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a b s t r a c t

We report on the development of a Monte Carlo application, based on the GEANT4 toolkit, for the
characterization and optimization of electron beams for clinical applications produced by a laser-driven
plasma source. The GEANT4 application is conceived so as to represent in the most general way the
physical and geometrical features of a typical laser-driven accelerator. It is designed to provide standard
dosimetric figures such as percentage dose depth curves, two-dimensional dose distributions and 3D
dose profiles at different positions both inside and outside the interaction chamber. The application was
validated by comparing its predictions to experimental measurements carried out on a real laser-driven
accelerator. The work is aimed at optimizing the source, by using this novel application, for radio-
biological studies and, in perspective, for medical applications.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

The technique of accelerating particles by means of high
intensity lasers is of considerable interest in many fields of
research and this technique seems to be particularly adaptable
for medical applications [1,2].

Electron accelerators based on the Laser WakeField Accelera-
tion (LWFA) mechanism in a plasma (see Ref. [3]) are attracting
growing attention, mainly due to their intrinsic reduced footprint
when compared to conventional LINACs. This feature is of parti-
cular importance in view of possible applications in medicine, and
in particular for radiotherapy.

As is well known, the LWFA process basically relies on the
excitation, due to the ponderomotive force, of a plasma wave in
the wake of an ultrashort and ultraintense laser pulse propagating
in an underdense plasma. Such a plasma wave exhibits the correct
features to sustain the acceleration of electrons up to relativistic
energies, such as a very intense longitudinal electric field (many
orders of magnitude higher than in a typical radio frequency (RF)
cavity LINAC) and a phase velocity close to the speed of light.

Over the past few years, laser-driven electron accelerators have
evolved greatly, in terms of operation stability and reliability, so
that their possible use for radiotherapy, such as, for instance, Intra-
Operative Electron Radiation Therapy (IOERT), can be foreseen
within the next decade. Indeed, the stable production of electron
bunches with energies up to tens or even hundreds of MeV have
been demonstrated to be easily achievable, thus representing a
new option for radiotherapy applications. From a practical point of
view, laser-driven electron accelerators would exhibit a wealth of
advantages over conventional ones in terms of radioprotection
requirements and flexibility. The use of a laser-driven accelerator
for IOERT would allow a much smaller device to be introduced into
the operating room, as the most bulky component, the laser
system, may be placed and monitored outside, leaving only the
“accelerator stage”, a few centimeters in size, close to the patient.

A laser-driven electron accelerator features an electron bunch
duration much smaller than a conventional accelerator [4]. In fact,
while durations of a few up to a few tens of femtoseconds have
been reported for the bunches on leaving the plasma, a bunch
duration of a few picoseconds can be safely estimated/calculated
at the position of the biological sample or patient (that is, after a
few tens of centimeters propagation and possibly a vacuum–air
interface); this value is still about six orders of magnitude higher
than that of a typical LINAC used in radiotherapy. By taking into
account the typical bunch charge in the two cases (which is more
or less comparable), one can easily realize that a much higher
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instantaneous dose rate is actually obtained, whose biological
consequences have still to be investigated in depth. Further
differences of a laser-driven accelerator when compared to a
conventional one rely on the broader energy spectrum (when no
advanced injection schemes are implemented, such as in the
typical case of a tentatively “easy-to-use” accelerator for medicine)
and a higher divergence. Before carrying out radiobiological
measurements and consequently preclinical experiments, a beam
characterization has to be established. To date the radiobiological
effectiveness of these very intense pulses is not known with
precision, thus it is important to get a suitable acceleration system
to conduct these biological research activities [5]. All of these
characteristics of a laser-driven accelerator require accurate stu-
dies related to dosimetric and biological issues.

In this paper we present a study directed at validating a Monte
Carlo simulation tool, based on the GEANT4 toolkit, developed
especially for a laser-driven accelerator. The validation was per-
formed by comparing numerical simulations with real measure-
ments carried out utilizing the laser-driven accelerator installed at
Istituto Nazionale di Ottica (INO). Depth–dose measurements were
effected inside the vacuum chamber and in the sample position
using gafchromic film detectors (Fig. 1). Two-dimensional dose
distributions, 3D dose profiles and PDD (Percentage Depth Dose)
curves were obtained. The two-dimensional dose distributions and
3D dose profiles show the homogeneity and symmetry of the
incident beam. PDD curves show the percentage of absorbed dose
deposited by the radiation beam in the medium to various depths
along the axis of the beam.

