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Abstract: Laser-accelerated ion beams could represent the future of particle acceleration in several
multidisciplinary applications, as for instance medical physics, hadrontherapy and imaging field,
being a concrete alternative to old paradigm of acceleration, characterized by huge and complex
machines. In this framework, following on from the ELIMED collaboration, launched in 2012
between INFN-LNS and ELI-Beamlines, in 2014 a three-years contract has been signed between
the two institutions for the design and the development of a complete transport beam-line for
high-energy ion beams (up to 60 MeV) coupled with innovative diagnostics and in-air dosimetry
devices. The beam-line will be installed at the ELI-Beamlines facility and will be available for
users. The measurement of the beam characteristics, such as energy spectra, angular distributions
and dose-rate is mandatory to optimize the transport as well as the beam delivery at the irradiation
point. In order to achieve this purpose, the development of appropriate on-line diagnostics devices
capable to detect high-pulsed beams with high accuracy, represents a crucial point in the ELIMED
beamline development. The diagnostics solution, based on the use of silicon carbide (SiC) and
diamond detectors using TOF technique, will be presented together with the preliminary results
obtained with laser-accelerated proton beams.
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1 Introduction

As it is well known, proton and heavy ion radiotherapy for cancer treatment represent a powerful
tool allowing the irradiation of tumors with a higher spatial selectivity than the conventional
radiotherapy based on photons [1, 2]. Proton and ion beams with sufficient energy to penetrate the
human tissue, are typically accelerated from huge and expensive cyclotrons and synchrotrons. The
complexity and the high maintenance costs of the accelerating machines often limit the worldwide
spread of hadrontherapy centers, leading to consider innovative and alternative particle acceleration
mechanism based machine [3, 4]. In this framework, a growing interest of the scientific community
has been addressed to the study of short pulsed high power laser interaction with solid matter
as an alternative proton and ion source for fundamental research as well as for multidisciplinary
applications, including the medical one [5]. For the first time in 1957, Veksler introduced the
concept of "coherent acceleration" [6], indicating the proportionality between the acceleration field
for each particle with the number of particles being accelerated, in contrast with the conventional
particle acceleration technique. This new concept can be considered as the starting point for the
laser-based acceleration field. A high power laser interacting with solid foil, releases instantly its
energy in a µm small spot creating a state of ion-electron plasma on the surface. Strong electric
fields are generated by the collective displacement of a large number of electrons, accelerating
protons and ions until charge neutrality is restored, together with electrons in a ballistic way.
According to the laser characteristics, as the intensity, the energy on target and the time duration
(ps-fs), different acceleration regimes can be distinguished so far as for instance target normal
sheath acceleration (TNSA) [7–9], the radiation pressure acceleration (RPA) [10] and the Break-out
afterburner acceleration [11]. The TNSAmechanism, dominant for the intensity regime above 1018

W/cm2, has been widely investigated both experimentally and theoretically as reported in literature
[6, 12]. Nevertheless in this regime, proton and ion beams accelerated from laser-target interaction
show some peculiar non-conventional characteristics, as the short pulse duration of the order of
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0.1-1 ns, the high peak current up to 1012 p/bunch, the broad energy and angular distribution and
the poor shot-to-shot reproducibility [6]. As a consequence, in order to use laser-driven beams
for different kind of applications, like the hadrontherapy, a complete system suitable to transport,
select and control the particle beam from the source to the irradiation point, has to be developed.
This is the main goal of several recent projects as the LIBRA (Laser Induced Beams of Radiation
and their Applications) project at the Queen’s University of Belfast (UK) [13]and OnCoOPtics
[14] (High-Intensity Lasersfor Radiooncology), a cooperation between the centers of innovation
OncoRay in Dresden and the Helmholtz-Zentrum Dresden-Rossendorf (HZDR). In this framework,
the collaboration, born in the 2012, between the Laboratori Nazionali del Sud (LNS-INFN) and
ASCR-FZU (Institute of Physics of the CzechAcademy of Science) [15] in charge for the installation
of the ELI-Beamlines facility in Prague lead to the signature of a three-years contract between the
two institutions. The contract main aim is the realization of a whole beamline devoted to transport,
handling and dosimetry of the optically accelerated ions for multidisciplinary applications which
will be generated from the PW laser, available in the next years in Prague[16]. LNS-INFN
is in charge of development, test and installation of all the elements composing the ELIMED
beamline which will be installed along the ELIMAIA (ELI Multidisciplinary Applications of laser-
Ion Acceleration) beamline, devoted to the ion acceleration at ELI-Beamlines, by the end of 2017.
In this contribution, a general overview of the ELIMED beamline with particular attention to the
online diagnostics system, developed to measure the ion energy spectrum and fluence pulse to pulse,
will be given.

