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Abstract

Laser-accelerated protons have a great potential for innovative experiments in

radiation biology due to the sub-picosecond pulse duration and high dose rate

achievable. However, the broad angular divergence makes them not optimal for

applications with stringent requirements on dose homogeneity and total flux at

the irradiated target. The strategy otherwise adopted to increase the homo-

geneity is to increase the distance between the source and the irradiation plane

or to spread the beam with flat scattering systems or through the transport

system itself. Such methods considerably reduce the proton flux and are not

optimal for laser-accelerated protons. In this paper we demonstrate the use of

a Genetic Algorithm (GA) to design an optimal non-flat scattering system to

shape the beam and efficiently flatten the transversal dose distribution at the

irradiated target. The system is placed in the magnetic transport system to

take advantage of the presence of chromatic focusing elements to further mix

the proton trajectories. The effect of a flat scattering system placed after the

transport system is also presented for comparison. The general structure of the

GA and its application to the shaping of a laser-accelerated proton beam are

presented, as well as its application to the optimisation of dose distribution in

a water target in air.
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1. Introduction

The very short duration at the source (∼ps) and the extremely high at-

tainable peak dose rate (>109 Gy/s delivered during ∼1 ns pulses) of laser-

accelerated proton beams open new axes of research in radiation biology, aim-

ing at investigating the biological response of living cells to fast dose deposition

[1, 2, 3, 4, 5]. Laser proton acceleration is obtained by focusing a high-power

laser (TW-PW) on a thin solid foil, thus creating a plasma. Several accelera-

tion mechanisms can take place according to the different interaction regimes

between the laser and the plasma [6]. In Target Normal Sheath Acceleration

(TNSA) [7] high-energy electrons are produced at the illuminated surface and

propagate through the target bulk, driving the plasma expansion. The high

electric field associated (TV/m) accelerates protons coming from hydrogen-rich

impurities in a cone along the axis perpendicular to the foil surface. Such pro-

ton beams feature an exponential energy spectrum with cut-off energies reaching

several tens of MeV, and a large divergence around the propagation axis.

TNSA-driven proton beams are not suitable for radiobiology experiments with-

out a proper transport system allowing spectral and spatial shaping. Different

strategies using electro-magnetic devices have been studied and employed for

in-vitro irradiation experiments. Such solutions include the use of dipoles [8, 9],

energy selection systems (ESS) [10, 11] permanent magnet quadrupoles (PMQs)

for beam shaping [12] and combinations of them [13, 14]. Also, more complex

systems consisting of a compact proton gantry composed of ESS, PMQs and a

pulsed solenoid have been recently designed and investigated to bring the laser-

acceleration technology to the clinics in the future [15]. The feasibility of using

such system to deliver a homogeneous dose over a 3D volume through an active

scanning dose delivery approach has been also demonstrated [16]. In addition

to the development of advanced dose delivery techniques, a parallel research
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focused on assessing the radiobiological effectiveness and consequences of fast

dose deposition on living cells by laser-driven protons is necessary. Given the

limited charge available in a laser-accelerated proton bunch and the inevitable

losses in transport, one of the challenges in its application to radiobiology is to

concentrate as many protons as possible on the biological sample, maintaining

an acceptable level of dose homogeneity. In ref. [17] the use of flat scattering

foils placed after the transport system has been proposed to deliver a transversal

homogeneous dose over a sample with dimensions of clinical relevance (∼cm2)

for future radiobiology studies at the ELIMED facility [18, 19]. In other ex-

periments, a sufficient transversal homogeneity was obtained by spreading the

beam with the transport system itself.

In this paper we propose a method to shape a laser-driven proton beam through

the use of a scattering system (SS) composed by tiles of variable thicknesses. We

show that placing such scattering system before a quadrupole element allows a

more efficient shaping of the beam, improving the trade-off between total flux

and transversal beam homogeneity at the sample. The design of such scattering

system is optmised by a Genetic Algorithm (GA). GAs are heuristic computing

techniques that have been developed to find the best or near-best solution to

optimization problems where the parameters are numerous and a theoretical ap-

proach is not suitable. Their application area is wide and includes engineering

[20], traffic problems [21], medical applications such as radiology, radiotherapy,

oncology and surgery [22]. This type of algorithm makes use of an abstract ver-

sion of the Darwinian laws of genetics: a population of possible solutions, which

are called chromosomes, is recombined randomly and evolves from a generation

to the next through an iterative process. A selection of the fittest solutions is

operated at every iteration with the use of a fitness function that contains the

parameters to be optimized. The selected solutions are recombined randomly

to give rise to a new generation of fittest solutions, which go again through a

selection and recombination process. The loop is repeated until a certain stop

criteria is met, for example when a good-enough solution is found or when a

maximum number of iteration is reached. A detailed description of GAs, which

3



is beyond the scope of this paper, can be found in McCall (2015) [23].

The optimisation of the scattering system design involves two steps. In a first

step, Monte Carlo (MC) Geant4-based simulations are performed to simulate the

beam transport, the interaction with matter, and to retrieve the beam param-

eters at the scattering system and at the irradiated sample. These simulations

are needed to produce a base of elementary dose and flux maps that are used

as input to the following optimisation problem. Secondly, a GA is employed to

optimise the design of the scattering system according to given requirements.

2. Optimisation method

A schematic drawing of the design process is shown in Fig. 1. The first step

involves MC simulations to reproduce the propagation of the beam through the

transport system and in particular the interaction with a scattering system.