Monte Carlo simulations have been the main instrument to
validate the dosimetric characterization of the beam, using the
GEANT4 tool [6]. GEANT4 is a toolkit for the simulation of the
interaction of radiationwith matter which take into account all the
physical processes that involve the single particle that passes
through the medium. In the GEANT4 application the geometry of
the acceleration system reproducing the sizes, the shapes of the
experimental set-up and the materials is reconstructed. From
GEANT4 simulations, the energy distribution and angular spread
of the beam can be evaluated. Moreover, two-dimensional dis-
tributions and 3D profiles of dose and PDD curves were obtained .
These were compared with those obtained experimentally by
gafchromic films [7]. The two data sets are comparable with a
specific energy distribution and a precise angular spread of the
beam. At first these parameters were obtained in the configuration
within the vacuum chamber. The same parameters were set in the
configuration sample position in the air to verify that the para-
meters were actually those. The validated GEANT4 application
could be used to simulate future radiobiological measurements

and provide the appropriate data about the experimental set-up to
carry out biological experiments in the best way.

2. The laser_IOERT application general design

In this section we describe the general features of the applica-
tion we have developed, which we called laser_IOERT. For the sake
of a clearer discussion, we bring forward the description of the
experimental setup used for the experimental validation, in order
to give a general idea of a typical laser-driven accelerator.

2.1. The laser–plasma based accelerator

The experimental validation reported below was carried out at
the Intense Laser Irradiation Laboratory of the INO of the CNR in
Pisa, where a laser-driven accelerator based upon a 10 TW Ti:Sa
laser system is operating [5,8]. The laser delivers up to 450 mJ on
target and features an M2 quality factor close to 1.5 and a
nanosecond contrast of about 1010. For the experiments reported
here, the laser was focused using an f =4:5 Off-Axis Parabola down
to a spot size of around 10 μm FWHM; the intensity on target was
of about 8� 1018 W=cm2. The target was made up of a supersonic
nitrogen (N2) gas-jet, produced using a rectangular nozzle with a
size of 4� 1:2 mm2 (the laser propagation occurring along the
smallest size); the backing pressure was kept at 50 bar. A sche-
matic layout of the set-up inside the interaction chamber is
provided in Fig. 1. The laser–plasma interaction was monitored
mainly using shadowgraphy and a Thomson imaging diagnostic
system (not shown in the figure). The electron production was
sought and monitored using a LANEX scintillator screen imaged
out by a commercial reflex camera and NaI scintillators coupled to
photomultipliers (not shown in the figure). The electron spectrum
was measured on a daily basis, at the beginning of each run, using
a magnetic spectrometer, featuring a 1 T magnetic field and 0.5 in.
length; its configuration allowed electrons with an energy greater
than 4 MeV to be detected.

As shown in Fig. 1, a tube was inserted into the chamber flange
along the electron propagation direction, ending with a vacuum–

air interface for the electron beam made up of a 50 μm kapton
layer. The electron beam production and total charge was mea-
sured on each shot using an Integrating Current Transformer (ICT)
device, shown in the inset of Fig. 1. Finally, in order to prevent
unwanted high-energy electrons to spread around in the vacuum
chamber, a sort of collimator was created (shown in Fig. 1), made
up of a sandwich structure of different plastic and metallic layers
with an overall length of around 2 cm. The experimental measure-
ments carried out for this work do not use a collimation system, so
as to study the energy distribution of the beam and the angular
spread.

2.2. The laser_IOERT structure: GEANT4 set-up

GEANT4 is an object-oriented toolkit developed to simulate the
passage of particles through matter. It contains a large variety of
physics models covering the interaction of electrons, muons,
hadrons and ions with matter from 250 eV up to several PeV.
Thanks to these features and due to its versatility, GEANT4
applications are developed not only in particle physics but also
in many other fields where high accuracy and precision of
simulations are needed, such as radiation physics, space science
and medical physics. The simulation set-up is derived from a
GEANT4 advanced example, iort_therapy [9].

Iort_therapy is published in GEANT4.9.5 version; the example is
implemented to address typical needs related to the IOERT
technique. Such needs can include the calculation of dose

Fig. 1. Schematic layout of the experimental set-up used for the experimental
validation.
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distribution curves in water or other materials, the possibility of
choosing among different clinical set-up, and the study of radio-
protection devices.

