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Abstract. This report presents the conceptual design of a new Euro-
pean research infrastructure EuPRAXIA. The concept has been
established over the last four years in a unique collaboration of 41
laboratories within a Horizon 2020 design study funded by the Euro-
pean Union. EuPRAXIA is the first European project that develops
a dedicated particle accelerator research infrastructure based on novel
plasma acceleration concepts and laser technology. It focuses on the de-
velopment of electron accelerators and underlying technologies, their
user communities, and the exploitation of existing accelerator infras-
tructures in Europe. EuPRAXIA has involved, amongst others, the
international laser community and industry to build links and bridges
with accelerator science — through realising synergies, identifying dis-
ruptive ideas, innovating, and fostering knowledge exchange. The Eu-
PRAXIA project aims at the construction of an innovative electron
accelerator using laser- and electron-beam-driven plasma wakefield ac-
celeration that offers a significant reduction in size and possible sav-
ings in cost over current state-of-the-art radiofrequency-based accelera-
tors. The foreseen electron energy range of one to five gigaelectronvolts
(GeV) and its performance goals will enable versatile applications in
various domains, e.g. as a compact free-electron laser (FEL), compact
sources for medical imaging and positron generation, table-top test
beams for particle detectors, as well as deeply penetrating X-ray and
gamma-ray sources for material testing. EuPRAXIA is designed to be
the required stepping stone to possible future plasma-based facilities,
such as linear colliders at the high-energy physics (HEP) energy fron-
tier. Consistent with a high-confidence approach, the project includes
measures to retire risk by establishing scaled technology demonstra-
tors. This report includes preliminary models for project implemen-
tation, cost and schedule that would allow operation of the full Eu-
PRAXTA facility within 8-10 years.
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Part 1
Executive Summary

The conceptual design of a new European research infrastructure, EuPRAXIA,
is presented in this report. The concept has been established over the last 4 years
in a unique collaboration of 30 institutes in Europe and 11 laboratories in Asia,
Russia, and the United States. EuPRAXIA is the first European project that devel-
ops a dedicated particle accelerator research infrastructure based on novel plasma
concepts and laser technology. It focuses on the development of particle accelerators
and underlying technologies, their user communities, and the exploitation of existing
accelerator infrastructures in France, Germany, Italy, and the UK. The conceptual
design of EuPRAXIA is timely; recent breakthroughs in laser technology realised
through the significant investments by the EU and its member states in the Extreme
Light Infrastructure (ELI) and parallel advancements in plasma accelerators world-
wide underpin the realisation of a plasma-accelerator-based user facility for science
and research. EuPRAXIA has involved the international laser community to build
links and bridges with accelerator science as well as to realise synergies, identify
disruptive ideas, innovate, and foster knowledge exchange.

The EuPRAXIA project aims at the construction of an innovative electron accel-
erator using laser- and electron-beam—driven plasma wakefield acceleration that offers
a significant reduction in size and possible savings in cost over current state-of-the-art
radiofrequency (RF)-based accelerators. EuPRAXIA envisions a beam energy of 1
to 5 gigaelectronvolts (GeV) and a beam quality (single pulse) equivalent to present
RF-based linacs.

The worldwide interest in plasma-based electron accelerators is driven by the
need of a new technology to overcome the multi-TeV barrier for particle accelerators
and the desire to make electron-beam and associated radiation facilities (FELs, syn-
chrotrons, etc.) available to a larger user base. Advancing into the next generation of
light sources, a size and cost reduction for the facility of at least one order of magni-
tude must be realised to harvest the scientific and commercial prospects. EuPRAXIA
aims at realising the first laser plasma user facility worldwide, demonstrating feasi-
bility and gaining operational and user experience.

EuPRAXIA will demonstrate high-quality beam generation from a plasma-
accelerator module and is therefore the required stepping stone to possible future
plasma-based facilities, such as linear colliders at the high-energy physics (HEP)
energy frontier, that would combine many such modules. The EuPRAXIA energy
range and its performance goals will enable versatile applications in various domains,
e.g. as a compact free-electron laser (FEL), compact sources for medical imaging
and positron generation, tabletop test beams for particle detectors, as well as deeply
penetrating X-ray and gamma-ray sources for material testing.

Consistent with a high-confidence approach, the EuPRAXIA project includes
measures to retire risk by establishing scaled technology demonstrators. The
EuPRAXTA facility will integrate lessons learned and establish user readiness by
2030. A risk reduction roadmap has been defined and will ensure that risks are min-
imised and challenges will be addressed by appropriate mitigation measures.