The scattering system is a grid of tiles of variable discrete thicknesses, whose

effect on the beam is simulated through the MC simulations. Before starting the

design process, the values and number of discrete thicknesses that will be used

for the design need to be determined. The choice depends on many factors, such

as the energy spectrum of the beam and the computational burden. In fact, a

number of MC simulations equal to the number of available thicknesses needs to

be performed. The aim is to correlate the effect of every tile, for each possible

thickness placed in every position of the scattering system grid, on the 2D flux

and dose profiles at the target. Therefore, in each MC simulation a scattering

foil of a different thickness and a target are placed at a well-defined position.

During the simulation, the propagation of each primary particle, crossing the

scattering system at the tile (i,j) and arriving to the target plane at the quan-

tized coordinates (k,l), is recorded. The dose deposited in the target is then

added to the cell (i,j,k,l) of a 4-dimensional matrix. In other words, elementary

flux and dose maps at the target are created separately for each tile of the SS

crossed by a different portion of the beam, as shown in the schematic drawing of

Fig. 1. Once all the MC simulations are performed, the output at the target can
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Figure 1: Scheme of the scattering system design process. Monte Carlo simulations (STEP

I) are first performed to produce flux and dose elementary maps that are used as input in

the Genetic Algorithm (GA) (STEP II) to optimise the scattering system (SS) design. The

elementary maps at the target are retrieved separately for each portion of the beam crossing

a different tile of the SS. The final outputs obtained with the GA are the optimised SS design

and the corresponding optimised output maps at the target.
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be reconstructed for any scattering system design made up of different discrete

values of thickness in each tile.

In the second step, a GA is used to find the optimal configuration of the scat-

tering system and meet the required specifications at the target. The GA is

initialised with the creation of the first generation of N = 500 random scat-

tering systems. The resulting maps at the target associated to each design are

reconstructed using the data set of elementary maps previously obtained with

MC simulations. Such 2D profiles are then evaluated through the use of a fit-

ness function, which associates a scalar value to each of the analysed solutions,

depending on how good a scattering system performs with respect to the pre-

defined criteria for the desired output. After the evaluation phase, the scattering

systems under analysis undergo the recombination phase. In the recombination

phase, N-1 parent couples of scattering systems are randomly selected among

the N/2 fittest ones. From each parent couple a new child scattering system

is created by randomly mixing the parent tiles’ thicknesses. At the end of this

phase, a new population of scattering systems is composed by the N-1 issued by

recombination plus the fittest one promoted from the previous population. This

ensures the fitness function to remain monotonic non-decreasing over GA itera-

tions. The new population is then fed to the GA algorithm for the next iteration

of the loop, which is repeated until the algorithm converges to a solution.

3. Application to a laser-accelerated proton beam

This strategy is now applied to shape the laser-accelerated proton beam used

for in-vitro irradiation at the LOA [5, 12]. The proton source has a TNSA-like

energy spectrum with a cut-off at 7.5 MeV and a Gaussian angular divergence

around the propagation axis that is a function of the energy, as shown in Fig. 2.

The spectrum and the divergence were obtained using a radiochromic film stack

placed 5 cm after the source (more details are given in ref. [12]). The beam is

guided towards a Mylar window by a set of four quadrupoles validated during

previous campaigns [24] to focus the spectral bandwidth around 5-6 MeV. The
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Figure 2: Energy spectrum and divergence of the proton beam at the source (the plot on the

right is taken from Pommarel et al. (2017) [12]).

envelopes of different energetic components of the beam along the transport sys-

tem as well as the final spectrum focused after the transport system are shown

in Fig. 3. The beam transport and the interaction with matter are simulated us-

ing the G4beamline package (release 3.04) [25], a Monte Carlo particle-tracking

program based on Geant4 (Geant4.10.04 version) [26, 27] specifically developed

to simulate beamlines and transport systems. With respect to Geant4, ad-

ditional collective computations such as space charge effect are implemented.

The quadrupoles were simulated using measured field maps [28] and the proton

source was reproduced using the energy spectrum and the energy dependent an-

gular divergence shown in Fig. 2. The physics list employed is the QGSP BIC,

which has been extensively validated in the energy domain of medical applica-

tions for proton beams [29, 30]. As a single particle MC code, Geant4 cannot

natively simulate space charge effect, which motivated the choice of using a

modified package like G4beamline. As far as the configuration of our transport

system is concerned, it turned out that space charge effects remain negligible.

The largest part of simulations for this manuscript was performed on a modified

version of G4beamline (to make the output data format compatible with the

GA code) without space charge effects. The beam propagation simulated using

G4beamline showed perfect agreement with results obtained using the Hadron-
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Figure 3: Top: envelopes of different energetic components of the beam along the transport

system. The two sets of two quadrupoles have a net bore aperture of 20 mm and a length

of respectively 80 mm and 40 mm, with an average magnetic field gradient of about 100 T/m

[24]. The trajectories are obtained using a matrix approach and an average value of the B

gradient in the quadrupoles. Bottom: spectra over a 1 × 1 cm2 surface obtained with Geant4

simulations using 107 particles. In black, spectrum at z=900 mm. The charge reaching the

surface is 1.2% of the charge at the source. In red, spectrum at z=990 mm, 5 cm after a Mylar

window placed at z=940 mm.

therapy Geant4-based tool [31, 32]. Also, the beam propagation simulated with

both tools proved to be consistent with EBT3 recorded profiles [24].
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Figure 4: Left: 2D flux profile on a surface placed 10 cm after the last quadrupole. Right:

profile on the horizontal axis.

