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Section a. State-of-the-art and objectives

Executive summary
Recent advances in the laser-driven acceleration of charged-particle beams make it possible to conceive of new proton and ion sources capable of creating new directions for the exploitation of particle beams for science and society.  High-power, short-pulse lasers, which deliver an energy of around a Joule in pulses that are as short as 25 fs (25  10-15 s), are used to study the properties of matter exposed to extremely high energy density.  Such lasers are also routinely used to produce beams of photons, electrons and protons.  While proton kinetic energies as high as XX MeV have been produced in the laser-excitation of a YY-foil target, the flux produced in the laser-target interaction often varies substantially from one laser shot to the next.  A number of initiatives in Europe and across the world seek to deliver laser-driven proton and ion beams with kinetic energies of up to 250 MeV for research.  I seek the resources to take a contrasting, complementary approach in which the large flux of protons produced at ~15 MeV is captured and formed into a beam, thereby controlling the shot-to-shot variation of the laser-driven flux and preparing the beam for further acceleration.
Conventional ion sources produce ions with kinetic energies of the order 60 keV.  At such a low energy the mutual repulsion of the ions, the “space-charge effect”, limits the instantaneous dose-rate that can be captured to relatively modest values (of order ZZZ protons per pulse 100 A [Osmic2012]).  I propose to evade the current space-charge limit using a “hybrid” approach that exploits a series of strong-focusing non-neutral (electron) plasma lenses.  My hybrid approach will harness the unique properties of the laser-driven source; delivery of a range of ion species (protons to C6+) from a single source in ultra-short pulses that each deliver an enormous instantaneous dose.  The successful demonstration of efficient capture and cylindrically symmetric electrostatic focusing will be an important step towards the exploitation of laser-driven ion beams.
The novel source outlined above is at the heart of my concept for a compact, laser-hybrid proton- and ion-beam accelerator system by which:
· Clinicians will be able to deliver particle-beam therapy (PBT) in a completely new regimen, combining a variety of ion species in a single treatment fraction and exploiting ultra-high dose rates in a variety of spatial and spectral fractionation schemes; and 
· A large, distributed network of automated PBT systems can be provided to deliver precise, personalised, multi-species care to the many by reducing the need for an extensive beam-delivery system and a large gantry.
I propose to:
· Prove the principle of laser-driven injection of a large instantaneous flux of high-energy protons into a novel strong-focusing plasma lens;
· Demonstrate the efficient capture and transport of the laser-created ion beam; and
· Carry out initial in-vitro radiobiological measurements using the laser-hybrid technique.
By executing this programme I will demonstrate the feasibility of the laser-hybrid technique, lay the technological foundations for the development of the Laser-hybrid Accelerator for Radiobiological Applications (LhARA), and pave the way for paradigm shift in the clinical exploitation of muli-species particle-beam therapy.
a1. Scientific justification
a1.1 Overarching vision
Particle-beam therapy delivery to date has been restricted to a small number of beam characteristics.  In a typical treatment regimen the therapeutic dose would be provided in a series of daily sessions delivered over a period of several weeks.  Each session would consist of the delivery of a single fraction of ~2 Gy delivered at a rate of < 5 Gy/minute.  The dose in each fraction would be distributed uniformly over an area of several square centimetres.  Exciting evidence of therapeutic benefit has recently been reported when dose is delivered at ultrahigh dose-rate, > 40 Gy/s (“FLASH” RT).  These studies indicate significantly reduced lung fibrosis in mice and skin toxicity in mini-pigs, and reduced side-effects in cats with nasal squamous cell carcinoma.  Varian has indicated that dose rates greater than 40 Gy/s are useful for FLASH irradiation, while IBA have indicated that the FLASH phenomenon is observed at dose rates above 33 Gy/s.  In addition, therapeutic benefit has been demonstrated in the use of multiple micro-beams with diameter less than 1 mm distributed over a grid with inter-beam spacing of ~3 mm.  However, there is still significant uncertainty of the thresholds and the radiobiological mechanisms by which therapeutic benefit is generated in FLASH and micro-beam therapy, which require further extensive study both in vitro and in appropriate in vivo models.
Modern lasers are capable of delivering a Joule of energy in pulses that are 10s of femtoseconds in length at repetition rates of > 10 Hz.  Multiple ion species, from proton to carbon, can be produced from a single laser by varying the target foil and particle-capture optics.  At source, the laser-driven proton or ion flux is divergent and has a large energy spread.  LhARA will exploit a laser to drive the creation of a large flux of protons or light ions which are captured and formed into a beam by strong-focusing plasma lenses.  The laser-driven source allows protons and ions to be captured at energies significantly above those that pertain in conventional facilities, thus evading the current space-charge limit on the instantaneous dose rate that can be delivered.  Rapid acceleration will be performed using a fixed-field alternating gradient accelerator (FFA) thereby preserving the unique flexibility in the time and spatial structure of the beam afforded by the laser-driven source.
