beam longitudinal phase-space (energy vs phase);
(d) beam energy spectrum in MeV.

beam capture of 42% of the input e-gun beam, assumed to
be 250 mA. The transverse beam size is 6 mm in diameter
at the linac exit. The beam energy spread shows a FWHM
value below 10%. The beam output nominal parameters are
summarized in Table IV.

In order to fulfill the requirement on the adjustability of
the beam transverse size downstream the linac, we have
studied two technological approaches. The first one is active
and employs quadrupole magnets with variable focusing/
defocusing gradients for beam spot manipulation. The other
one is passive and makes use of hollow cylindrical appli-
cators of polymethylmethacrylate (PMMA) with different
diameters. In this section, we describe the first method used
in beam dynamics simulations. The second method is used
in dose simulations, as discussed in Sec. IIIl. For the
measurements, we have used both methods but eventually
decided to use the PMMA applicators (see Sec. VI) for the
EF system.

For the beam dynamics simulations of the FLASH linac,
two quadrupole magnets (Q1 and Q2) are employed. A
quadrupole magnet will focus the electron beam in one
direction and defocus it in the other direction. Each
magnet’s location, gradient, bore radius and effective length
are optimized with T-STEP and the TRACE3D code [41]. By
properly choosing these parameters, it is possible to deliver

TABLE IV. Output electron beam parameters.

Parameter Value
Frequency 2.998 GHz
Output beam energy 7 MeV
Output beam current 100 mA
Beam diameter 6 mm
Beam capture >40%
Beam energy spread <10%

/ 01 : Leff = 10cm
g=52T/m

/ bore =5cm
¥ | S 4 Q2 ; Leff = 10cm

i S — g=5T/m
T ' ! bore = S5cm

sigma s imm}

FIG. 11. Sketch of the accelerator system (e-gun and linac) with
the quadrupole magnets (Q1 and Q2). The electron beam trans-
verse distribution at 80 cm from the linac exit is also shown.

an electron beam with a variable transverse spot size after
the linac. In Fig. 11 (top), we show the sketch of the
accelerator system (e-gun and linac) with the quadrupole
magnets. In the same figure (bottom), the beam transverse
profile evolution is plotted along the x direction (in blue)
and the y direction (in orange). The beam reaches a spot
size of 10 cm in both directions at about 80 cm from the
linac exit. The beam spot can be easily varied by modifying
the magnets’ gradients, for example. The nominal gradients
for the two quadrupole magnets are g¢g; =5.2 and
g»=5 T/m, respectively. The main magnets’ parameters
are listed in Table V.

III. DOSE SIMULATIONS

The numerical code FLUKA was used to implement
dosimetric simulations in order to calculate the delivered
dose with the electron bunch generated from the BD
simulations. The current pulse, used as input to FLUKA,
contains a limited number of 10® electrons, for computing
capacity purposes, with a 7 MeV end energy. The electron
distribution is rectangular with a diameter of 5 mm. The
electrons and photons with energy <10 keV are not
transported and generated since they deposit their energy
locally. Figure 12 shows a sketch of the simulation model.
The linac exit is closed with a 60 ym titanium window
which seals the vacuum. A PMMA applicator is directly
attached to the linac exit and is in air. The applicator
diameter is 10 cm. The target, a 5x 5 x5 cm® water
phantom is located 100 cm downstream the linac.

A two-dimensional projection of the dose spatial dis-
tribution in the water phantom is shown in Fig. 13.

TABLE V. Magnetic quadrupoles’ nominal parameters.

Parameter Value
Gradient 52 T/m (Q1), 5 T/m(Q2)
Effective length 10 cm
Bore diameter 5 cm

050102-6
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FIG. 12. Sketch of the dose simulation model with FLUKA. A
PMMA applicator (with 10 cm diameter) is directly attached to
the linac exit and is in air. The target, a 5 x5 x5 cm® water
phantom, is located at 100 cm from the linac.
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FIG. 13. Two-dimensional projection of the dose map in the
water phantom for the 7 MeV electron beam. Dose values are
plotted using a linear color scale. Units are GeV/g per primary
electron.