3.1. Beam shape optimisation in vacuum

The GA is used to design a scattering system to shape the beam flux profile

over a 1 cm2 target surface placed 10 cm after the last quadrupole in vacuum,

so as to avoid any scattering effect in air and on the Mylar exit window. The

profile of the beam at this position without any scattering system placed along

the beamline is shown in Fig. 4. The peaked profile is due to the Gaussian

angular divergence at the source. Three configurations have been analysed:

1. Scattering system placed before the third quadrupole

2. Scattering system placed before the fourth quadrupole

3. Scattering system placed after the fourth quadrupole

The results are also compared with the case of a simple flat scattering foil placed

after the fourth quadrupole. The three configurations and the beam shapes at

the scattering system positions are shown in Fig. 5. The scattering system is

a 10 × 18 mm2 Mylar rectangle composed by 5x9 square tiles. The choice of

Mylar was motivated by its low density, which allows to use tiles of manageable

thicknesses. The dimensions and the orientation of the scattering system were

chosen so as to cover the beam profile in the three configurations. The choice of

the number of tiles was motivated by considerations on the number of particles

9



that need to be simulated in MC simulations to retrieve input elementary maps

for the GA with accuracy. For each geometry shown in Fig. 5, G4beamline

simulations using 5 × 107 particles were performed to simulate the effect of 11

foil thicknesses going from 1 to 100 µm on the flux distribution at the target

(T1) surface. The GA was then used to optimise the design of the scattering

system to obtain the best trade-off between flux homogeneity and total flux

at the target. The parameter employed to quantify the homogeneity is the

standard deviation (σ) of the 2D profile. In this case, the fitness function that

was minimised and used to select the scattering systems during the iterations

was the following:

F = a · (
σss − σwss

σwss
) − b · (

Φss − Φwss

Φwss
) (1)

The first term in brackets represents the difference between the standard devia-

tion of the flux at the target with and without scattering system and the second

term in brackets represents the difference between the total flux at the target

with and without scattering system. The two coefficients a and b are used to
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Figure 5: a) Schematic drawing of the three configurations, b) beam shape at the scattering

system position in the three configurations. The white rectangles represent the contour of the

scattering system and the red circles represent the aperture of the quadrupole placed after it.
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Figure 6: Top: scattering system designs in the four configurations. Bottom: corresponding

flux at the target surface (represented by T1 in Fig. 5). The total flux at the surface is the

same for all configurations (2.9% of the protons at the source).

set different relative weights to the parameters. To compare the four configura-

tions, the coefficients were adjusted in each case so as to obtain the same total

flux at the target surface. Fig. 6 shows the optimised scattering system designs

obtained with the GA for the three configurations and the corresponding flux

at the target surface, as well as the flux obtained with a flat foil of 60 µm. For

each case, the standard deviation is reported as a percentage of the mean value

of the flux distribution.

As expected, the GA-designed scattering system placed after the transport sys-

tem allows a better trade-off between the two parameters compared to a flat foil

placed in the same position. This is due to the optimisation of the scattering

effect over the transversal section of the beam obtained with the GA design:

the beam is spread mainly at the centre and at the edges so as to flatten the

profile in a more efficient way compared to a flat foil. A major improvement in

homogeneity is obtained in the two first configurations, in which the scattering

system is placed along the quadrupole system. In particular, the scattering sys-

tem placed before the fourth quadrupole allows a decrease of 42% in standard

deviation compared to the flat foil configuration. This is explained by the fact
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that such a scattering system allows the shaping of the beam in two ways: it

spreads the beam through scattering effect and it intermingles the trajectories in

the following quadrupole by introducing different energy losses on the transver-

sal section of the beam and taking advantage of the quadrupole chromaticity. To

give an example, Fig. 7 shows the effect of an energy loss of 0.5 MeV introduced

before the last quadrupole on the external trajectories of the 5.5 MeV energetic

component of the beam on the horizontal axis when neglecting the scattering

effect. Without any energy loss the trajectories do not overlap, while by in-

troducing an energy loss the trajectories are mixed and the profile is modified.

3.2. 2D dose optimisation for in-vitro irradiaton

This work was motivated by the need of new solutions to efficiently flatten

the transversal dose distribution on in-vitro biological samples and approach

the constraints required in radiation biology [33, 34], while keeping at the same

time an acceptable value of dose per shot. The GA was therefore used to

optimise the transversal dose distribution on a biological sample, represented

by 10 µm thick water target with a 10 × 10 mm2 square surface placed 5 cm

after the Mylar window in air (represented by T2 in Fig. 5). The percentage

standard deviation is the parameter employed to quantify the flatness of the

transversal dose distribution and compare the effect of GA-designed SS with flat

foils. The dose distribution in the sample without any scattering system placed

along the beamline is shown in Fig. 8, where the dose is expressed in Gy per

1 nC charge at the source, which was the estimated charge during experiments

[12]. A maximum dose of 4 Gy/nC is delivered in the sample with a standard

deviation of 77%, which is not suitable for radiobiology experiments. The GA

was used to optimise the scattering system design in the 3 configurations already

discussed. The fitness function used in this case was the following:

F = a · (
σss − σwss

σwss
) − b · (

Dss −Dwss

Dwss
) (2)
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Figure 7: Top: Trajectories of 5.5 MeV protons having two different values of the divergence at

the source along the quadrupole system. The quadrupoles are simulated as ideal quadrupoles

with an average value of the B gradient. Bottom: an energy loss of 5.5 MeV is introduced

on the external trajectories (in black) before the fourth quadrupole entrance. In the region

around z=600 mm the trajectories are mixed.
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The first term in brackets represents the difference between the standard de-

viation of the 2D dose distribution in the sample with and without scattering

system and the second term in brackets represents the difference between the

mean value of the 2D dose distribution in the sample with and without scat-

tering system. Also in this case, we found that a non-flat scattering system

placed before the fourth quadrupole flattens the transversal dose profile more

efficiently than a flat foil placed downstream the beamline. In Fig. 9a we com-

pare the standard deviation obtained using flat foils of increasing thicknesses

placed after the fourth quadrupole with the standard deviation obtained using

GA-designed scattering systems placed before the fourth quadrupole allowing

the same maximum delivered dose. A 20–40 % decrease in standard deviation

is obtained with a genetic approach. Fig. 9b shows the scattering system design

for the third case listed in the table and a comparison between the corresponding

dose distribution and the dose distribution obtained with the 80 µm flat foil.
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Figure 8: Dose distribution over a surface placed 5 cm after the Mylar window without any

scattering system along the beamline. The dose is expressed in Gy for 1 nC charge at the

source.
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3.3. Sensitivity to shot-to-shot fluctuations

In view of experimental applications of this non-flat scattering system, shot-

to-shot variations of the proton source need to be considered by studying to

what extent they affect the beam shape and spectrum at the scattering system

position and at the output target. We studied the effect of a 10% reduction

in the cut-off energy (from 7.5 MeV to 6.75 MeV) as well as a change in beam

pointing at the source of 5 mrad. Such values are based on observed instabili-

ties during previous experimental campaigns at the SAPHIR facility. The effect

of such instabilities on the dose delivered in a transmission ionisation cham-

ber (TIC) employed during experiments was also quantified through Geant4

simulations. A variation of 25% in the delivered dose is caused by a 5 mrad

change in pointing and a 10% reduction of the cut-off energy, which is consis-

tent with the 15% typical standard deviation of the charge collected by the TIC

during a day experimental run [12]. The study is performed by comparing the

effect of such instabilities on the GA-designed scattering systems placed before

the fourth quadrupole (designs shown in Fig. 6 and Fig. 9), which provide the

best optimisation results in normal condition, and on the flat foils used for the

comparisons. To simulate the spectrum instability, we rescaled the 7.5 MeV

spectrum to a 6.75 MeV cut-off spectrum by decreasing both the minimum en-

ergy and the cut-off energy by a factor of 6.75/7.5 = 0.9 and assuming the

same available charge at the source (using a similar approach presented in ref.

[35, 15]). The scaled spectrum is shown in Fig. 10 together with the original

7.5 MeV spectrum. In Fig. 10 we also show the spectra of the beam reaching the

scattering system placed before the fourth quadrupole for the two cases. The

reduction of the cut-off energy produces a loss of the portion of the spectrum

above 6.75 MeV as well as a slight change in the relative yield of the energy

components. The spectrum reaching the scattering system is peaked in a en-

ergy region that is lower than the cut-off energy, hence it is not affected much by

such variation. However, when placing a GA-design scattering system in such

position to optimise the output on a target surface, also the spectrum at the

target needs to be considered. In fact, the final scattering system design is the
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Figure 10: Left: scaled spectrum at 6.75 MeV compared with the 7.5 MeV spectrum. Right:

spectra at the scattering system placed before the fourth quadrupole for the two cases, ob-

tained through Geant4 simulations using 107 particles.

result of the optimisation of scattering effect and energy losses on the portion

of the spectrum that is focused on the target surface. The spectrum focused by

the transport system at T2 (Fig. 5) is peaked in a region around 6 MeV (Fig. 3),

therefore a decrease in the dose delivered with the 6.75 MeV spectrum at the

source is expected both when using a GA-design scattering system and a flat

foil. To assess the robustness of this approach, the key condition to verify is

that the GA-designed scattering system is not less efficient than a flat scattering

system placed after the transport system for such spectrum variations. In table

1 are shown the results obtained at T1 and T2 for a 6.75 MeV cut-off spec-

trum at the source when placing before the fourth quadrupole the scattering

systems designed for the 7.5 MeV case, and when placing after the transport

system the flat foils used for the comparison (respectively 60 µm and 80 µm).

As expected, a decrease in the dose reaching T2 is obtained both when using

the GA-designed scattering system and the flat foil, compared to the 7.5 MeV

cut-off case. This is due to the shift of the spectrum towards lower energies,

which in turn causes a decrease in the number of protons reaching the target,

whose spectrum is peaked around 6 MeV (Fig. 3), and an increase of the scat-

tering effect. The change in the spectrum shape reduces the scattering system
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Table 1: Comparison between the GA-designed scattering system and the flat foils for the

6.75 MeV cut-off spectrum at the source. In brackets are reported the results previously

obtained with the 7.5 MeV cut-off spectrum.

GA-designed scattering system Flat foil

2D flux at T1
Flux=2.6% (2.9%)

σ=61%(54%)

Flux=2.5% (2.9%)

σ=92% (93%)

2D dose at T2 (Gy/nC)
Dmax = 0.27(0.31)

σ=5.8% (4.5%)

Dmax = 0.23(0.31)

σ=6.8% (7.2%)

performance in terms of standard deviation at the target, yet the GA-designed

scattering system still flattens the beam profile more efficiently than the flat

foil. This is more evident for the flux optimisation at T1 in vacuum, in which

the effects of a decrease in the cut-off energy are less important, the spectrum

at this position being peaked at lower energies and because of the absence of

other scattering elements such as the exit window and the air.

