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The main effort of the laser-driven ion acceleration community is aimed at improving particle beam features (in terms of final maximum energy, particle charge, and beam divergence) and to demonstrate reliable approaches for use for multidisciplinary applications. An ion acceleration target area based on unique laser capabilities is available at ELI-Beamlines (Extreme Light Infrastructure) in the Czech Republic; it is called ELIMAIA (ELI Multidisciplinary Applications of laser-Ion Acceleration) and aims to provide stable and characterized beams of particles accelerated by high-power lasers to offer them to the user community for interdisciplinary studies. The ELIMAIA section dedicated to ion focusing, selection, characterization, and irradiation is named ELIMED (ELI MEDical and multidisciplinary applications). Thanks to ELIMED, very high-dose-rate (around Gy/min) controlled proton and ion beams, with energy levels ranging from 5 to 250 MeV, will be transported to an in-air section dedicated to absolute and relative dosimetry of the laser-generated ions. A transmission dual-gap air ionization chamber will allow an on-line, non-destructive characterization of the ion dose at the user sample irradiation point. The uncertainty in the final dose released onto the sample is expected to be well below 5%. An ELIMED radiobiology pilot experiment is scheduled for 2021, during which in-vitro cell irradiations will be carried out with well-controlled proton beams. In this work, the status of the ELIMED/ELIMAIA beamline will be described along with a complete definition of the main dosimetric systems and of their calibrations carried out at conventional accelerators.
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1. INTRODUCTION

Ion acceleration driven by pulsed laser-plasma sources is a rapidly emerging field of Physics resulting from recent high-power laser technology achievements in terms of ultra-high intensities (> 1021 W/cm2) reached on target. This has allowed us to explore extreme regimes of laser-matter interaction. Ultra-high electric and magnetic fields are generated in the laser-target interaction, and plasma electrons (known as hot electrons) are accelerated to relativistic energies in a very compact approach (um-scale). Typically, such a plasma electron heating mechanism leads to the acceleration of high-energy ion beams from a thin solid target (um-thick foil) based on a sheath field, which is created on the target's rear surface. Charge separation and proton/ion acceleration occurs for a very short time, and ions and electrons ultimately co-propagate in vacuum. Recent experiments have recorded proton energies around 100 MeV [1]. However, laser-driven ion beams are still not ready for societal applications, which require advanced beam parameters in terms of divergence, energy spread, homogeneity, and stability. Newly developed laser technologies based on diode-pumped lasers, such as various systems recently installed at ELI-Beamlines [2], will enable users to explore new laser-plasma acceleration schemes of interest for multidisciplinary applications. However, for such novel high peak power (1–10 PW), high repetition rate (up to 10 Hz) laser systems will have to demonstrate that the key challenge to progressing laser-driven ion sources from the realms of scientific curiosity to applications of benefit for the economy and society, i.e., high rep-rated capability and stability both of the laser and the particle sources, is successfully solved.

