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ABSTRACT 
The Scottish Centre for the Application of Plasma-based Accelerators (SCAPA) is a research facility dedicated to providing 
high energy particle beams and high peak brightness radiation pulses for users across a wide range of scientific and 
engineering disciplines. A pair of Ti:sapphire femtosecond laser systems (40 TW peak power at 10 Hz pulse repetition rate 
and 350 TW at 5 Hz, respectively) are the drivers for a suite of laser-plasma accelerator beamlines housed across a series 
of radiation shielded areas. The petawatt-scale laser delivers 45 W of average power, which has established it as a world 
leader in its class. The University of Strathclyde has had an operational laser wakefield accelerator since 2007 as the 
centrepiece of the on-going Advanced Laser Plasma High-energy Accelerators towards X-rays (ALPHA-X) project. 
SCAPA, which is a multi-partner venture supported by the Scottish Universities Physics Alliance, continues the dedicated 
beamline approach pioneered by ALPHA-X and represents a significant expansion in the UK’s experimental capability at 
the university level in laser-driven acceleration. The new centre supports seven dedicated radiation beamlines across three 
shielded bunkers that each nominally specialise in different aspects of fundamental laser-plasma interaction physics and 
radiation sources: GeV-scale electron beams, MeV proton and ion beams, X-rays, gamma rays etc. Development of 
application programmes based on these sources cover a wide range of fields including nuclear physics, radiotherapy, space 
radiation reproduction, warm dense matter, high field physics and radioisotope generation. 
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1. INTRODUCTION 
Particle accelerators and radiation light sources based on radio-frequency (RF) or microwave driving fields are well-

established research tools spanning a range of fundamental and applied scientific areas.1 The maximum sustainable 
accelerating fields are ~100 MV/m (limited by cavity breakdown) and therefore large expensive infrastructures are required 
for high energy particle beamlines. X-ray synchrotron and free-electron laser (FEL) sources are based on mature RF 
technology, which has enabled large facility investments to be made, however, the small number of facilities and their high 
costs has led to over-subscription. 

The recent development of high-power, ultrashort pulse lasers is leading to transformative accelerator technologies that 
have the potential to replace conventional accelerators and radiation sources for a wide range of applications. The high 



 
 

electric fields of intense laser pulses focussed onto gas, pre-formed plasma or solid targets can cause charge separation, 
which produces electrostatic fields with accelerating gradients that can be more than three orders of magnitude greater than 
in RF accelerator cavities. Such ultra-compact (m to cm scale) accelerating structures can form the basis of sources of 
high energy electrons, protons and ions, and high brightness X-ray and gamma ray pulses.2 Their unique characteristics, 
reduced requirement for large infrastructure and the development of more reliable lasers could eventually lead to 
widespread deployment across university, industry and medical environments with a hugely beneficial societal impact. 

 
Worldwide investigation of laser-based acceleration is growing, largely due to the proliferation of petawatt-class high 

power Ti:sapphire laser systems3 and the variety of accelerating configurations that can be studied according to the desired 
output particle species and characteristics. Laser wakefield accelerators4,5 are sources of femtosecond to attosecond 
duration pulses of relativistic electrons with GeV electron energies6, X-rays and gamma rays7. Laser-solid interactions lead 
to MeV proton and ion beams, and secondary particles8,9 by target normal sheath acceleration,10 radiation pressure 
acceleration11 or break-out afterburner acceleration.12 Laser pulse repetition rates are currently a hurdle to be overcome for 
most future applications. 

 
 The recently established Scottish Centre for the Application of Plasma-based Accelerators (SCAPA), located at the 

University of Strathclyde, UK, is a centre devoted to the research, development and application of laser-driven accelerators. 
It is a multi-partner venture supported by the Scottish Universities Physics Alliance that will serve as a source provider for 
research groups from academia and industry. The workhorses in SCAPA are two commercial high power Ti:sapphire laser 
systems: one 5 Hz, 350 TW system, and one 10 Hz, 40 TW system. The 350 TW laser is capable of delivering 45 W of 
average power (after compression), which represents the world leader in its class. In this paper, we outline the layout of 
SCAPA for studies across the whole gamut of particle species and accelerating regimes. Both laser systems will then be 
described. We conclude with a discussion on the perspectives of the development of laser-based accelerators and their 
applications. 