Different implementations of physics processes are used, pro-
viding equivalent or alternative modeling approaches. Indeed, for
electrons, positrons, and photons, different physics lists are avail-
able [10], the main differences are the physical models used and,
consequently, the covered energetic range. For the laser_IOERT
application we selected the LowEm_Penelope physics models.
LowEm_Penelope is the Geant4 implementation of the physics
models developed for the PENELOPE (PENetration and Energy
LOss of Positrons and Electrons) code [11]. The Penelope models
have been specifically developed for Monte Carlo simulation and
great care was given to the low energy description. Hence, these
implementations provide reliable results for energies in the range
1 keV�10 GeV. The LowEm_Penelope take into account the follow-
ing interactions: Compton scattering, photoelectric effect, Rayleigh
scattering, gamma conversion, bremsstrahlung, ionization and
positron annihilation.

Starting from iort_therapy the geometry of the experimental set-
up was implemented [12]. The application simulates the electron
beam starting from the gas-jet structure to the stack position where
the irradiated samples are located. The simulated geometric com-
ponents are the following: gas-jet, kapton window, two flanges and
cylinder that contains the samples; everything is located in the
interaction chamber (Fig. 2). In the real experimental set-up, the
electron beam is generated from the interaction between the laser
and gas, in the simulations one considers the electron beam already
generated. Indeed Geant4 is well suited for the development of
computational tools for analysing interactions of particle with
matter. By the use of this toolkit it is not possible to obtain
information about the laser-driven acceleration technique which
can be simulated by using Particle-In-Cell codes [13].

In order to account for the possible spreading and/or slowing
down effects due to the propagation in the residual neutral gas
that the bunch has to cross after its acceleration in the plasma, a
thin layer of gas is inserted just after the electron source. In the
case considered here, 800 μm of nitrogen are considered, with a
density of 0:05826 g=cm3.

In order to cope with the large energy spread typical of the laser-
driven acceleration, the GEANT4 application that simulates the LDA
system allows the choice of two kinds of energy distributions: a
polynomial distribution and a Gaussian/exponential mixture. The
polynomial distribution was implemented in the GEANT4 applica-
tion to give the opportunity to the user to study the electron beams
with unusual energy spectra. In particular the polynomial distribu-
tion is 8-th degree polynomial, while the mixture is of the following

form:

pðEÞ ¼ω � 1ffiffiffiffiffiffi
2π

p
σ
e�ðE�μÞ2=2σ2 þð1�ωÞ � λe�E=λuðEÞ ð1Þ

where 0rωr1. It should be noted that it can obtain a pure
exponential or a pure Gaussian distribution by posing, respectively,
ω ¼ 0 and ω ¼ 1. To simulate the laser-driven system the exp-
onential energy distribution is selected.

3. Experimental validation: optimization and dosimetric
characterization of a laser-driven accelerator for radiobiology
experiments

In what follows we report on the use of our laser_IOERT
application for the optimization and study of a laser-driven
accelerator set-up for radiobiology experiments. The aim of this
experimental work was two-fold: (a) validating the results from
our code against real experimental data and (b) optimize and
characterize, from the dosimetric point of view, the setup for
irradiation of biological tissues.

Preliminarily, we start providing a brief report on the dosimetric
characterization of the EBT3 gafchromic films used for the dosimetric
measurements. Then we proceed with the dosimetric characterization
of the laser-driven acceleration system with the description of experi-
mental setup, data analysis and results obtained.

3.1. Dosimetric characterization of the EBT gafchromic films

The EBT3 gafchromic model was constructed by combining the
layers of polyester with active radiosensitive layers. The active
layer of 27 μm was located between two substrates made of
100 μm polyester to protect the film from external agents. The
radiation led to a polymerization of the compound that constitutes
the active layer, giving rise to a darkening of the film that is
proportional to the absorbed radiation [14].

The EBT3 films were calibrated with a commercial LINAC
Novac7 (NRT, Aprilia, Italy [15]), RF LINAC accelerator used for
IOERT treatments. They were irradiated at various dose values,
from 0.4 Gy to 10 Gy to obtain a calibration curve.

An Epson Expression 10000XL scanner and its associated soft-
ware, EPSON SCAN v3.04, were used to read all films. Images were
acquired in transmit mode and in landscape orientation where the
short side of the film is oriented parallel to the scan direction, as
recommended by the manufacturer [16]. The films were posi-
tioned in the center of the scanner in the direction perpendicular
to the scan direction.

Images were collected at a depth of 16 bits per color channel
(red, green, blue) with a spatial resolution of 72 dpi corresponding
to a pixel size of 0:35� 0:35 mm2, and saved in tiff format.

The red channel had a greater response up to 10 Gy, the green
channel exceeded the red one for doses above 10 Gy, indicating it
could be preferable to use the green channel at higher doses. The
blue channel had a lower response gradient at all doses, so it is less
useful than the other channels for dose measurements. The digital
images were then analyzed with Matlab software.