The single electron released dose results to be D =
5.28 x 1071* Gy/electron with a maximum value of
D,.x = 2.14 x 10712 Gy/electron. In the simulation, the
dose is calculated over an active volume with a transverse
area of 2 x 2 mm? and a thickness of 10 cm.

In order to evaluate the dose release of the electron beam
obtained from the T-STEP code, the initial FLUKA results are
then scaled up to an equivalent beam current of / = 100 mA
with a pulse length equal to r =4 us (corresponding to
2.5 x 10'? electrons). The estimation gives a dose per pulse
equal to D, =4.9 Gy which corresponds to an instanta-
neous dose rate of D = 1.22 x 10° Gy/s. The average dose
rate, assuming a repetition rate of 250 Hz, results to be
(D) = 1.22 x 10° Gy/s, which confirms operation well
beyond the minimum requirements for FLASH regime.

IV. LINAC LOW-POWER RF TESTS

After the final engineering, the FLASH linac was handed
over to SIT in order to proceed to the manufacturing,
tuning, low-power 1f characterization and high-power

RF window &

| RFinput
waveguide

toroids

=

FIG. 14. Linac after brazing. The electron gun and the rf
window are welded onto the structure. Two magnetic toroids
(in green) for beam current monitoring are located on the output
beampipe.

commissioning. The linac after final brazing is shown in
Fig. 14. The electron gun and the rf window are welded
onto the structure. Two magnetic toroids for beam current
monitoring are located around the output beampipe.

In this section, we show the results of the linac tuning
and low-power rf characterization. The tuning system
consists of copper screws located at the equator of each
accelerating and coupling cell. The tuning procedure adopts
a plunger-type methodology which was achieved by means
of two metallic rods, one on each side of the linac. The
tuning algorithm is an iterative process. First, each accel-
erating cell is tuned to the specified resonant frequency of
the 7/2 operating mode. Then, all coupling cells are tuned
to suppress all unwanted modes at the same frequency.

Reflection Coefficient, 1" (dB)

Frequency (GHz)

FIG. 15. Reflection coefficient I' in dB of the FLASH linac
from the vector network analyzer. The frequency scale is 15 MHz
per division.
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FIG. 16. On-axis electric field. The measured field profile
(solid blue line) measured by means of the bead-pull technique
shows good agreement with the field simulated with CST
(dotted red line).

The algorithm basically predicts the depth of each single
screw inside the cavity walls in order to minimize the
reflection coefficient as well as to rid the linac of all
unwanted modes. In Fig. 15 is shown the linac reflection
coefficient I', acquired from the vector network analyzer,
after the final tuning. The plot shows the operating z/2
mode resonating at 3000.225 MHz (in air) and a nearest-
modes separation of +20 MHz.

The on-axis accelerating electric field was measured
with the nonresonant bead-pull technique. In Fig. 16, we
show the plot of the measured electric field along the linac
axis together with the simulated one. The comparison
shows perfect agreement between the measurements and
the rf simulations.

V. LINAC COMMISSIONING
AND HIGH-POWER RF TESTS

After the low-power rf characterization, the FLASH
linac was mounted inside the mechanical envelope and
the whole system, the ElectronFlash, was robotized and
ready for commissioning. A picture of the EF rendering
is given in Fig. 17. The EF was installed inside one of
the bunkers available at SIT. The dose rate was varied

FIG. 17. Photograph of the ElectronFlash robotized system.
The FLASH linac is located inside the movable irradiation head.

FIG. 18. The oscilloscope traces of the two monitored signals;
the forward rf power (FW in green) from the magnetron and the
reverse or reflected power (RW in yellow) from the linac. The
beam current signal measured through the toroids at the linac exit
is also displayed, in purple.

according to the following settings: pulse repetition fre-
quency (PRF), which can be set in the range from 1 Hz up
to 350 Hz with 1 Hz increments; e-gun peak current and
e-gun pulse width (At), which varies in a wide range (from
0.5 to 4 us).