 
2. CENTRE LAYOUT 

The University of Strathclyde has had an operational laser wakefield accelerator since 2007 as the centrepiece of the 
on-going Advanced Laser Plasma High-energy Accelerators towards X-rays (ALPHA-X) project, which aims to develop 
compact coherent radiation sources,13 and SCAPA represents a significant expansion in the UK’s experimental capability 
in developing laser-driven accelerators. The new centre comprises seven particle and radiation beamlines situated in three 
separate concrete shielded bunkers. These include proton and ion beamline areas that will support research in this area.14,15 
Similar laser power has also recently been the driver for the generation of 8 GeV electron beams from a laser wakefield 
accelerator.16 A way of working that has carried over from ALPHA-X into SCAPA is the concept of permanent accelerator 
beamlines that enable in-depth, high quality, systematic research programmes sustained over a long period of time. This 
idea underpins the design of the centre, which includes multiple beamlines, each of which specialise in different topics of 
laser-driven acceleration. Two driving laser systems allow simultaneous operation of two accelerator beamlines in different 
bunkers, while preparatory work is conducted in the third bunker. 

 
SCAPA is laid out over two levels and the three bunkers form the bulk of the lower level. The laser labs are located on 

top of the bunkers on the second level. As shown in Figure 1, the 40 TW laser drives three beamlines (one in Bunker A 
and both in Bunker C), while the 350 TW laser drives four beamlines (two in Bunker A and both in Bunker B). The latter 
laser in Bunker B is first routed to a plasma mirror system for pulse contrast enhancement17 before delivery to the beamline. 
To maximise the working space within each bunker, concrete shielding doors that float on compressed air skates are utilised 
(instead of chicanes), as shown in Figure 2. 

 
The bunker layout is suitable for handling the respective particle species generated in each beamline and, therefore, 

supports the research and application programmes. Bunker C houses the re-located ALPHA-X beamline and is devoted to 
laser wakefield acceleration of ultrashort electron bunches in the 100-300 MeV range,18,19 production of high brightness 
X-ray betatron radiation7 and medical applications including medical imaging and very high energy electron beam 
radiotherapy.20 Bunker A is mainly devoted to laser wakefield acceleration studies and, with a working length of 23.5 m, 
allows for development of coherent radiation sources such as a laser wakefield-driven X-ray free-electron laser.13,21,22 Other 
applications include replicating space radiation,23 Raman amplification and manipulation of intense laser pulses in plasma24 
and X-ray detector development.25 Bunker B is configured for laser-solid target interactions towards the generation of 



 
 

proton and ion beams and secondary particles, and applications such as studies of warm dense matter,26 laser-driven 
fusion27 and radiography.28 
 

 
FIGURE 1. Layout of SCAPA radiation beamlines within the concrete bunkers. Red shaded regions are beamline areas provided by 

the 40 TW laser. Blue shaded regions are beamline areas provided by the 350 TW laser. 

 

 
FIGURE 2. One of the pneumatically driven concrete shielding doors. 

 
SCAPA also includes a number of auxiliary rooms (fume cupboards, biological safety cabinets, image plate reader, 

radioactive sealed sources, etc.) for user preparations and post-analysis. A third laser lab features a 1 kHz repetition rate 
Ti:sapphire laser system (3 mJ per pulse) that is used for plasma diagnostic development, accelerator off-line testing and 
femtosecond laser micromachining of wakefield capillary waveguides13,29 and particle and photon beam filters. 

Laser pulses are transported under vacuum through the laser lab floors and bunker ceilings to their beamline 
destinations. Distances from the laser vacuum compressor output to the destinations are up to 25 m, therefore, in order to 



 
 

minimise pointing fluctuations in the laser beam at target, SCAPA is vibrationally isolated using damping systems that 
isolate the bunkers, control area and TW laser labs from external vibrations. The bunkers, consisting of nearly 2,000 tons 
of concrete on the ground floor, are naturally stable, however, specific measures were required to provide high stability in 
the laser labs situated on top of the bunkers. This was complicated by the fact that SCAPA comprises one part-
refurbishment of an existing building and another part that is a new building, such that load-bearing support columns in 
the western half of SCAPA had to be maintained. The result is that the 40 TW laser lab (on the pre-existing building side) 
satisfies the generic vibration30 criterion VC-C (12.5 m/s rms speed value) while the 350 TW laser lab (on the new build 
side) meets the more stringent VC-E (3.1 m/s) standard. 