Variations in beam pointing may also affect the dose distribution at the target

and the scattering system efficiency. We studied the sensitivity to beam pointing

in case of a 5 mrad change in the polar angle θ (in spherical coordinate system)

and for an azimuthal angle φ = 45◦, which means the same deviation from the

beam axis both on the horizontal and vertical plane. In Fig. 11a are shown the

trajectories of some energetic components of the beam with the 5 mrad shift in

pointing at the source. Such trajectories can be interpreted as the center of the

corresponding energy envelope. At the T2 position (z=990 mm) the transport

system does not mitigate an initial misalignment on the horizontal plane for the

6 MeV component, which is representative for the spectrum reaching T2 (see

Fig. 3), therefore an instability of the dose at the target is expected regardless

the presence of a scattering system in the beamline. The beam shape before

the fourth quadrupole with a 5 mrad shift of pointing at the source is shown in
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Fig. 11b (right). At this distance from the source (z=398 mm), the change in

beam position without any transport system would be of 1.4 mm on both axis
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Figure 11: a) Trajectories of protons with different energies with an initial misalignment of

3.5 mrad on both axis. The trajectories can be interpreted as the position of the center of

the envelopes along the beamline. b) Beam shapes for a 5 mrad pointing misalignment. Left:

beam shape before the third quadrupole. Right: beam shape before the fourth quadrupole.

The shapes at the same positions with no misalignment were shown in Fig. 5

.
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while with the transport system the change is of about 2 mm on the horizontal

axis and less than 50 µm on the vertical axis. Therefore, at this position the

transport system mitigates the initial misalignment only on the vertical axis

while it increases the misalignment on the horizontal axis, as it can be seen

in Fig. 11. Moreover, 16% of the flux at this position is lost and the beam

is blurred compared to the condition without misalignment (see Fig. 5). Con-

sidering that the scattering system is composed by square tiles of 2 mm size,

such variation in beam position and shape is expected to affect the efficiency

of a GA-designed scattering system placed in such position, as well as the dose

distribution obtained with a flat scattering system placed after the transport

system. In Fig. 12 are shown the dose distributions obtained at T2 when em-

ploying both the GA-designed scattering system and the flat scattering system.

The distributions are also compared with the results obtained with no pointing

misalignment, which were shown in Fig. 9.

When employing the 80 µm flat foil with an initial misalignment, the dose at

the sample is slightly shifted compared to the situation with no misalignment,

which causes a a slight increase in the standard deviation. When employing the

GA-designed scattering system, a slight increase in maximum dose and a major

increase in standard deviation are obtained. This is due to the fact that the

main part of the beam crosses the scattering system with an horizontal shift

of ∼2 mm, namely where a tile of a lower thickness is employed. Therefore

more protons reach the target compared to the situation with no misalignment

(1.56 × 107 versus 1.4 × 107 for 1 nC charge at the source) because of the low-

ering scattering effect introduced. In conclusion, the dose distribution at the

sample is affected in a different way in both cases. However, the sensitivity of

the GA-designed scattering system can be reduced by placing it closer to a focus

point, so as to find a better trade off between the beam spread at the scattering

system surface, which needs to be large enough compared to the pixel size for

the scattering system to be efficient, and the proximity to a beam focus point,

which would allow a lower sensitivity to an initial misalignment. For example,

the beam shape at the scattering system placed before the third quadrupole is
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Figure 12: Dose distributions at T2 obtained when employing the GA-designed scattering

system placed before the fourth quadrupole and the 80 µm flat scattering system, with no

pointing misalignment and with a 5 mrad pointing misalignment.

less sensitive to an initial misalignement, as shown in Fig. 11b (left).

Also, the effect of a typical uncertainty in source position of 10 µm on the beam

shape at the scattering system position was investigated. The results showed

a misalignment at the scattering system of the same order of magnitude (less

than 50 µm) and no appreciable change in beam shape.

4. Conclusions

This work reports on a proposed strategy to shape laser-accelerated proton

beams that can be used in applications requiring high charge and high unifor-
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mity over a surface, such as radiobiology experiments. We demonstrated the

use of a Genetic Algorithm assisted approach to design a non-flat scattering

system optimally shaping the beam profile. The algorithm can be set to adapt

the beam profile according to several constraints on a target and is applicable

to any particle source or beamline. In particular, we showed its application to

the 7.5 MeV laser-accelerated proton beam produced at Laboratoire d’Optique

Appliquée to optimise the transversal dose distribution on a sample. Among

different studied configurations we found that a scattering system placed inside

the quadrupole transport system flattens the beam profile more efficiently than

a scattering system placed after it. This is explained by the fact that such a

scattering system flattens the beam profile not only by spreading it but also

by taking advantage of the quadrupole chromaticity to intermingle the proton

trajectories. We showed that a GA-designed scattering system allows a 20-40%

decrease in the standard deviation of the transversal dose distribution at the

sample compared to the results obtained by employing a flat foil that uniformly

spreads the beam. Such improvement is expected to be even greater for higher

energy proton beams, for which the undesired scattering in air and in other ma-

terials would be less important. Moreover, our approach can be further extended

to improve other parameters such as spectrum or effective LET homogeneity for

thicker targets irradiation.