Hadrontherapy is a radiation therapy technique used for cancer treatment known for its high ballistic precision and radiobiological effectiveness, which is peculiar for hadrons with respect to electrons and gamma-rays [3, 4]. The idea of using hadrons for cancer treatment was first proposed in 1946 by the physicist Robert Wilson. The first patients were treated in the 1950s in nuclear physics research facilities by means of non-dedicated accelerators. Initially, the clinical applications were limited to few parts of the body, as accelerators were not powerful enough to allow protons to penetrate deep in the tissues. In the late 1970s, improvements in accelerator technology, coupled with advances in medical imaging and computing, made proton therapy a viable option for routine medical applications. However, only in the beginning of the 1990s were proton facilities established in clinical settings, the first of these being in Loma Linda, USA. Currently, about 30 proton centers are either in operation or in construction worldwide. Although protons are used in several hospitals, the next step in radiation therapy is the use of carbon and other ions. These have some clear advantages even over protons in providing both local control of very aggressive tumors and a lower acute or late toxicity, thus enhancing the quality of life during and after cancer treatment. Since the birth of hadrontherapy, more than 120,000 patients have been treated globally with hadrons, including 20,000 with carbon ions. In Europe, the interest in hadrontherapy has grown rapidly, and the first dual ion (carbon and protons) clinical facility in Heidelberg, Germany, started treating patients in 2009. Three more of such facilities are now in operation treating patients: CNAO in Pavia, MIT in Marburg, and MedAustron in Wiener Neustadt. Globally, there is a huge momentum within particle therapy, especially concerning treatment with protons. By 2020, it was expected there would be almost 100 centers around the world with over 30 in Europe. Even if within expansion, the number of hadrontherapy centers worldwide is still limited mainly due to the associated large costs for implementation and operation; this stems not only from the need of sophisticate acceleration systems (particularly for heavier ions) but also for the complexity of ion beam delivery systems (known as “gantries”), radiation protection (shielding), and facility management. One of the main objectives of the scientific community working in the field of laser-plasma ion acceleration is to demonstrate stable, flexible and compact (cost-effective) acceleration schemes for potential societal applications [5]. Moreover, a laser-plasma source offers the possibility of simultaneous delivery of particle (ions and electrons) and photon (X/gamma rays) beams, thus enabling hybrid approaches of interest to cancer therapy [6].



2. ELIMED: THE ION BEAM TRANSPORT AND DOSIMETRIC SECTION OF THE ELIMAIA BEAMLINE

The objective of the laser-driven ion target area ELIMAIA (ELI Multidisciplinary Applications of laser-Ion Acceleration) at ELI-Beamlines (Extreme Light Infrastructure) is to provide beams of particles accelerated by petawatt-class lasers suitable for multidisciplinary applications. Ion beams produced and accelerated in laser-matter interaction processes show high intensities, several ion charge states, broad energy spectra, and energy-dependent angular distributions. As a consequence, a beamline for laser-accelerated ions must be able to define and control particle energy and angular distribution. The ELIMAIA beamline consists of two principal subsystems: the Ion Accelerator section and the ELI MEDical applications (ELIMED) section. ELIMED, in turn, consists of three main parts: ion collection and focusing, ion energy selection, and in-air transport [7, 8]. The goal of the collection and focusing section is to collimate the ion beam and to reduce its initial high divergence. The focusing element is composed of a set of permanent magnet quadrupoles (PMQs). Quadrupoles are necessary to obtain a focusing effect on both transversal planes as well as for suitable matching with the acceptance of the following selection system. The energy selector system (ESS) consists of four tunable resistive dipoles arranged with alternating fields and whose magnetic characteristics can be varied depending on the energy and ion species to be selected. A rectangular aperture, locate after the second dipole, allows us to control the beam energy spread. The transported ion and proton beams are monitored along the beamline with several diagnostics based on solid-state detectors. In particular, diamond and silicon carbide (SiC) are extensively used along the beamline in a time-of-flight configuration (TOF) [9, 10]. The possibility to perform accurate shot-to-shot measurements of the dose released to user samples is a key feature guaranteed by the ELIMED diagnostic systems. In particular, ELIMED's absolute dosimetry system has been created to be independent from dose-rate and to allow on-line dosimetric evaluation with an error rate below 5%. The ELIMED dosimetry system is based on three main devices: a Secondary Electron Monitoring (SEM), a Multi-Gaps Ionization Chamber (MGIC), and a Faraday Cup (FC) for absolute dosimetry. Passive detectors, such as CR39 and radiochromic films (RCF), are also used to benchmark active ion diagnostic and dosimetry devices.