LhARA has been conceived as the highly flexible source that is required to elucidate the mechanisms that underlie the FLASH and micro-beam effects and to explore the vast “terra incognita” of the mechanisms by which the biological response to ionising radiation is modulated by the physical characteristics of the beam.  Simulations of LhARA have demonstrated that 109 protons per shot can be delivered to an ionization chamber placed at the peak of the Bragg peak.  As a result instantaneous dose rates of up to 100 Gy/s for protons and 700 Gy/s for carbon ions can be delivered.  The LhARA consortium’s vision is that LhARA will prove the principal of the novel technologies required for the development of future therapy facilities. 
The work proposed here will demonstrate in operation the capture and transport of the large ion flux created by the laser-driven source thereby laying the technological foundations for the LhARA programme.
a1.2 Motivation for the decision to develop the laser-hybrid technique
The laser-hybrid technique is a new, highly flexible approach proposed to deliver ion beams with unique characteristics which are ideal for studying the radiobiological mechanisms at the foundation of radiotherapy under various regimes. High-power lasers have been proposed as an alternative to conventional proton and carbon-ion facilities due to their numerous advantages for treatment. The hybrid approach should mitigate some of the challenges in capturing and focusing the laser-driven beam, while preserving the flexibility afforded by the laser-driven source.
The first advantage of this technique is the creation of a large flux of protons or light ions in the laser-target interaction. Together with the short pulse duration, such a beam has the capability to deliver ultra-high instantaneous dose rates. One feature is to produce the particles around an energy plateau lower than the maximum ion energies which were recently demonstrated by other projects. As a result, the required laser system is readily available, has a decreased cost and benefits from higher pulse-to-pulse stability and reliability. Nevertheless, the laser-driven source produces protons and ions at energies significantly above those that pertain in conventional facilities, thus exceeding the current space-charge limit on the instantaneous dose rate that can be delivered. For this reason, another part of the hybrid concept is to capture the large flux of particles and form a beam by employing strong-focusing plasma lenses. Such an electrostatic lens has in principle high beam transmission and can mitigate the challenge of capturing a highly divergent particle pulse at significantly lower magnetic fields compared to conventional solutions such as solenoids.
Finally, the hybrid technique is completed by using a transport line and a post-acceleration stage to increase the beam energy and deliver the particles within the requirements of radiobiological studies or possibly patient treatment. A fixed-field alternating gradient accelerator is envisioned to provide rapid acceleration, thus preserving the unique flexibility in the time and spatial structure of the beam afforded by the laser-driven source.

a1.3 Motivation for the decision to target delivery a proof-of-principle system for radiobiology
There are approximately 70 PBT centres worldwide, and at least 40 under construction. The PBT facility at the Christie Hospital is in operation and the University College London Hospital centre is scheduled to open in 2020. Patient treatment is the principal function of each of these facilities. A privately-funded PBT accelerator test facility is to be established at the Daresbury Laboratory. 
Laser-driven ions have been posited as a source for radiobiological studies for a number of years. However, to date the ion energies, energy spread, and shot-to-shot variability of the flux produced has meant that such sources were not suitable to serve as a radiobiology resource. A number of radiobiology experiments have been conducted with laser-accelerated ions, but these have been limited in scope to single-shot illumination, either due to low laser repetition rates or the lack of a target suitable for operation at high repetition rate. Most of these experiments have been performed on facilities for which radiobiology has not been the highest priority.
Europe and the UK has been a pioneer in the study of laser-accelerated ions for hadron therapy. Currently the A-SAIL collaboration [36], within which CCAP members play a pivotal role, is exploring the underlying fundamental physics required to produce the proton and ion beams we require. The programme we propose will continue to benefit from the advances made in the UK and overseas. European laboratories are active in the development of laser-driven sources for PBT. A number of groups are investigating the challenges related to the production and capture of ion beams with the desired characteristics. In Germany, the effort is led by the Helmholtz Zentrum Dresden-Rosendorf (HZDR), the Technical University of Munich, and GSI Helmholtzzentrum f¨ur Schwerionenforschung (GSI). Primary experiments are also now beginning at the ELIMAIA-ELIMED facility in the Czech Republic. The ELIMED project, a multi-billion euro collaboration to build and exploit next generation laser sources, has a dedicated programme for radiobiology research based on a laser-accelerated source. This project has close collaborations with researchers from a number of institutes in Italy. At the J-KAREN-P facility in Japan, with which CCAP members have an ongoing collaboration, the focus is on developing carbon ions for particle treatment.