2 The ELIMED approach

The general idea of the ELIMED beamline, entirely developed by the INFN-LNS, is to obtain a
stable and reproducible beam at the irradiation point, in spite of the intrinsic shot-to-shot instability,
developing specific transport elements, suitable to collect and select the broad energy distribution
beam, and appropriate detectors allowing to measure the beam energy spectrum and the absolute
dose delivered per pulse [17, 18]. The ELIMED beamline solution is a modular system, composed
by three main components: a) collection and diagnostics section, b) transport and energy selection
section and c) in-air dosimetry section. Due to the wide angular divergence that can reach ± 20◦,
to collect the largest number of protons a system of five permanent magnet quadrupoles (PMQs)
allowing to focus protons up to an energy of 60 MeV, has been designed and developed . The PMQs
are based on a hybrid Halbach array [19] in order to maximize the magnetic field strength, quality
and uniformity by keeping the system as compact as possible. The focus for a specific energy and
species is obtained changing the relative distance between each of the PMQs.

In order to improve the transmission efficiency and to optimize the matching with selection
system acceptance, the PMQs system is placed downstream the target at about 50 mm from it. After
the quadrupoles system, a diagnostics device will be placed. It will consist of a diamond detector
used in TOF configuration and will be described in details in the next section. The measurement
of the energy spectrum and number of particles after the PMQs focusing system is indeed a crucial
information, allowing the possibility to enhance the transmission and the acceptance for the second
transport element: the energy selector system (ESS). The ESS will be composed of four tunable
resistive magnets allowing to vary the current and then the magnetic field depending on the ion
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Figure 1. Scheme of the ELIMED beam line showing all the components: the quadrupoles system (PMQs),
the Time Of Flight detectors (TOF), the energy selector system (ESS), the conventional part, the secondary
emission monitor (SEM), the ionization chamber (IC) and the Faraday Cup (FC). The distances from the
target for the first quadrupole, the TOF detector and the final in-air section are reported.

species and the energy to be selected. It will be based on a resistive coil system with alternating
field, with a maximum reachable magnetic field of 1.2 Tesla. The output beam is then a beam nearly
monochromatic with a maximum energy spread of 5% for 60 MeV protons. The beam coming
out from this first section of the beamline (PMQs+ESS) will have characteristics similar to the
conventional beams and, hence, easy to transport and shape with conventional magnetic lenses,
such as resistive quadrupoles and steerers. These will be placed in the last part of the in-vacuum
beam-line as shown in figure 1. A second TOF detector will be placed after the conventional
elements, at about 9 m from the target, in order to perform the energy and fluence measurement
of the already-selected beam and give crucial information for the dosimetry devices placed in-air.
A 50 µm kapton window divides the in vacuum transport section (PMQs+ESS) from the in-air
dosimetry section. In medical applications, such as radiotherapy/hadrontherapy, according to the
Code of Practice for Dosimetry IAEATRS- 398 of 2006 [20], a 5% accuracy between the prescribed
dose and the delivered dose must be reached in order not to compromise the treatment and, as a
consequence, the patient’s health. The choice of the dosimetry devices has been, then, a critical
point during the ELIMED design. The extremely high dose-rate of laser-driven ion beams does
not allow the use of dose-rate dependent dosimetry devices as well as conventional ones, as the
ionization chamber. For this reason, a Faraday Cup (FC), able to collect the charge in a dose-rate
independent way, has been chosen as absolute dosimeter at the end of beamline, while a multi-gap
transmission ionization chamber will be employed as relative dosimeter, to be cross-calibrated with
respect to the FC. Both dosimetry devices have peculiar geometries, allowing to increase the charge
collection efficiency and correct for the gas recombination effect due to the huge particle fluence,
respectively [17]. A secondary emission monitor (SEM) will be also used as relative dosimeter,
giving information on the particle current.
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Monte Carlo Geant4 simulations [21, 22] of the whole ELIMED beamline have been also carried
out, as support for the design of the single elements composing the beamline and to more rigorously
evaluate the transport of the beam through the magnetic elements. Moreover, the Geant4 simulation
will be extremely important to improve the beam transport along the in-air section, where an
homogeneous beamand a flat profile is required for samples irradiation. The application reproducing
the whole ELIMED beamline will be also supplied to ELI-Beamline facility, and it will become
together with the ELIMED beamline, a suitable user-friendly tool for all the users that will perform
experiments at ELIMAIA.