 
3. 40 TW LASER SYSTEM 

This laser has been the mainstay of the ALPHA-X project since its inception in 2002 and has undergone a number of 
upgrades since then. It is presently composed of a mixture of amplifier sub-systems from both Thales Optronique and 
Amplitude Technologies (see Table 1), with specifications given in Table 2. A photograph of the laser lab is shown in 
Figure 3. 

 
Sub-system Pulse Energy 

Oscillator 
Femtolasers: Femtosource Synergy pumped by 

Coherent Verdi 
9 nJ 

Booster Ampl. Tech.: pumped by CFR Ultra 40 J 
Regenerative Amplifier Ampl. Tech.: pumped by CFR Ultra & CFR 200 200 J 
Multi-pass Amplifier 1 Ampl. Tech.: 4-pass pumped by CFR 200 30 mJ 
Multi-pass Amplifier 2 Thales: 3-pass pumped by 2 × Saga 300 mJ 
Multi-pass Amplifier 3 Thales: 4-pass pumped by 2 × Saga & 2 × Saga HP 2 J 

TABLE 1. Major sub-systems of the 40 TW laser system. 
 
 

Pulse repetition rate 10 Hz 
Central wavelength 800 nm 
Energy per pulse (after compression) 1.4 J 
Full-width at half-maximum pulse duration 35 fs 
Probe beam energy per pulse (uncompressed) 30 mJ 

TABLE 2. Specifications of the 40 TW laser system. 
 
 

 
FIGURE 3. 40 TW laser system that delivers the beam through the floor (lower right) to Bunker C below. 



 
 

4. 350 TW LASER SYSTEM 
Custom-built by Thales Optronique, this laser was commissioned on-site in early 2017 as the world’s first petawatt-

class laser operating at 5 Hz. Specifications and sub-systems are shown in Tables 3 and 4, respectively. It is situated in a 
class 1000 ISO 6 cleanroom with all major power supply units located in an adjacent room to minimise heat loading in the 
cleanroom. A photograph of the cleanroom laser lab is shown in Figure 4. High contrast ratio is achieved with the cross-
polarised wave generation filter system31 as patented by Thales and Laboratoire d’Optique Appliquée.32 

 
Pulse repetition rate 5 Hz 
Central wavelength 800 nm 
Energy per pulse (after compression) 8.75 J 
Full-width at half-maximum pulse duration 25 fs 

Contrast ratio 
1010:1 @ 100 ps 
108:1 @ 30 ps 
104:1 @ 2 ps 

Strehl ratio  0.85 
Probe beam energy per pulse (uncompressed) 30 mJ 

TABLE 3. Specifications of the 350 TW laser system. 

 
 

Sub-system Pulse Energy 
Oscillator Coherent: Vitara S pumped by Coherent Verdi G 8 nJ 

Regenerative Amplifier pumped by Jade 2 600 J 
Booster pumped by Jade 2 60 J 

Pre-Amplifier 1 4-pass pumped by 3 × Saga HP 35 mJ 
Multi-pass Amplifier 1 3-pass pumped by 3 × Saga HP 1.4 J 
Multi-pass Amplifier 2 3-pass pumped by 2 × GAIA HP 14 J 

TABLE 4. Major sub-systems of the 350 TW laser system. 

 
 

 
FIGURE 4. 350 TW laser system that delivers the beam through the floor (beyond the grey vacuum compressor chamber 

upper right) to Bunker A below. 