The scattering systems designed in this study are composed by tiles of discrete

thicknesses of Mylar. They can be realized by superposition of 10 µm layers,

which are easily handled, or by laser ablation. Also, the realization of such

systems to shape higher energy proton beams would be easier thanks to the

thicker tiles necessary to introduce the required energy loss and scattering ef-

fect. In view of experimental applications, the scattering system sensitivity to

typical variations of beam pointing and spectrum was also investigated. The

sensitivity of a GA-designed scattering system depends on its position along

the beamline, as well as on the spectrum focused at its surface and at the tar-

get surface. Therefore, before any experimental application, the instabilities of

the beam need to be quantified and a dedicated sensitivity study needs to be
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carried-out in order to choose the best configuration of the scattering system,

allowing not only a high efficiency in ideal conditions but also a low sensitivity

to beam instabilities.

Acknowledgments

The authors acknowledge the support from the European Unions Horizon

2020 research and innovation program under Grant Agreement No. 654148

Laserlab- Europe and Dr. Emilie Bayart for fruitful and constructive discus-

sions.

References

[1] Favaudon, V., Caplier, L., Monceau, V., Pouzoulet, F.,

Sayarath, M., Fouillade, C., et al. Ultrahigh dose-rate

FLASH irradiation increases the differential response between nor-

mal and tumor tissue in mice. Science Translational Medicine

2014;6(245):245ra93–245ra93. URL: http://stm.sciencemag.org/

cgi/doi/10.1126/scitranslmed.3008973. doi:10.1126/scitranslmed.

3008973.

[2] Montay-Gruel, P., Petersson, K., Jaccard, M., Boivin, G., Ger-

mond, J.F., Petit, B., et al. Irradiation in a flash: Unique sparing of

memory in mice after whole brain irradiation with dose rates above 100

Gy/s. Radiotherapy and Oncology 2017;124(3):365–369. URL: https://

linkinghub.elsevier.com/retrieve/pii/S0167814017303651. doi:10.

1016/j.radonc.2017.05.003.

[3] Montay-Gruel, P., Bouchet, A., Jaccard, M., Patin, D., Ser-

duc, R., Aim, W., et al. X-rays can trigger the FLASH

effect: Ultra-high dose-rate synchrotron light source prevents nor-

mal brain injury after whole brain irradiation in mice. Ra-

diotherapy and Oncology 2018;129(3):582–588. URL: https://

23



linkinghub.elsevier.com/retrieve/pii/S0167814018334546. doi:10.

1016/j.radonc.2018.08.016.

[4] Raschke, S., Spickermann, S., Toncian, T., Swantusch, M., Boeker, J.,

Giesen, U., et al. Ultra-short laser-accelerated proton pulses have simi-

lar DNA-damaging effectiveness but produce less immediate nitroxidative

stress than conventional proton beams. Scientific Reports 2016;6(1). URL:

http://www.nature.com/articles/srep32441. doi:10.1038/srep32441.

[5] Bayart, E., Flacco, A., Delmas, O., Pommarel, L., Levy, D., Cavallone,

M., et al. Fast dose fractionation using ultra-short laser accelerated proton

pulses can increase cancer cell mortality, which relies on functional PARP1

protein. Scientific Reports 2019;9(1):10132. URL: https://doi.org/10.

1038/s41598-019-46512-1. doi:10.1038/s41598-019-46512-1.

[6] Macchi, A., Borghesi, M., Passoni, M.. Ion acceleration by superin-

tense laser-plasma interaction. Reviews of Modern Physics 2013;85(2):751–

793. URL: https://link.aps.org/doi/10.1103/RevModPhys.85.751.

doi:10.1103/RevModPhys.85.751.

[7] Wilks, S.C., Langdon, A.B., Cowan, T.E., Roth, M., Singh, M.,

Hatchett, S., et al. Energetic proton generation in ultra-intense laser-

solid interactions. Physics of Plasmas 2001;8(2):542–549. URL: http://

aip.scitation.org/doi/10.1063/1.1333697. doi:10.1063/1.1333697.

[8] Zeil, K., Baumann, M., Beyreuther, E., Burris-Mog, T., Cowan,

T.E., Enghardt, W., et al. Dose-controlled irradiation of cancer cells

with laser-accelerated proton pulses. Applied Physics B 2013;110(4):437–

444. URL: http://link.springer.com/10.1007/s00340-012-5275-3.

doi:10.1007/s00340-012-5275-3.

[9] Doria, D., Kakolee, K.F., Kar, S., Litt, S.K., Fiorini, F., Ahmed, H.,

et al. Biological effectiveness on live cells of laser driven protons at dose

rates exceeding 10 9 Gy/s. AIP Advances 2012;2(1):011209. URL: http://

aip.scitation.org/doi/10.1063/1.3699063. doi:10.1063/1.3699063.

24



[10] Yogo, A., Maeda, T., Hori, T., Sakaki, H., Ogura, K., Nishiuchi, M.,

et al. Development of laser-driven quasi-monoenergetic proton beam line

for radiobiology. Nuclear Instruments and Methods in Physics Research

Section A: Accelerators, Spectrometers, Detectors and Associated Equip-

ment 2011;653(1):189–192. URL: https://linkinghub.elsevier.com/

retrieve/pii/S0168900210027543. doi:10.1016/j.nima.2010.12.016.