3 Diagnostics system

As it has been already underlined in section 1, laser-driven proton beam characteristics are very far
from the conventional ones and, as a consequence, the detection of such high-pulsed beams cannot
be performed using traditional particle detectors. In particular, the requirements needed to measure
the energy and the flux of laser-driven beams are: radiation hardness (>1012 p/bunch), fast charge
collection, due to the intense proton pulse duration of about 10 ns and good signal-to-noise ratio,
due to the huge electromagnetic pulse (EMP) which characterizes the laser environment [23].
Moreover, considering the high laser repetition rate (1-10 Hz) at ELIMAIA, the use of detectors
able to give online shot-to-shot information of the beam parameters, as energy and intensity, is
fundamental in order to monitor and control continuously the beam for applications. A good
time resolution is also required to disentangle the different components of the incoming beams, to
discriminate the particle species and reconstruct the correspondent energy.
Typically, electrons, protons and ions are accelerated by laser-target interaction and a time evolution
signal of all the beam particles produced, i.e. a TOF signal, can be acquired using detectors such
as Faraday Cups and ion collectors. Nevertheless, the low time and energy resolution of these
detectors limit the time separation of the different accelerated species or/and charge states, required
for the identification and the energy reconstruction, particularly, for high energy (> 10 MeV) proton
beams.
For all these reasons, SiC and diamond detectors, offering all these advantageous properties [24–
26], are the most appropriate for high energy proton beam diagnostics along the ELIMED beamline.
In particular, two different types ofChemicalVapourDeposition (CVD) diamond detectors, supplied
by the CIVIDEC Instrumentation company [27], have been chosen for laser-accelerated beam
diagnostics at ELIMAIA: a 100 µm thickness polycrystalline (pCVD) high radiation detector,
specifically designed for high intensity loss measurements and a 500 µm thickness single crystal
diamond detector (sCVD). The detector housing is made of epoxy loaded FR4, gold metalized and
completely RF shielded. The whole PCB is contained in an Aluminium box with size 55 mm x 55
mm x 15 mmwith extra RF shielding, useful for the EMP attenuation. Detector housings have been
provided with window apertures of 2 mm diameter for the pCVD and 3 mm diameter for the sCVD.
The operational characteristics of these two detectors, in terms of intrinsic rise time and response,
have been tested using a a 241Am α particle source facing both detectors in-vacuum. The α particle
signal has been stored by a 2 GHz Le Croy digital oscilloscope with a 50Ω load impedance by using
a CIVIDEC C2 Broadband Amplifier, and both detectors were biased using a CAEN DT1471HET
power supply. The signal amplitude dependence from the applied voltage has been measured for
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the sCVD, as shown in figure 2a. As expected, the signal amplitude increases with the voltage,
ranging from 250 Volt to 400 Volt, the latter being the operational value suggested by the company.
For such voltage, a rise time of less than 2 ns has been measured, as shown in the insert of figure 2a.
The α signal acquired applying a positive voltage of 200 V to the pCVD is also shown in figure 2b.
A rise time of less than 400 ps has been measured with this detector (insert figure 2b). The results,
in agreement with the specification given by the CIVIDEC, show as expected, a faster response for
the thin pCVD with respect to the thick sCVD diamond detector.
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Figure 2. a) α signal acquired by the sCVD detectors with 250 V (blue), 350 (red) and 400 (green) applied
Bias voltage. The insert in the top-right shows the rise time of the signal with 400 Volt Bias voltage. b) α
signal acquired by the pCVD detectors with 200 V applied Bias voltage and rise time of the signal (insert in
the top-right).

Also SiC detectors, used as prototypes for the laser-accelerated beams diagnostics, show similar
time and energy response as reported in [28] and will be employed as complementary detectors,
particularly in the preliminary phase of the ELIMED installation. Asmentioned above, the detectors
will be employed using Time Of Flight (TOF) technique and will be placed at two different distances
from the target, giving crucial information for the particle transport. The signal will be directly
acquired using fast oscilloscopes, connected with a centralized control system, in order to register
the signal and perform the preliminary analysis for the on-line beam monitoring.