 
 



 
 

5. APPLICATION PROGRAMMES 
SCAPA is open to user engagement across all areas of research, including development of primary or secondary 

sources, proof-of-principle demonstrations or application of the sources. Source development is a major aspect of the 
research because laser-plasma acceleration (using underdense or overdense targets) is still a maturing field in terms of 
exploring, controlling and stabilising parameters such as source brightness, pointing, spectral range and pulse duration. 
SCAPA is an important test centre for demonstrating and applying new concepts. This is pertinent for applications 
requiring very high pulse repetition rates (kHz to 100s of kHz), which will require future laser technology upgrades. Other 
applications will require mobile laser-plasma accelerators in order to take the source to the sample.  
 

SCAPA is an ideal testing platform for new ideas, such as controlled electron injection19 for the acceleration of unique 
electron bunches and multi-GeV electron beams. It has been shown in 1-D and 2-D simulations33 and 3-D simulations34 
that attosecond electron bunches are injected at the density transition from the up-ramp to the uniform region. Methods of 
controlling both the duration and the charge of injected bunches using a tailored down-ramp section (a short plasma density 
bump) of the plasma have been developed, where the flat plasma region is kept below the density threshold for injection, 
leading to controlled injection of attosecond bunches.35 In all these cases, the phase velocity changes from superluminal 
(electron velocity below threshold for injection) to subluminal (electron velocity above threshold for injection) in the 
density transition region, leading to injection. Another scheme is ionisation-controlled electron injection in the so-called 
self-truncation regime36 where the laser spot size is not matched to the plasma density and electron injection only occurs 
over a short distance, producing electron bunches with narrow energy spreads.19 Laser propagation through tailored pre-
ionised plasma channels is also under investigation.37 With the SCAPA 350 TW laser, multi-GeV quasi-monoenergetic 
ultra-short electron bunches with exceptionally high peak currents are expected using these schemes.  

 
With high energy electron bunches produced stably via the schemes as mentioned above, ultrashort coherent radiation 

can be produced. The longest beamline in SCAPA (visible in Bunker A towards the top of Figure 1) facilitates exploration 
of the LWFA as a driver for an FEL13,21,22,38 which has been an ambition in the community ever since the first demonstration 
of spontaneous undulator radiation with such a driver in 2008.39,40 Electron bunches of energy up to 2 GeV in SCAPA will 
generate undulator radiation with wavelengths down to 0.5 nm (2.5 keV), i.e., encompassing the 2.3-4.4 nm “water 
window”. To achieve FEL self-amplified spontaneous emission, a low 6D emittance beam and high quality beam transport 
system is required. The ultimate goal is to demonstrate a cost-effective alternative to conventional X-ray FELs, which 
require large investments, occupy kilometres of infrastructure and have high running costs. 

 
One step beyond replacement of the conventional accelerator with a plasma accelerator is the replacement of the 

conventional undulator with a plasma undulator such as in the ion channel laser.41,42 It has been shown theoretically and 
numerically that attosecond electron bunches can directly lead to attosecond XUV radiation in the 10-100 eV range via 
coherent synchrotron radiation inside the bubble.43 The energy of such an attosecond pulse can reach the mJ level, several 
orders of magnitude higher than those produced via high harmonic generation in gas. Moreover, betatron radiation intensity 
and critical photon energy can be enhanced when accelerated electrons interact with the laser pulse resulting in betatron 
resonance.7,44 These novel radiation sources are of interest for advancing photon-based applications. 

 
The inherently short pulses and large peak currents of electron beams produced by an LWFA stage will also be 

exploited to realise electron beam-driven plasma wakefield accelerator (PWFA).45 This hybrid approach will harness the 
distinct features of the PWFA, such as dephasing-free operation, long acceleration distances and novel injection schemes 
such as the plasma photocathode,46 which promises unprecedented electron beam brightness.47 Such electron beams may 
have transformative impact on applications, such as realising 5th generation light sources.48,49  

 
The extreme beams that are realisable by plasma accelerators and, in particular, by novel injection schemes such as 

down-ramp injection35 and the plasma photocathode46 also require novel diagnostics and measurement techniques. In this 
application theme, the plasma response to the interaction of electron beams and laser pulses with plasma will be exploited 
as a highly sensitive 'magnifying glass' to retrieve multi-dimensional fingerprints of the interaction. For example, the 
transient spatio-temporal overlap between electron beam and laser beams can yield hot spots manifested by a sudden burst 
of additional plasma due to transient tunnelling ionisation. Such effects have been observed at the SLAC National 
Accelerator laboratory FACET facility50 and may constitute a novel generation of plasma diagnostics, suitable for 
measuring intense beam form factors, emittance and brightness directly at the interaction point without need for any 
mechanical equipment close to the interaction region. These laser-gated plasma diagnostics will be co-developed with 