The high-power rf signals were monitored by means of a
60 dB directional coupler located before the input wave-
guide to the linac. The oscilloscope traces of the two
monitored signals are shown in Fig. 18; the forward rf
power (FW) from the magnetron and the reverse or
reflected power (RW) from the linac. On the same screen,
the beam current signal measured through the toroids at the
linac exit is also displayed. The input rf pulse has a flattop
shape with a length of about 4 ps. The rise and drop times
are about 0.5 us each. The electron bunch is injected into
the linac with a delay of about 1 us in order to locate the flat
part of the rf pulse. From the traces, it can be noted
the perfect matching, i.e., zero reflected power, between the
input rf signal and the electron beam.

VI. DOSE MEASUREMENTS

At the output of the EF radiant head it has been
implemented a dual dose monitoring system. When EF
works in conventional mode, the dosimetric output is
monitored by means of two ionization chambers inserted
along the beam axis. Otherwise in FLASH mode the
ionization chambers are not adequate for beam monitoring,
due to the saturation problem that occurs at very high dose-
per-pulse values [30,34,42,43]. Therefore, in FLASH mode
they are automatically moved outside the beam line and the
dose monitoring system is composed by two toroidal
inductors. Thanks to this dual dose monitoring system,
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an excellent signal-to-noise ratio is obtained in both
irradiation modes.

We acquired and installed the two quadrupole magnets,
discussed in Sec. II D, in order to test the beam field size
variability and collimation. Nevertheless, we eventually
decided to use our previously and well-established passive
beam collimation system for the dose measurements shown
in this paper. This system consists of a set of polymethyl-
methacrylate (PMMA) cylindrical applicators that can be
directly attached to the radiant head. The internal diameters
range from ¢ = 10 mm up to ¢ = 120 mm, with 5 mm
wall thickness. The source surface distance (SSD) varies
according to the size of the applicator diameter, in order to
guarantee specific values of beam flatness and symmetry.

In the ultrahigh dose-rate region, or FLASH mode, the
dosimetric characterization cannot be performed using
ionization chambers [35]. For this reason, during the
commissioning, the dosimetric measurements were per-
formed by means of radiochromic films (GAFCHROMIC
EBT-XD, by Ashland) [44]. Radiochromic films are inde-
pendent dose-rate dosimeters and provide high spatial
resolution [45]. Therefore, they allow an extensive dosi-
metric characterization of the e-beam but they do not provide
online dosimetric information such as ionization chambers.
The dosimetry system includes films, a flat-bed scanner and
a dedicated analysis software (Film QA Pro) [46].

During the commissioning, relative and absolute dose
measurements were performed both in FLASH and conven-
tional mode. For the acceptance procedure both the short-
term and the long-term energy stability has been evaluated.
For the long-term stability three depth-dose measurements
with the reference applicator (100 mm diameter and
SSD = 93 cm) were performed on three consecutive days.
The ElectronFlash appeared to be very stable in terms of
day-to-day energy stability.

For the experimental setup was used a RW3 solid
phantom (water equivalent). The radiochromic film was
placed inside the RW3 phantom, between two different
slabs and parallel to the beam axis. The e-gun pulse
duration At is equal to 4 ps. The irradiations were per-
formed at 5 and 7 MeV, both in FLASH and conventional
mode. The depth-dose curves (PDD) for a 5 and 7 MeV
e-beams are shown in Fig. 19.

For a 7 MeV irradiation in FLASH mode, EF reached a
dose per pulse (D)) with the reference applicator (¢ =
100 mm) equal to 5 Gy/p, furthermore this value rises up to
30 Gy/p with the 1 cm applicator.

As discussed above, the PRF can be set in the range from
1 up to 350 Hz. However, due to solid state modulator
limits, the maximum power is limited at 250 Hz, hence the
maximum achievable dose rate is given by

DRy = 250-D,,. (1)

Therefore, in this configuration we fully exceed the
lower limit of 40 Gy/s proposed for the FLASH region.

PDD [%]

Depth [mm]

FIG. 19. Depth-dose curves for a 5 MeV (red) and 7 MeV
(blue) e-beam measured in RW3 solid phantom with EBT-XD.