[11] Tramontana, A., Candiano, G., Carpinelli, M., Cirrone, G.A.P.,

Cuttone, G., Jia, S.B., et al. The Energy Selection System for the laser-

accelerated proton beams at ELI-Beamlines. Journal of Instrumentation

2014;9(05):C05065–C05065. URL: http://stacks.iop.org/1748-0221/

9/i=05/a=C05065?key=crossref.56c454e3427abcece8f8cc9ef54a3239.

doi:10.1088/1748-0221/9/05/C05065.

[12] Pommarel, L., Vauzour, B., Mgnin-Chanet, F., Bayart, E.,

Delmas, O., Goudjil, F., et al. Spectral and spatial shap-

ing of a laser-produced ion beam for radiation-biology experiments.

Physical Review Accelerators and Beams 2017;20(3). URL: https:

//link.aps.org/doi/10.1103/PhysRevAccelBeams.20.032801. doi:10.

1103/PhysRevAccelBeams.20.032801.

[13] Bin, J., Allinger, K., Assmann, W., Dollinger, G., Drexler, G.A., Friedl,

A.A., et al. A laser-driven nanosecond proton source for radiobiological

studies. Applied Physics Letters 2012;101(24):243701. URL: http://aip.

scitation.org/doi/10.1063/1.4769372. doi:10.1063/1.4769372.

[14] Romano, F., Schillaci, F., Cirrone, G., Cuttone, G., Scuderi, V., Allegra,

L., et al. The ELIMED transport and dosimetry beamline for laser-driven

ion beams. Nuclear Instruments and Methods in Physics Research Sec-

tion A: Accelerators, Spectrometers, Detectors and Associated Equipment

2016;829:153–158. URL: https://linkinghub.elsevier.com/retrieve/

pii/S0168900216000929. doi:10.1016/j.nima.2016.01.064.

[15] Masood, U., Bussmann, M., Cowan, T.E., Enghardt, W., Karsch,

25



L., Kroll, F., et al. A compact solution for ion beam therapy

with laser accelerated protons. Applied Physics B 2014;117(1):41–

52. URL: http://link.springer.com/10.1007/s00340-014-5796-z.

doi:10.1007/s00340-014-5796-z.

[16] Masood, U., Cowan, T.E., Enghardt, W., Hofmann, K.M., Karsch,

L., Kroll, F., et al. A light-weight compact proton gantry design

with a novel dose delivery system for broad-energetic laser-accelerated

beams. Physics in Medicine & Biology 2017;62(13):5531–5555. URL:

http://stacks.iop.org/0031-9155/62/i=13/a=5531?key=crossref.

9c33a29532fca4238403ac3d4828ff55. doi:10.1088/1361-6560/aa7124.

[17] Milluzzo, G., Pipek, J., Amico, A., Cirrone, G., Cuttone, G., Korn,

G., et al. Transversal dose distribution optimization for laser-accelerated

proton beam medical applications by means of Geant4. Physica Medica

2018;54:166–172. URL: https://linkinghub.elsevier.com/retrieve/

pii/S1120179718311323. doi:10.1016/j.ejmp.2018.07.008.

[18] Margarone, D., Cirrone, G., Cuttone, G., Amico, A., And, L., Borghesi,

M., et al. ELIMAIA: A Laser-Driven Ion Accelerator for Multidisciplinary

Applications. Quantum Beam Science 2018;2(2):8. URL: http://www.

mdpi.com/2412-382X/2/2/8. doi:10.3390/qubs2020008.

[19] Romano, F., Cirrone, G.A.P., Cuttone, G., Schillaci, F., Scuderi, V.,

Amico, A., et al. Status of the ELIMED multidisciplinary and medi-

cal beam-line at ELI-Beamlines. Journal of Physics: Conference Series

2017;777:012016. URL: http://stacks.iop.org/1742-6596/777/i=1/

a=012016?key=crossref.42f4d426efed7564f342dd3dfd4183d7. doi:10.

1088/1742-6596/777/1/012016.

[20] Bhoskar, M.T., Kulkarni, M.O.K., Kulkarni, M.N.K., Patekar, M.S.L.,

Kakandikar, G., Nandedkar, V.. Genetic Algorithm and its Applica-

tions to Mechanical Engineering: A Review. Materials Today: Proceed-

26



ings 2015;2(4-5):2624–2630. URL: https://linkinghub.elsevier.com/

retrieve/pii/S2214785315004642. doi:10.1016/j.matpr.2015.07.219.

[21] Hussain, A., Muhammad, Y.S., Nauman Sajid, M., Hussain, I., Mo-

hamd Shoukry, A., Gani, S.. Genetic Algorithm for Traveling Salesman

Problem with Modified Cycle Crossover Operator. Computational Intelli-

gence and Neuroscience 2017;2017:1–7. URL: https://www.hindawi.com/

journals/cin/2017/7430125/. doi:10.1155/2017/7430125.

[22] Ghaheri, A., Shoar, S., Naderan, M., Hoseini, S.S.. The Applications of

Genetic Algorithms in Medicine. Oman Medical Journal 2015;30(6):406–

416. URL: http://www.omjournal.org/fultext_PDF.aspx?DetailsID=

704&type=fultext. doi:10.5001/omj.2015.82.

[23] McCall, J.. Genetic algorithms for modelling and optimisation.

Journal of Computational and Applied Mathematics 2005;184(1):205–

222. URL: https://linkinghub.elsevier.com/retrieve/pii/

S0377042705000774. doi:10.1016/j.cam.2004.07.034.