 
 

industry for use at SCAPA and on other accelerator systems (both conventional and plasma-based). Methods of measuring 
ultrashort bunches using coherent transition radiation will also be used to measure the duration of attosecond bunches.19 

 
SCAPA is also an ideal environment for the development of plasma-based optics relevant to next-generation high 

intensity laser systems. The quest for ever higher laser intensity to explore new regimes in high field physics51 is driving 
research into plasma amplification media and nonlinear optical components. This includes stimulated Raman 
backscattering in plasma24,52 acting as a direct amplifier of ultrashort laser pulses that has the potential to underpin 
realisation of compact exawatt laser systems. A wide variety of other plasma phenomena, such as plasma photonic 
crystals,53 induced transparency14 and high harmonic generation54 are open for investigation as well. 

 
The research programme in bunker B will focus on the development and application of particle and radiation sources 

generated from intense laser interactions with dense plasma (typically thin foils, foams and potentially high density gas 
jets). Standard thin foils will be used in the first experiments to characterise the properties of protons beams produced via 
the target normal sheath acceleration mechanism.10 Double-plasma mirror beam-conditioning will enable ultra-high 
contrast laser pulses to be delivered17 and thus experimentation with ultrathin target foils. This will enable investigation of 
promising ion acceleration schemes involving thin foils expanding to near-critical densities, including radiation pressure-
driven acceleration and hybrid schemes involving transparency-enhanced acceleration.55 A dedicated beamline, which can 
be developed and optimised over time will enable the fundamental relativistic laser-plasma physics that underpins the 
development of these acceleration schemes to be investigated. This includes the role of relativistic-induced transparency,14 
which can open up new degrees of control on laser-driven ion acceleration.15 The transition between acceleration 
mechanisms, enabled by the use of ultrathin foils and control of the laser pulse parameters, will also be investigated. The 
high repetition rate capability of the 350 TW laser at SCAPA will enable dense plasma studies at the forefront of the field 
to be conducted with unprecedented detail and statistical significance. This will support a greater understanding of the 
underpinning physics of novel laser-driven particle and radiation sources in dense plasma. 

 
A wide part of the electromagnetic spectrum is covered in SCAPA by available photon sources, either direct from the 

plasma or as a secondary source, from high energy gamma rays generated via bremsstrahlung radiation56,57 to THz 
radiation,58,59 the latter being produced with energies as high as tens of millijoules via irradiation of metal foils.60 For 
imaging purposes, the small plasma source size leads to excellent image resolution that may be further enhanced by 
coherent effects, such as in betatron radiation phase-contrast imaging.7,61 Gamma rays can also be produced direct from 
the plasma as in the case of LWFA resonant betatron radiation7 or, in dense targets, via the generation of multi-mega-
Ampere currents of relativistic electrons,57 the latter process also driving the generation of mega-Gauss magnetic fields. 
The acceleration of light ions enables beamed neutron emission via fusion and transmutation reactions in a secondary 
target position downstream62, which enable a great variety of potential imaging applications. Imaging of dense material, 
for example, for security application, radiometric assaying or industrial radiography can be achieved with gamma rays or 
neutrons.28,57 The ultrashort pulse nature of the radiation will look to be exploited in remote sensing applications. 