2.1. Beam Transport Elements

Figure 1 shows a photo of the ELIMAIA beamline. The Ion Accelerator section is visible in the photo only as a large laser-target interaction vacuum chamber (top-left), and laser/plasma optical and diagnostic devices for the two available PW-class lasers are not visible. Since the basic features of laser-driven ions are adverse to efficient beam manipulation (large divergence and energy spread), the use of several beam transport stages is mandatory. The ELIMED ion beam transport section is entirely shown in Figure 1 (blue and orange color). It consists of three main sub-systems. The Ion Collection section, located in a dedicated vacuum chamber close to the laser-target interaction point, is used to capture ions within a certain energy range, inject them into the energy selection system, and also provide a rough energy selection capability. This section consists of a set of five PMQs with high magnetic field gradient of 50 T/m [11, 12] (1.8 T over a 36 mm magnetic bore) placed on a displacement system to adjust the beam optical elements for different ion energies based on the energy selection system (ESS) configuration. Ions with a given energy spread are focused into a position where the energy selection occurs (radial plane) and their angular aperture is reduced angular aperture in the transverse plane, which is as required for an optimal matching between the acceptance and the transmission efficiency of the ESS. This device consists of a double dispersive mode magnetic chicane, made of four C-shaped electromagnetic dipoles with laminated core and a selection slit set in the middle plane [13], to cut the undesired energy components of incoming ions. The ELIMED ESS can select protons with 300 MeV maximum energy and heavier ions with 60 MeV per nucleon. The chicane is based on a fixed reference trajectory with variable magnetic field (0.063–1.22 T) to cover a large expected ion energy range. The energy spread of the selected ion beam has a linear dependence on the slit aperture (10 mm aperture corresponds to a spread of 10% FWHM). After the chicane, the ion beam is delivered to a final beam shaping section, which consists of two resistive quadrupoles (gradients up to 10 T/m over a 50 mm bore) and two correction elements for a fine focusing and alignment of the ion beam onto the user sample. The use of a laminated core for the electromagnets guarantees a fast change in the magnetic field, reducing the hysteresis effect. The whole ELIMED beamline, but the collection section, can thus be used as an active energy modulator. The possibility to carry out high resolution on-axis ion spectrometry has recently been investigated and is being implemented as an upgrade of the ESS, which will be used as a combined device: a selection chicane (as described) or a Thomson Parabola spectrometer using the first dipole and a set of electrodes placed inside the selector chamber. A feasibility study proposed in [14] shows the main feature of the upgraded chicane and the diagnostic performances in the case of its use as a Thomson Parabola spectrometer. It basically consists of the first dipole in the chicane used as a magnetic deflector plus two electrostatic deflectors to be installed in the vacuum chamber. In this way, the spectrometer will have a sector with a wide dynamic range and wide charge separation but relatively low energy resolution of about 10.


[image: Figure 1]
FIGURE 1. ELIMED ion beam line connected to the Interaction chamber (first chamber from the left), where the laser-acceleration occurs and where the collection systems sits. It follows the ESS and the beam shaping section. After this last section, the beam is delivered in the in-air dosimetry station.




2.2. Monte Carlo Simulations

The whole ELIMED beamline for laser-driven ion beam transport and characterization (including detectors for ion diagnostics and dosimetry) can be modeled by numerical simulations using the Geant4 Monte Carlo toolkit [15–17].

The ELIMED beamline simulation [18–20] is a powerful and reliable tool with which to predict the dosimetric parameters as well as the biological effects of high-dose-rate, pulsed ion beams on the human body. The ELIMED simulation software is divided into three different parts following the three main beamline sections as described in section 2.1: a part related to ion beam collection and diagnostics, one related to ion beam selection and transport, and finally a section related to ion beam dosimetry and samples irradiation [7]. A sketch of the ELIMED beamline as simulated by the Geant4 application is reported in Figure 2. Accurate magnetic field maps, obtained with the COMSOL and OPERA software for each quadrupole, are included in the application for a realistic simulation of the focusing effect by an accurate implementation of the high field gradients. A grid of the magnetic field maps for each single dipole of the ESS is also included in the ESS simulation.