The initiatives outlined above exploit conventional magnetic quadrupole or solenoid focusing to capture and transport the laser-generated beam. The capture and transport efficiency of the plasma-lens-based solution we propose is superior and we therefore expect to be able to deliver beams with a substantially higher instantaneous dose. To preserve the unique advantages of the laser-driven ion source we propose to us an FFA that provides fast acceleration with large dynamic aperture.
a1.4 Potential for scientific, technological, and societal impact
There are two major medical applications of ion accelerators, both which would benefit from an increased particle flux from the source. One is the production of short-lived isotopes for medical imaging, generally driven by cyclotrons with a well-established method distributed over the world. Alternatively, research reactors are specifically designed to produce medical isotopes at higher capacity, but they are expensive to construct, licence and operate, and they produce radioactive waste. However, accelerators could progress closer to matching the production capacity of research reactors by increasing the particle flux delivered to the target which would drive a higher isotope production rate. This holds high technological impact since accelerators are less expensive to construct and operate, and produce little radioactive waste.
The second important medical application is charged-particle radiotherapy with heavy-ions attracting increasing interest due to clinical results clearly verifying their advantages for treatment. The laser-driven source will allow radiobiological studies and eventually radiotherapy in completely new regimes with the potential to deliver multiple ion species from the same source at ultra-high instantaneous dose rates. Compelling evidence of therapeutic benefit has recently been reported at ultra-high dose rates and an ion source able to operate in this regime would offer the chance for a systematic study of the underlying radiobiological mechanism that is currently not understood. Furthermore, a demonstration of the laser-hybrid technique has the potential to reduce the footprint of future particle-therapy systems, making the treatment available to a larger number of people.
Within an industrial view, another interesting application is the laser-driven ion implantation. A repetitive ion source at moderate energy below 1 MeV presents several advantages: it provides a wide range of ion species and it delivers higher charge state leading to a greater depth of implantation. Equally important for practical applications, the stability of the laser-driven ion sources needs to be thoroughly verified. A characterisation of the fluctuations in the ion energy spectrum, spatial and angular beam profiles, and properties of the beam transport system is highly necessary for setting up the foundation of possible practical applications.
Although a laser-driven source inherently has significant merits in terms of unique applications, there are still technological challenges to overcome. The ions are produced at the target with large divergence of tens of degrees and large energy spreads of up to 100%. Thus, the laser-driven approach comes with the challenge of efficient capture, strong focusing and precise energy selection of the ions. For this scope, the ideal low-cost device is a space-charge lens. While the mechanism was proposed more than fifty years ago, the technological development of an electrostatic lens would turn the concept into a functional device that can be part of an advanced facility.
a2. State of the art
a2.1 Unique flexibility of proposed system compared to systems serving facilities today
There are several requirements for an ion source to be used in a medical application: beam intensity, stability, reproducibility, simplicity of operation, safety. It is a considerable issue how to obtain the above performance at a reasonable cost. At present, there are a few vendors who share the world market and provide a limited number of types of proton sources. Although they meet the requirement of present facilities, the beam intensity is limited, and most types of sources require a high degree of maintenance. Similarly, all existing heavy-ion facilities utilize the same type of ion source well known for its long lifetime; however, it is no exception to the space-charge limitation. All the available sources produce output beam currents of up to 100 mA.
Furthermore, facilities which produce radioisotopes have been using compact cyclotrons in combination with penning ion sources. Even though the production of radiopharmaceuticals has been rapidly spreading worldwide, there has been no significant change in the performance value of such systems in the past decade. Established systems still require further development for increasing the beam intensity. Even though design effort is done to develop new electrodes configurations which may increase the beam intensity, there is still the issue of the source performance decreasing with operation time. Another important topic of development is to shorten the switching time for supplying the beam between different ion species. Conventional sources take a long time to switch between ion species such that present facilities often operate with multiple ion sources.
Alternatively, a laser-driven source would evade all the limitations described above. In contrast to conventional (RF-based) ion sources the space-charge effect does not limit the beam current density due to two factors. One is the charge neutralisation by the co-moving electrons produced in the laser-target interaction and the second is the higher energies at which ions are produced. Moreover, the laser-driven source can produce protons and multiple light ion species with virtually no switching times by varying the target foil and particle-capture optics.