 
SCAPA has the facilities to conduct on-going research into the use of hadron63 and electron64 beams as potential 

treatment modalities for radiotherapy. Proton beam therapy, that exploits the advantageous dose deposition profile of 
protons/ions (the characteristic Bragg peak) generally requires beam energy in the range 200-250 MeV which is beyond 
the current experimental limits of laser-plasma acceleration. However, energy of around 70 MeV is sufficient for some 
ocular tumours63 and this is now on the horizon of accelerators driven by a laser of the scale of the SCAPA 350 TW system. 
Very high energy electrons, on the other hand, utilising electrons of 100 MeV or more64,65 are promising sources for deep-
seated tumours because their dose deposition profile is superior to conventional X-rays and potentially comparable with 
protons, depending on the particular geometry and dose delivery plan. For both hadron and electron beams, there is still 
much to understand with respect to the fundamental interaction between such ultrashort particle beams delivering doses at 
ultrahigh rates and biological tissue.66 

 
Laser-plasma accelerator radiotherapy studies can readily deliver the absorbed dose for patient treatment.20,66 However, 

clearly the laboratory environment is not a clinical setting for patient trials. This illustrates the proof-of-principle concept 
of the centre. The same is true for production of medical radioisotopes, where the low cost of a compact laser-driven system 
could enable local production of short-lived isotopes on a hospital campus. The entire periodic table is open to 
investigation, ranging from light isotopes such as C-11 and F-18 for imaging67 to Ac-225 and Pb-212 for targeted alpha 
therapy.68 Currently, relatively low activity levels (~kBq) can be generated by electron beam-driven photonuclear69 or 



 
 

direct proton beam-driven70 reactions and future up-scaling of beam charge and pulse repetition rate may allow meaningful 
activity levels (~MBq-GBq) of a radioisotope to be produced. It has been shown that the LWFA can produce bunches with 
nC charge levels in divergence beams of electrons with MeV energy71 and exploiting this high charge for application is an 
enticing prospect. High repetition rate accelerators rely on laser technology advancements in fibres72,73 and/or solid state 
devices74,75 to overcome the relatively high running costs of equivalent flashlamp-driven laser systems. 

 
Further nuclear applications include detector development and isomer excitation. Laser-plasma accelerator beams are 

highly suited to the development of many varieties of advanced particle detectors. These include silicon and germanium 
solid state detectors, such as silicon photomultipliers, high purity germanium detectors and silicon pixel detectors.25 Also, 
keV photon beams can be used to develop and test radiation-hard diamond detectors, while electron beams can be used to 
test electromagnetic calorimeters76 – the same technology that is used in positron emission tomography (PET) scanners 
and combined PET / magnetic resonance imaging scanners.77 In large-scale nuclear or particle physics experiments, 
Cherenkov and transition radiation detectors have become key components and enhancements of these systems require 
very precise timing and space point reconstruction of the photons generated inside the fused silica radiator;78 ultrashort 
beams at SCAPA can enable such studies. Novel detection systems can be directly applied in investigation of the structural 
evolution of nuclear core properties on atomic timescales at SCAPA, as well as being used at other facilities.79 Isomeric 
low-lying nuclear levels in stable isotopes and their response to ultrashort pulses can be studied with high peak brilliance 
photon sources.80 Detector development work in this field includes obtaining sub-picosecond time resolution and extremely 
good signal-to-noise ratio, since the cross-sections of concern are much smaller than those for optical transitions. 

 
The final application area outlined in this paper concerns radiation in space, which is a significant hazard for satellites 

and crewed spaceflight due to the missing protection of the Earth's magnetic field. This radiation can consist of electrons, 
protons and ions, with a broadband energy distribution, typically exponential or power-law shaped. While conventional 
radiation sources used for space radiation hardness assurance (RHA)81 produce unnatural, monoenergetic beams, the 
inherent capability of plasma accelerators to produce broadband beams offers a path to complementary space RHA with a 
very high level of realism by reproducing space radiation in the laboratory.23 This approach will be further developed in 
collaboration with space agencies, industry and other stakeholders. In addition to electronics testing, this research is also 
relevant to space radiobiology studies and other RHA areas, for example, in the nuclear arena. 
 

6. CONCLUSIONS 
Laser-plasma accelerators have great potential for societal impact and SCAPA is one of a growing number of research 

facilities worldwide devoted to exploring this potential and bringing it to fruition. With its multiple accelerator beamline 
approach and flexible user spaces, SCAPA aims to support a wide array of academic and industrial applications of this 
novel technology. High quality laboratory surroundings with excellent environmental stability (temperature, relative 
humidity, vibrations) provide an excellent environment for high impact laser-plasma accelerator research to be conducted 
at SCAPA. 
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