For the purpose of this work was not necessary to use the green
channel, so a curve fitting was obtained only in the red channel.
Fig. 3 shows the dose values as a function of the pixel values that
were obtained by the scan of gafchromic films. The best agreement
was set up with a polynomial curve fitting of the fourth degree.

From the calibration curve dose values corresponding to
gafchromic films irradiated by the laser–plasma accelerator were
obtained. These films have a high temporal resolution, are energy
independent and are also dose value per pulse independent [17].

Fig. 2. GEANT4 graphic visualization of the laser-driven acceleration system. The
electron beam generated from the gas-jet structure and the photons emitted by
bremsstrahlung radiation are represented by lines with different colours. The
largest structure contains the sample, represented by a small cylinder. (For
interpretation of the references to color in this figure caption, the reader is referred
to the web version of this article.)
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Therefore using gafchromic films a complete dosimetric character-
ization of the particle beam can be obtained.

3.2. Dosimetric characterization of the laser-driven acceleration
system: measurements and data analysis

Two types of experimental measurements were carried out:
inside the vacuum chamber and within the sample position.

Sheets of water-equivalent RW3 material (PTW [18]) were placed
inside the vacuum chamber. These sheets were 30� 30 cm2 with
variable thickness: 1 mm, 2 mm, 5 mm and 10mm. Eight sheets were
placed for a total thickness of RW3 of 5 cm. Between the sheets, EBT3
gafchromic films were placed, centered in the perpendicular direction
of the incident electron beam. The distance between the beam source
and the first sheet of RW3 was 9.5 cm. 100 laser pulses with a
frequency 0.5 Hz were issued.

Sheets of plexiglass were positioned outside the vacuum
chamber, in the sample position. They were circular with a
diameter of 26.5 mm and with variable thickness: 1 mm, 2 mm,
5 mm and 10 mm. In total six sheets were placed for a total
thickness of plexiglass of 3 cm. EBT3 gafchromic films were placed
between the sheets. The distance between the beam source and
the first plexiglass sheet was 20.3 cm. 150 laser pulses were issued
with a frequency 0.5 Hz.

Experimental measurements were focused on performing a
characterization of the electron beam. The PDD curves, two-
dimensional dose distributions and 3D dose profiles were studied.
All of these observational results were compared with the ones
obtained by GEANT4 simulations. To verify that simulated and
experimental PDD curves are comparable a vacuum validation test
was performed.

The problem considering the curves that interpolate the data
was also addressed. They are continuous curves so it was not
possible to use a classical statistical test, such as the Kolmogorov
or Anderson test [19]. A metric test that takes into account the
spatial difference between the two curves was performed. It
considered d%;mðxÞ the measured dose along the x-axis and
d%;cðxÞ the calculated dose from simulations along the same axis,
varying the x coordinates. The percentage error was computed as

e%ðxÞ ¼ 1�D%;mðxÞ
D%;cðxÞ

����
���� ð2Þ

where

D%;mðxÞ ¼
R x
xmin

d%;mðxÞ dxR xmax

xmin
d%;mðxÞ dx

ð3Þ

D%;cðxÞ ¼
R x
xmin

d%;cðxÞ dxR xmax

xmin
d%;cðxÞ dx

ð4Þ

Eq. (2) gives the error by varying the x coordinate, an upper
limit to this can be obtained by getting

e% ¼ sup
x

e%ðxÞ: ð5Þ

A value of e% equal to zero implies the two distribution are
the same.

The GEANT4 validated application, obtained from the simulated
data, was used to study the two-dimensional dose distribution and
3D dose profiles in the sample position; they were compared with
the experimental ones, measured using the gafchromic films.

Two-dimensional dose distributions with respect to the two
axes perpendicular to the direction of propagation of the beam
were compared: with the vertical axis as the y-axis and the
horizontal axis as the z-axis.

To describe the behaviour of the lateral dose depth obtained
from the simulation dprofile, a B-Spline function representation was
adopted:

ϕpðxÞ ¼
Xn
j ¼ 0

αjϕ
p
j ðxÞ ð6Þ

where each ϕj
p is defined in a recursive manner as follows:

ϕ0
j ðxÞ ¼

1 xA xj; xjþ1
� �

0 otherwise

(
ð7Þ

for each j¼ 0;…;m, while for pZ1 the formulation is given as
follows:

ϕp
j ðxÞ ¼

x�xi
xiþp�xi

ϕp�1
j ðxÞþ xiþpþ1�x

xiþpþ1�xiþ1
ϕp�1

jþ1 ðxÞ: ð8Þ

In Eq. (6), for fixed p and n, the αj coefficients are obtained as
the solution of the problem

eðα1;…;αnÞ ¼ ϕp�dprofile
�� ��2 ð9Þ

a complete description of both B-Spline functions and the solution
of the LSE problem could be found in Ref. [20].