4 Tests with laser-driven proton beams

The pCVD and the sCVD have been recently tested with laser-driven proton beamswith the Petawatt
VULCAN laser at RAL laser facility. The VULCAN laser is a neodymium glass laser operating
at a central wavelength of 1053 nm and delivering 500 J on target in a short pulse of about 500 fs
[29]. The pCVD and the sCVD have been used to detect the accelerated beams in the backward
direction at 1.22 m from the target and at about 11◦ with respect to the target normal axis. A 25 µm
thick aluminium target was used, inducing the particle acceleration. Figure 3 shows the typical time
evolution signal acquired for one shot with the pCVD and registered with a 2.5 GHz digital scope.
The first peak appearing at the beginning of time axis corresponds to the so-called photo-peak,
arising from UV, X-rays and fast electrons emitted from the target, and fixes the starting point for
the acquisition, i.e. the trigger signal. The low sensitivity of thin diamond detector to the light
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reflects in a narrow photo-peak; this is another important advantage for high energy laser-driven
beam detection, allowing to discriminate the photo-peak from the high-energy protons characterized
by short TOF, especially at short flight path as in the case shown in figure 3.
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Figure 3. Total signal detected by the pCVD placed at 1.22 m from the target.

In spite of the short flight path (1.22 m), two time-separated peaks can be easily disentangled
in the TOF signal, shown in figure 3, corresponding respectively to the fast accelerated proton
component, about 20 MeV, and the slow ion contribution. As indicated in figure 3, a fitting
procedure on the peak arising from the fast proton contribution has been performed using the well-
known Maxwell-Boltzmann shifted functions [24], in order to investigate the time response of the
detector with such high energy pulsed beams. A rise time of 1.5 ns and a FWHM of about 3.5 ns
have been measured, showing the fast response of the pCVD, which represents a promising result,
in view of the expected 60 MeV protons at ELIMAIA.
The good time resolution allows to distinguish the fast proton component of the beam from the
photo-peak as well as from the slow ion contribution also at a short distance from the target. The
broad ion contribution (second peak), due to the acceleration of light ions as for instance carbon
and oxygen, typically present as contaminants in the target, overlapping with the low-energy proton
contribution, makes more difficult the signal deconvolution procedure in this time region, not
allowing an easy proton energy spectrum reconstruction.

However, for multidisciplinary applications, especially medical ones, an important improve-
ment can be achieved by developing novel target material, capable of producing only protons
(without contamination). For this reason a recent experimental campaign using the ELISE (exper-
iments on laser interaction with solid hydrogen) target system has been performed at PALS laser
facility in Prague by using pure cryogenic hydrogen target with an alternative approach that provides
a continuous flow of thin laminar targets [30]. This sophisticated target system was used for the
first time with the 2 TW PALS laser, characterized by an energy on target of about 600 Joule and a
time pulse of 300 ps. In this experiment a 21 µm thickness 2x2 mm2 SiC was placed at 0◦ at 106
cm in forward direction to detect the generated protons. A voltage of 150 Volt was applied to the
detector to deplete a thickness of about 5 µm [31] and 4.8 µm thick aluminium absorber was used
in order to stop protons up to 450 KeV. Figure 4 shows a typical TOF signal registered during a
shot with the SiC detector. In this case, no ions were accelerated from the target and the total signal
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registered is the convolution of different proton populations with different emission energies.
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Figure 4. Total TOF signal acquired with SiC detector placed at 1.06 from the target. The five identified
proton distributions are reported with different colours in the plot. The rise time and the time distance
between the first and the second peak and the second and the third peak are reported, demonstrating the fast
response of the detector

Five different proton contributions have been identified, as shown in figure 4, by performing a
deconvolution procedure of the signal with theMaxwell Boltzmann shifted functions, corresponding
to an energy ranging from 450 KeV up to 1MeV. A rise time of 3 ns has been measured, as indicated
in figure 4, showing how this kind of diagnostics using TOF method, can represent a powerful tool
for the on-line detection of the expected high energy proton beams at ELIMAIA.

5 Conclusions

The results reported in the last sections show how a TOF technique, consisting on the particle Time
of Flight measurement for laser-driven beam diagnostics, represents one of the most appropriate
method for particle energy spectrum and flux reconstruction in this kind of environment. Moreover
the use of such devices as diamond and SiC detectors described above and characterized by a good
time and, as a consequence, energy resolution, is a strong requirement in view of the expected
60 MeV proton beams at ELIMAIA. A good time resolution of the diagnostics system along the
ELIMED beamline assures the accurate reconstruction of the proton energy spectrum and fluence
also at short flight path (just 2 m after the PMQs system), allowing the optimization of the proton
transport through the energy selector system, in terms of transmission and energy spread at the end
of the beamline. Furthermore the on-line monitoring of the beam parameters, possible with TOF
detectors, allows to tune laser and transport parameters according to the required output beam in
the in-air final section, assuring shot-to-shot controllable beams, necessary for application purpose.
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