[image: Figure 2]
FIGURE 2. Visualization of the complete beamline model.




2.3. Dosimetric System

The dosimetric system has been realized to meet the specific requirements of radiobiological experiments that cannot accept uncertainties above 5% in the absorbed dose measured at each shot. The definition of a protocol (including the detectors to be used, methods, and procedures) for absolute and relative dosimetry is, in fact, mandatory for the future clinical use of laser-driven proton beams in order to obtain absolute dose measurements with an accuracy and a precision comparable to what is typically required in clinical applications. The system must be suitable for operation with pulsed, high-intensity beams also in the presence of a strong electromagnetic noise associated with the interaction of ultra-high intensity lasers with a plasma target. All the detectors involved must be capable of measuring bunches of particles that are very short in time (1–10 ns) and very intense (typically 108 particle per bunch at the sample/detector). In order to accomplish this task, fast, low-noise, and variable-gains charge amplifiers were designed and realized at INFN-LNS and installed at ELI-Beamlines. The developed amplifier will allow to measure the total charge in each dosimetric system device at a repetition rate of 1 Hz, simultaneously minimizing the error.

This system includes three main devices: a secondary emission monitor, a multi-gap in-transmission ionization chamber for relative dose measurements, and a Faraday cup, which is designed to carry out absolute dosimetry. A sample irradiation system with sub-mm precision, dedicated to user samples (e.g., biological cells), is located at the end of the in-air section. Figure 3 shows a general outlook of the ELIMED beamline dosimetric section. The SEM detector, positioned in-vacuum just before the in-air section, is made of a thin (15 μm thick) tantalum foil. It is electrically insulated from the rest of the beamline by a polymethylmethacrylate (PMMA) frame. An actuator allows to move the SEM detector in/out the beamline axis. The SEM operating principle is based on the measurement of secondary electron emission (SEE) generated when multi-MeV charged particles pass through the tantalum foil. The detected signal is correlated to the incident beam current and can provide online information directly connected to the released dose at a given point if properly cross-calibrated against a reference dosimeter. The MGIC, developed by DE.TEC.TOR. S.r.l., Italy, is an innovative device realized for real-time dose monitoring delivered shot-to-shot. It consists of two consecutive ionization chambers, with a different inter-electrode gap of 5 and 10 mm, independently supplied with a voltage ranging from −1,000 to +1,000 V as well as −2,000 to +2,000 V, respectively. The presence of the second gap allows us, exploiting the different collection efficiency among the two chambers, to correct for any ion recombination effect caused by the expected extremely high dose rate (MGy-GGy per second). In order to overcome saturation effects typical of conventional dosimeters when used with laser-driven ions, an innovative FC has been designed and realized for absolute dosimetry. The FC was designed on the basis of previous works [21, 22], and the introduction of new geometrical solutions, aiming to optimize the charge collection efficiency and reduce uncertainties, related to the charge collection, which was explored by [23]. An additional electrode with a special beveled shape-coaxial and internal to the standard one in which a bias can be applied in the range between −2,000 and +2,000V, has been introduced. The final resulting electric field inside the FC is the combination of two field coming from the two coaxial electrodes. This special configuration of the electrodes produces an asymmetric electric field able to minimize the negative effects of the secondary electrons generated by the interaction of protons with the thin entrance window and the cup material itself. The beam energy spectra and the surface of its spot on the FC are necessary for the dose evaluation and will be measured using stacks of radiochromic films. They can be used both as a single detector, to precisely measure the transversal dose distributions profiles, or in stack configuration, in order to obtain information on the energy of the accelerated protons through an iterative procedure based on deconvolution methods (see section 2.4). The use of RCF films, if properly calibrated, also allows for an accurate measurement of the released dose distributions at the irradiation point with a spatial resolution less than 200 μm [24]. Solid state nuclear track detectors (CR-39 type) will also be used, representing a useful tool for charged particle fluences and spectroscopic analysis by measuring the track diameter arising from incident particles and extracting the corresponding energy from a suitable calibration curve [25].