Equally important, the complicated magnetic devices required for guiding and shaping the beam may reduce the advantages of a laser-driven source. To address this challenge, an electrostatic lens is the optimal device to capture and focus the ion beam generated from the laser target, with the potential to fulfil the needs of an in vitro as well as of an in vivo facility. Its compact size, relative lower cost and ease of operation also make the lens suitable as a beamline component in future delivery systems for treatment facilities.
a2.2 The Unique advantages of the laser-hybrid approach
Beam is extracted at fixed energy from conventional cyclotrons such as those in use at PBT centres in the UK. The dose rate can be varied by adjusting the bunch intensity and the pulse length at the ion source. However the instantaneous dose rate is limited by source brightness, losses at injection, bunch length, and losses during acceleration and extraction. A reasonable estimate of the maximum bunch intensity that can be achieved is approximately 1:2x07 protons per bunch. In order to vary the beam energy a degrader is used to intercept the beam after extraction. Multiple Coulomb scattering and energy straggling cause a significant reduction in beam quality. This can be recovered through collimation with an unavoidable loss in beam intensity. Changing the extraction energy is possible, but is extremely difficult as even a small change in magnet saturation strongly affects the isochronous acceleration. Variable-energy extraction achieved by varying stripper-foil position is possible for H-ions. However, the application of this technique to multiple ion species is challenging and is likely to require multiple extraction ports leading to issues in commissioning and operation. The acceleration of more than one ion species is possible by harmonic operation and tuning of the magnetic field, but is limited to ions with specific charge-to-mass ratios and cannot accommodate a full ion spectrum.
Conventional synchrotrons, such as that used at MedAustron, can deliver beam over a range of energies. The dose delivered is controlled through the process of slow extraction which takes place over a period of around 1 s. The instantaneous intensity that can be achieved within a time window equivalent to the cyclotron bunch length considered above is approximately 4108 protons per pulse. The MedAustron synchrotron has two ion sources, the first delivers H+3 ions, the second C4+ ions. These ions have the same charge-to-mass ratio and, after short, ion-specific transfer lines, are injected into a single radiofrequency quadruple (RFQ). Electrons are stripped from the ions at injection. The use of other types of ion with the same charge/mass is possible in principle.
LhARA is a compact, cost-effective solution for the delivery of proton and ion beams over a range of energy, dose-rate and ion species. The intensity of the bunch is varied by changing the laser-beam parameters. The dose can be delivered in a single 10 ns bunch with an intensity of >109 protons per pulse or over 600 bunches at 10 Hz repetition rate. The energy can be varied by collimating the beam delivered by the very strong energy-dependent electrostatic focusing provided by the plasma lenses. Beam can be extracted from the FFA post accelerator over a range of energy using methods established by the RACCAM and PAMELA projects. Almost any type of ion can be accelerated in LhARA simply by changing the target. LhARA has the potential to become a uniquely flexible source for radiobiology and a catalyst for the development of laser-hybrid solutions for PBT and other scientific and technological applications.
a2.3 Complementary initiatives to create laser-driven beams for radiobiology
Recent projects are also making use of laser-driven ion beams in order to investigate radiobiological effects. The Scottish Centre for the Application of Plasma-based Accelerators (SCAPA) [1] is devoted to development and multidisciplinary applications of laser-driven accelerators. SCAPA hosts two high power Ti:sapphire laser systems. One of these laser systems is a 10 Hz, 40 TW system which serves the ongoing ALPHA-X project to develop compact coherent radiation sources. The other laser system is a 350 TW laser system operating at 5 Hz. The 350 TW laser system can deliver protons upto 70 MeV suitable for investigation into ocular tumours. Electrons at 100 MeV are also attainable along with the capability for the production of other medical radioisotopes.
Experiments within the target normal sheath acceleration (TNSA) regime can achieve a maximum proton energy at 85 MeV [3], but typically at a low particle flux insufficient to be of use. ELI Multidisciplinary Applications of laser-ion Acceleration (ELIMAIA) [2] aim is to provide a stable and tuneable beam to serve multiple disciplines. Instead of the TNSA regime, the group works in the Radiation Pressure Acceleration (RPA) regime through using ultra-high intensity lasers (> 1022 W/cm2). Within the RPA regime, protons with energies at several hundreds of MeV with a sufficient flux is predicted to be feasible.
A-SAIL [4] aims to deliver high-repetition ion beams at energies necessary for deep-seated tumour treatments at about 200 MeV/nucleon. Similar to ELIMAIA, A-SAIL focuses on the RPA regime through the processes of Light-Sail, Hole-Boring and shock acceleration in order to deliver a dense bunch of highly energetic ions.