[24] Schillaci, F., Pommarel, L., Romano, F., Cuttone, G., Costa,

M., Giove, D., et al. Characterization of the ELIMED Per-

manent Magnets Quadrupole system prototype with laser-driven

proton beams. Journal of Instrumentation 2016;11(07):T07005–

T07005. URL: http://stacks.iop.org/1748-0221/11/i=07/

a=T07005?key=crossref.6d22d3e6a1e239a45321a1eac92099a7.

doi:10.1088/1748-0221/11/07/T07005.

[25] Roberts, T.J., Kaplan, D.M.. G4beamline simulation program for

matter-dominated beamlines. In: 2007 IEEE Particle Accelerator Con-

ference (PAC). Albuquerque, NM: IEEE. ISBN 978-1-4244-0916-7; 2007,

p. 3468–3470. URL: http://ieeexplore.ieee.org/document/4440461/.

doi:10.1109/PAC.2007.4440461.

[26] Agostinelli, S., Allison, J., Amako, K., Apostolakis, J., Araujo, H.,

Arce, P., et al. Geant4a simulation toolkit. Nuclear Instruments and

27



Methods in Physics Research Section A: Accelerators, Spectrometers, De-

tectors and Associated Equipment 2003;506(3):250–303. URL: http://

linkinghub.elsevier.com/retrieve/pii/S0168900203013688. doi:10.

1016/S0168-9002(03)01368-8.

[27] Allison, J., Amako, K., Apostolakis, J., Arce, P., Asai, M., Aso,

T., et al. Recent developments in Geant4. Nuclear Instruments and

Methods in Physics Research Section A: Accelerators, Spectrometers, De-

tectors and Associated Equipment 2016;835:186–225. URL: https://

linkinghub.elsevier.com/retrieve/pii/S0168900216306957. doi:10.

1016/j.nima.2016.06.125.

[28] Schillaci, F., Maggiore, M., Rifuggiato, D., Cirrone, G., Cuttone,

G., Giove, D.. Errors and optics study of a permanent magnet

quadrupole system. Journal of Instrumentation 2015;10(05):T05001–

T05001. URL: http://stacks.iop.org/1748-0221/10/i=05/

a=T05001?key=crossref.d264b26a92ab48d5f6cdac0348c09f2c.

doi:10.1088/1748-0221/10/05/T05001.

[29] Cirrone, G., Cuttone, G., Di Rosa, F., Guatelli, S., Mascialino, B., Pia,

M.G., et al. Validation of Geant4 Physics Models for the Simulation of the

Proton Bragg Peak. In: 2006 IEEE Nuclear Science Symposium Conference

Record. San Diego, CA, USA: IEEE. ISBN 978-1-4244-0560-2; 2006, p. 788–

792. URL: http://ieeexplore.ieee.org/document/4179123/. doi:10.

1109/NSSMIC.2006.355969.

[30] Hall, D.C., Makarova, A., Paganetti, H., Gottschalk, B.. Val-

idation of nuclear models in Geant4 using the dose distribution of

a 177 MeV proton pencil beam. Physics in Medicine and Biol-

ogy 2016;61(1):N1–N10. URL: http://stacks.iop.org/0031-9155/61/

i=1/a=N1?key=crossref.8b7b552cdd6f4cbee64002afe1216228. doi:10.

1088/0031-9155/61/1/N1.

[31] Cirrone, G., Cuttone, G., Di Rosa, F., Mazzaglia, S., Romano, F.,

28



Attili, A., et al. Hadrontherapy: An open source, Geant4-based appli-

cation for proton-ion therapy studies. In: 2009 IEEE Nuclear Science

Symposium Conference Record (NSS/MIC). Orlando, FL: IEEE. ISBN

978-1-4244-3961-4; 2009, p. 4186–4189. URL: http://ieeexplore.ieee.

org/document/5402279/. doi:10.1109/NSSMIC.2009.5402279.

[32] Cirrone, G.A.P., Cuttone, G., Mazzaglia, S.E., Romano, F., Sar-

dina, D., Agodi, C., et al. Hadrontherapy: a Geant4-Based Tool

for Proton/Ion-Therapy Studies. Progress in Nuclear Science and Tech-

nology 2011;2(0):207–212. URL: http://www.aesj.or.jp/publication/

pnst002/data/207-212.pdf. doi:10.15669/pnst.2.207.

[33] Kraft, S.D., Richter, C., Zeil, K., Baumann, M., Beyreuther,

E., Bock, S., et al. Dose-dependent biological damage of tumour

cells by laser-accelerated proton beams. New Journal of Physics

2010;12(8):085003. URL: http://stacks.iop.org/1367-2630/12/i=8/

a=085003?key=crossref.ef9ee173ed98d32ce2feb2f2f6e0dcd3. doi:10.

1088/1367-2630/12/8/085003.

[34] Desrosiers, M., DeWerd, L., Deye, J., Lindsay, P., Murphy, M.K.,

Mitch, M., et al. The Importance of Dosimetry Standardization in Ra-

diobiology. Journal of Research of the National Institute of Standards and

Technology 2013;118:403. URL: https://nvlpubs.nist.gov/nistpubs/

jres/118/jres.118.021.pdf. doi:10.6028/jres.118.021.

[35] Burris-Mog, T., Harres, K., Nrnberg, F., Busold, S., Bussmann, M.,

Deppert, O., et al. Laser accelerated protons captured and transported

by a pulse power solenoid. Physical Review Special Topics - Accelera-

tors and Beams 2011;14(12). URL: https://link.aps.org/doi/10.1103/

PhysRevSTAB.14.121301. doi:10.1103/PhysRevSTAB.14.121301.

29