[image: Figure 3]
FIGURE 3. Dosimetric section of ELIMED beamline: SEM and MG ionization chambers compose the relative dosimetry section, and FC is the element devoted to the absolute dosimetry.



2.3.1. FC Preliminary Characterization With a 35 MeV Conventional Proton Beam

The FC was firstly characterized with conventional (not pulsed and with intensities of the order of 400 pA) proton beams in terms of accuracy in absolute dose estimation during an experimental campaign carried out at the Zero Degree beamline of the INFN-LNS laboratory (Catania, Italy) [26]. The detector was positioned at the beamline isocenter and irradiated with a 35 MeV proton beam. The proton beam field was circular with a diameter of 15 mm. Size and homogeneity of the beam spot (in terms of space distribution) were measured for each experimental session using radiochromic film detectors (EBT3 type). The dose delivered was monitored online by an in-transmission ionization chamber previously calibrated with a Markus chamber (mod. 3002). A fixed dose of 5.13 ± 0.15 Gy was delivered for each measurement. The FC efficiency was evaluated by varying the voltage of the two electrodes. The working configuration corresponds to the maximum charge collection efficiency coupled with the minimum uncertainty due to the contribution of secondary electrons generated in the interaction between the beam and the detector itself [21]. The two-dimensional scatter plot of Figure 4 reports the percentage difference (expressed as a color gradient) between the dose measured by the FC and the dose released for each couple of applied voltage. The optimal configuration for which we register the minimal discrepancy corresponds to an electric field generated when −800 and +1,500 V are applied (circle indicated with the arrow) to the external and internal electrodes, respectively. In this case, the percentage discrepancy between the dose measured with the FC and the absolute dose monitored with the ionization chamber is 0.7%. Discrepancies up to 18% are observed for the other configurations.


[image: Figure 4]
FIGURE 4. Two dimensional scatter plot indicating the percentage difference between the dose measured by the Faraday Cup and the released dose. The discrepancy level is represented by a different color. The best configuration, obtained by applying the voltage of +1,500 to −800 V to the internal and external electrode, respectively, is indicated in the figure with a black arrow.





2.4. Spectroscopy and Dosimetry With Radiochromic Films

Radiochromic film is a dosimetric detection medium with high dynamic range and independent response from the incident dose rate. In general, RCF detectors contain one or more active layers of microcrystalline monometric dispersion buried in a plastic substrate [27, 28]. When an ionizing radiation hits it, the active material undergoes polymerization and changes its color with a degree of color conversion that, in a first approximation, is proportional to the absorbed dose. This makes possible the correlation (or calibration) between the absorbed dose and film darkening, which can be evaluated in terms of Optical Density (OD) [29]. The OD is the quantity able to quantify the intensity reduction of light transmitted through the film after the exposure. The correctness and precision in the OD calibration process represents the basis of an accurate measurement with an RCF. The OD value is obtained using a commercial scanner. RCFs arranged in a stack configuration can be used to detect the typical large divergence and continuous energy spectrum of laser-driven ion beams. The thickness of RCF is of the order of a hundred micrometers and can easily be crossed by protons of few MeVs. The stack consists of alternating layers of RCFs. Each layer allows detecting protons with different energies thus the entire spectrum of the incident proton beam can be reconstructed. In the framework of the ELIMED project, an analytical procedure able to reconstruct the incident energy spectra in a RCF stack was developed and validated [30]. The algorithm considers the dose read in the last irradiated layer of the stack and subtracts it from all previous layers applying specific weight coefficients for each layer. The whole process can be summarized the following:

[image: image]

where [image: image] represent the dose matrix related to the primary protons on the k-th layer of the stack; N is the number of layers in a stack, [image: image] is the dose matrix of the k-th layer taking into account all the traversing protons, and the ratio [image: image] represents the fraction of energy loss in the k-th layer of the stack of primary protons able to reach the i-th layer (i>k), which was acquired adopting the SRIM simulation programme [31]. The [image: image] is then converted in particle fluence [image: image] through:

[image: image]

where A is the area of the selected ROI constituted by LxM pixels (l=1,7,…, L, m=1,…, M), and [image: image] is the dose delivered by a single primary proton, and is calculated by SRIM. In order to verify the analysis approach above described, we tested the whole procedure irradiating the films with protons accelerated by the Superconducting Cyclotron available at Laboratori Nazionali del Sud-INFN (Catania, I). We positioned a stack of 31 RCF (EBT3 type) with the first film positioned at the isocenter of the CATANA experimental room; the stack was then irradiated with a monoenergetic beam of 35 MeV in energy. In Figure 5, the incident proton energy spectra derived with the described approach is shown.


[image: Figure 5]
FIGURE 5. Incident proton energy spectra obtained irradiating a stack of RCFs with 35 MeV monoenergetic beam of CATANA experimental room of LNS-INFN.





3. USER APPLICATIONS AT THE ELIMED FACILITY

The most recent studies performed with laser-driven particle bunches aim to compare the characteristics of such novel beams with the ones available at conventional accelerators. This is a key requirement to establish and validate irradiation procedures in analogy with the ones already existing when user samples are irradiated with conventional sources. The ELIMED beamline, indeed, was designed and realized with the long-term goal of exploring medical applications and to obtain extremely high shot-to-shot reproducibility, high precision in the delivered dose, quasi-monoenergetic beam spectra at the biological sample, and reproducibility of the transported beams. These specific characteristics can be certainly exploited for various multidisciplinary applications other than the medical ones; one example is the broad (Boltzman-like) energy spectrum of laser accelerated ions [32]. Most radiation occurring in space has an exponential or power-law energy distribution that cannot easily be reproduced with conventional accelerators. Radiation exposure is regarded as one of the main problems in long-term manned space missions. In this framework, it can be worthwhile to investigate the effects of beams with broad energy distributions on biological samples as well as on electronic devices and materials, and this can be easily carried out at the user sample irradiation station of ELIMED. Laser-accelerated proton beams transported and selected at ELIMED could be also used as an innovative diagnostic technique in the field of Cultural Heritage. Adopting these beams could have considerable advantages over conventional PIXE (proton-induced X-ray emission), PIGE (proton-induced gamma-ray emission), and DPAA [33] (Depth Proton Activation Analysis) spectroscopy. Protons accelerated by laser-matter interaction have the advantage of allowing complete chemical analysis on a larger volume of the artworks and deeper and more precise “layer by layer” analysis [34]. Moreover, the future perspective to develop extremely feasible and portable PIXE systems based on laser-matter interaction can be studied and consolidated. Finally, a laser-driven ion acceleration user beamline could open the possibility to use plasma and ions generated in the high-power laser interaction for production of medical isotopes by innovative production schemes [35]. Lasers could provide many advanced features with respect to methods based on conventional accelerators, where target activation represents a strong limitation. Presently, two different isotope-based imaging techniques are used in medical clinics: SPECT (Single Photon Emission Computed Tomography) and PET (Positron Emission Tomography). Both are mainly based on 18F, 11C, 15O, and 13N decay produced by the interaction of protons with solid targets. ELIMED could be the first worldwide facility able to produce radioisotopes for imaging techniques as well as clinical proton beams with the same accelerator machine based on laser-target interaction [36]. The ELIMAIA beamline will additionally offer the possibility to explore innovative schemes of interaction between well-controlled and characterized ion beams (thanks to the ELIMED section) and high-density plasmas for pump-probe investigations of warm dense matter [37], fast ignition approach to inertial confinement fusion [38], and estimation of ion-stopping power in plasma [39].
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