Helmholtz Zentrum Dresden Rossendorf (HZDR) has carried out experiments with the Ti:Sapphire laser system DRACO and compared results to a tandem Van-de-Graaf accelerator with good agreement between the two. The laser system produced a 1.8 J pulse on a thin foil target producing an proton energy spectrum with a cutoff energy of 15 MeV. To achieve higher energies, HZDR through the PENELOPE project [6] is developing a laser system to accelerate proton and ions to energies above 100 MeV. The laser system aims to produce a 150 fs pulse at energies up to 150 J with a repetition rate of 1 Hz with ultra-high intensities.
LhARA separates itself from the aforementioned initiatives by shifting the focus away from attaining high energies from the laser source and instead on a high and stable production rate. A commercially available laser system that can produce protons up to 15 MeV will be combined with Gabor lenses to capture and transport the flux of particles from the laser target. A switching dipole in the beamline allows for the beam to either be delivered to an in-vitro end station or to a fixed field alternating gradient accelerator which further accelerates the beam up to 127 MeV. Another switching dipole allows the higher energy beam to be transported to another in-vitro end station or to an in-vivo end station.
a3. Objectives
My ambition is to lay the technological foundations for the development of the Laser-hybrid Accelerator for Radiobiological Applications (LhARA) and pave the way for paradigm shift in the clinical exploitation of multi-species particle-beam therapy.  With the resources requested here, my principal objective is to construct, commission, and operate the capture and focussing system shown schematically in figure 1.  I have conceived the system in the following functional sections:
Laser-target vessel in which the laser will impinge on the thin foil target to produce the intense proton flux.
I propose to operate in a laser-driven sheath-acceleration regime.  The intense, short laser pulse will be focused onto a target at an angle of 45o to the surface normal.  The intense electric field generated on the front surface of the target accelerates surface electrons, driving them into the material.  Electrons which gain sufficient energy traverse the target, ionising the material as they go. A strong space-charge electric field, the ‘sheath’, is created as the accelerated electrons exit the rear surface of the target.  This field in turn accelerates surface-contaminant ions.  The sheath-acceleration scheme has been shown to produce ion energies greater than 40 MeV/u.
Key to the operation of this configuration is a system that refreshes the target material at high-repetition rate in a reproducible manner.  A number of schemes have been proposed for such studies, from high-pressure gases, cryogenic hydrogen ribbons, liquid sheets and tape drives.  I propose to use the tape drive based on the system developed at Imperial College London.  This system is capable of reliable operation at target thicknesses down to 5mm, using both aluminium and steel foils, and down to 18mm using plastic tapes.  Such tape-drive targets allow operation at high charge (up to 100 pC at 15  1 MeV, i.e. > 109 protons per shot) and of delivering high-quality proton and ion fluxes at repetition rates of up to 10 Hz or greater.
Capture section in which intense, divergent proton flux is captured and a parallel beam is produced.
Two Gabor lenses are used to capture the beam and to reduce its transverse momentum to a minimum so that a parallel beam is produced.  The first lens must be placed as close to the laser-target interaction point as possible to maximise the capture efficiency.  I therefore propose to integrate the first Gabor lens with the laser-target vessel as described below.  The position of the second Gabor lens will be chosen based on detailed simulations of the laser-target interaction and time-resolved simulations of the behaviour of the electron plasma confined within the Gabor lens.  An example of an initial simulation of the capture of a proton beam at 15 MeV is shown in figure 2.
Focusing section in which the parallel proton beam is focussed to a spot for collimation.
A third Gabor lens will be used to bring the beam to a focus at the position of a circular aperture.  The position of the collimator will determine the energy of the particles selected since the focusing is electrostatic.  The energy-selected, collimated beam will be characterised and exploited to make first in vitro irradiations of biological samples with the laser-hybrid approach I propose.
The evolution of the beam envelope from the laser-driven source to the collimator shown in figure 2 indicates that the technique I propose has the potential to be used as the injector for LhARA and as the basis of the uniquely flexible, multi-species particle-beam therapy system of the future.  However, to realise this potential requires that each of the functional sections be demonstrated and that the overall system be implemented.  To do this I have created a project structure that will address ab initio the technical risks associated with each of the functional elements:
· Laser-driven proton and light-ion source;
· Proton/ion-beam capture and initial focus;
· Integration of beam, diagnostics, dosimetry and biological end-station; and
· Characterisation and exploitation.
Each of these challenges will be addressed directly by personnel supported by the resources requested in this proposal.  Expertise and effort from others, both from Imperial College and elsewhere, not funded by this grant, but under my directionwill be required for the manufacture of components, delivery of prototypes delivered by personnel.  Each of the four aspects of the project requires dedicated manpower, namely postdoc(s), and mechanical, electrical, and electronic engineers.
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