Indeed, setting the PRF to 250 Hz EF reached an average
dose rate of 1200 Gy/s with the reference applicator. The
average dose-rate value increases with smaller diameter
applicators, up to almost 7500 Gy/s with the 1 cm appli-
cator. The ratio between dose per pulse and pulse length
gives the dose rate within pulse, or instantaneous dose
rate. For these measures it was considered a pulse length
of 4 us, so it was obtained an instantaneous dose rate of
1.2 x 10° Gy/s with the reference applicator. Considering
the 1 cm applicator this value increases to almost
7.5 x 10% Gy/s.

Figure 20 shows the good agreement in the comparison
between measurements and simulations of the PDD for
the 7 MeV case with the PMMA reference applicator

1.0 4 —— Experimental data

—— MC data

0.8

0.2 1

0.0 1
0 10 20 30 40 50 60
Depth in water [mm]

FIG. 20. Depth-dose curves for the 7 MeV electron beam;
simulation data (red) and experimental data (blue).
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TABLE VI. Output electron beam parameters.

Parameter Simulation Measurement
Electron energy 7 MeV 7 MeV
Beam pulse length 4 us 4 us
Pulse current 100 mA 100 mA
Rep rate 250 Hz 250 Hz
Dose per pulse, D, 4.9 Gy 5.14 Gy

In-pulse dose rate, D
Average dose rate, (D)

1.22 x 106 Gy/s
1.22 x 103 Gy/s

1.28 x 106 Gy/s
1.28 x 103 Gy/s

(10 cm diameter). The main dose parameters are reported in
Table VI where the electron pulse length is about 4 us with
a 250 Hz repetition rate. The measured average dose rate
(D) = 1.28 x 10°> Gy/s confirms the achievement of the
FLASH regime. The agreement between simulations and
measurements also validates our rf, beam dynamics and
dosimetric models.

The standard request for medical linacs is to keep long
term stability and short term stability below 3% and 1%
respectively [22], as discussed in Sec. I. Unluckily, the
intrinsic accuracy of dose measurement was not better than
5% (due to intrinsic limitation of the radiochromic dose
measurement). Nevertheless, the behavior of the beam
monitoring system seems very promising and, once a
better accuracy on the dose measurement is achieved
[35], we are confident such threshold will be met.

VII. CONCLUSIONS

The use of ultrahigh dose electron bursts, FLASH
radiotherapy, has proved to provide unprecedented benefits
for the treatment of tumors, compared to conventional
radiotherapy. It has indeed been verified, under biological
observation, a reduction of radiation toxicity to normal,
healthy tissues, while maintaining a similar effect on
tumors. This biological result has been referred to as the
FLASH effect.

Various existing linac systems have been modified in
order to operate in FLASH regime. Nevertheless, these
machines showed either low-energy beams, which are
inadequate for deep-seated tumors, or small achievable
field sizes.

In this paper, we have developed the design, realization,
commissioning and dosimetric characterization of the first
dedicated S-band linac system optimized to operate at
ultrahigh dose rates in FLASH regime and to produce
variable output field sizes (up to 12 cm diameter during the
dose measurements). The linac-based robotized system,
called the “ElectronFlash” is then the first dedicated
research accelerator for FLASH radiation therapy. This
project effort is the result of a well-established collabora-
tion between the University of Rome “Sapienza” and the
private company SIT spa. This collaboration effort aims at
establishing the first step in the development of a reliable

technology which can help define the FLASH effect in an
accurate way. The EF system is currently installed at the
Institut Curie, Orsay.

The system is optimized to operate in electron modality
with two nominal output beam energies: 5 and 7 MeV with
a pulsed current beyond 100 mA. The collimation system
for the here presented measurements consisted in the
utilization of PMMA applicators with different diameters.
Nevertheless, a dual magnetic quadrupole scheme was
optimized and patented. The dose measurements have
confirmed the production of high-current beams with dose
rates that range from 1,200 up to 10,000 Gy/s in the case of
the 10 and 1 cm applicator, respectively. These dose rates
are well beyond the threshold required for the FLASH
effect.

Another innovative feature of the ElectronFlash is the
possibility of on-line dose monitoring in dual-mode oper-
ation; conventional mode, through ionization chambers,
and FLASH mode, by means of purposely calibrated
magnetic toroids for electron beam current readings.
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