3.3. Dosimetric characterization of the laser-driven acceleration
system: results

The depth–dose curves for both the measurement made in the
vacuum chamber and for that performed within the sample
position were obtained. In the case of the measurement performed
with plexiglass sheets, the depth values were converted into the

Fig. 3. EBT3 films calibration curve in the red channel (up to 10 Gy). The points represent the dose values as a function of the pixel values obtained from gafchromic films
analysis. The curve is the best fitting curve obtained. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.)
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corresponding depth values in water [21]. An error of 3% to the
dose values measured was assigned [22].

Using iterative simulations, the energy distribution and the
spread angle for which the experimental and simulated PDD curves
are comparable were obtained. The energy distribution of the
electron bunches at the source is assumed to be represented by
an exponential distribution. The best match between simulated and
experimental PDD curves is achieved with an exponential energy
distribution with mean energy 1.5 MeV and with an angular
gaussian distribution with FWHM of 261 spread angle. These results

are validated in the sample position configuration by the PDD curve
that is shown in Fig. 4 and by two-dimensional dose distributions
and 3D dose profile shown in Figs. 5 and 6, respectively. For
comparison profiles obtained at a depth of 2 mm were selected,
where the first gafchromic film between the plexiglass sheets in the
sample position was positioned.

Fig. 4 shows the percentage dose values as a function of the
depth. The dose values were obtained as peak dose for every
gafchromic film, that is to say the mean dose obtained in the
uniform irradiated area.

Fig. 4. Percentage dose depth curve. Comparison between experimental and simulated data.
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Fig. 5. Two-dimensional dose distribution along the vertical axis y (a) and along the horizontal axis z (b). The curves represent the simulated data fitted by B-spline curves.
The points are the experimental data obtained from the EBT3 film analysis.
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To confirm that the simulated and experimental PDD curves are
comparable a validation test was performed. The metric test, that
was explained in the previous section, was performed with
simulated and experimental PDD curves obtained in the vacuum.
The test showed a percentage error of 2%.

In the two-dimensional dose distribution along the vertical axis y,
it can be noted that the right side with respect to the symmetry axis
overlaps with the simulated one well enough, while the left side
profile has a different trend. However, in the two-dimensional dose
distribution along the horizontal axis z, the experimental left side
profile matches the simulated profile (Fig. 5).

3D dose profiles were also analyzed (Fig. 6). To compare
simulated and experimental profiles, the test that calculates γ index
[23], developed in Matlab software was run. The tolerances con-
sidered in terms of distance-to-agreement between the two curves
and in dose-difference were respectively 3 mm and 3% [24]. The test
was exceeded in the points where the gamma value was less than 1.

The percentage of points to which a γ index less than 1 corre-
sponds is about 80% (Fig. 7).

4. Conclusions and discussions

In this work we have presented a new Monte Carlo tool, based
on the GEANT4 toolkit, aimed to design, optimize and char-
acterize a laser-driven acceleration system specifically devoted to

biological/medical applications. The laser_IOERT application allows
to obtain a dosimetric characterization of table top laser-driven
accelerators for radiobiology and preclinical experiments.

The metric test to compare simulated and experimental PDD
curves in vacuum has shown a maximum percentage error of 2%.
The error obtained is smaller than the dose-difference criteria
imposed in the computation of the gamma index. Therefore we
considered that the two curves are comparable, that is they come
from the same function.

From the two-dimensional dose distributions we determined
that the dose profiles obtained from experimental measurements
do not agree completely with the simulated ones. This suggests
that the electron beam is not generated in a totally uniform way.

A hypothesis could be that the point of interaction between the
laser and the gas is not exactly centered on the axis of symmetry of
the system. Indeed, the electron beam can have a pointing
instability because there is an intrinsic component of the electron
beam that can be slightly asymmetric [25]. This issue is being
studied by other GEANT4 Monte Carlo simulations.

The result of the test range applied to 3D dose profiles can be
considered positive because, as we can see from the color map, the
gamma curve is less than 1 in a wide area . This test gives us a
confirmation of the validation of the GEANT4 application. More-
over, in the color map also the area in which the test is not positive
is visible, that is it confirms the zone of non-uniformity of the
generated electron beam.

The validated Geant4 application can be used to convey the
appropriate data about the experimental set-up and to study dose
distributions to be delivered for future radiobiological measure-
ments and future preclinical experiments.
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