Initial system designs have been developed using start-to-end simulations to
achieve the single- and multi-stage acceleration of electron beams, with a quality
much superior to present state-of-the-art plasma acceleration experiments. In some
parameters, a factor 10 improvement is predicted. At the same time, the design
initially realises at least a factor 6 gain in required floor space for the accelerator
if compared to existing accelerator facilities. This includes the accelerator system
itself and its support infrastructure. A final gain of a factor 10 and more for the
accelerator-only footprint seems achievable in a phased approach.
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The development and construction of new generations of pulsed lasers with petawatt
peak power as drivers for plasma wakefield accelerators will be performed jointly with
industry and national laboratories specialised in energetic laser development. These
lasers will operate with high stability at 20 to 100 Hz, a modest advancement of a
factor 2 to 10 over the current state of the art. The high repetition rate, however,
enables laser-based and beam-based fast feedback loops as well as the application of
advanced data science techniques, such as machine learning. In parallel, focused R&D
activities will be pursued on the rapid development of laser systems that can operate
at kHz repetition rates and deliver peak-power levels at 100 TW or more. Such drivers
would allow a factor 10 increase in average brilliance and pave the path to even more
compact and efficient accelerator systems. The parallel development is envisioned to
facilitate innovation in high-repetition-rate plasma-accelerator technology, enabling
additional applications and science reach while maintaining the 100 Hz laser systems
as a project baseline for a risk-balanced approach. The improved feedback efficiency
with such increased repetition rates compared to the current state of the art will
allow even better pulse-to-pulse stability control and beam quality.

Finally, EuPRAXTA also includes the development and construction of a compact
X-band RF accelerator based on technology from CERN to realise a beam-driven
plasma accelerator. Such an X-band linear accelerator will exploit the capabilities
with the most compact RF technology available today and provide an excellent sci-
ence test facility with a complementary technological approach that decouples the
plasma accelerator from laser science.

Distributed and versatile user areas will be set up to exploit the inherent advan-
tageous features of the plasma accelerator, for example multiple parallel user lines for
laser-driven accelerators, the generation of ultra-fast electron and photon pulses with
naturally short pulse lengths, the quasi-point—like emission of X-rays inside plasmas
with the potential for ultra-sharp imaging, and unique pump-probe configurations
with the synchronised EuPRAXIA particle and laser beams.

The EuPRAXIA project will serve society in a number of ways. The broad and
interdisciplinary EuPRAXIA collaboration in Europe and with international partners
will create a critical mass of expertise and capabilities in Europe. It will support and
further position Europe as a world-leading competitor in accelerator innovation. The
EuPRAXITA project will also challenge and support the European and world-wide
laser industry to further develop and improve their products on high-power pulsed
lasers. New generations of scientists and technicians in the EU will be exposed to
innovative and highly challenging technical and intellectual problems in centrally
located and well-integrated R&D facilities. The proximity to major universities and
laboratories in Europe will amplify the capability of EuPRAXIA to fascinate young
generations for science and technology, to foster innovative out-of-the-box thinking, to
serve as a high-tech training base, and to strengthen the job base for technical work.
Finally, a compact particle accelerator product as a result of the EuPRAXIA project
could make accelerators available as versatile tools to new users and in new locations,
e.g. laboratory spaces at university, hospitals, mobile platforms, and beyond.

The EuPRAXIA infrastructure is implemented through several components: clus-
ters, excellence centres, and construction site(s).

Clusters of European institutes collaborate jointly to address well-defined chal-
lenges and guide the overall R&D and design of the project. This is complemented by
EuPRAXIA centres of excellence at existing large infrastructures in Hamburg (DESY
— Germany), on the Plateau de Saclay (France), in Lisbon (IST — Portugal), in the
UK (CLF and SCAPA), and at ELI Beamlines (Czech Republic). The centres of
excellence perform mission-critical R&D, protoyping, testing, and construction tasks
bringing in and upgrading their existing infrastructures and delivering fully tested
components to the EuPRAXIA construction site(s). As a central component to the
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infrastructure concept, one or two construction sites will host new large research
facilities, exploiting beam-driven (BPA) and laser-driven plasma-accelerator (LPA)
technology. At these construction site(s), the consortium will set up several plasma-
accelerator beamlines realising complementary technologies and applications, and
providing pilot access to academic and industrial users, once target parameters have
been reached. INFN — Frascati (Italy) has been agreed as the construction site for
a beam-driven plasma accelerator facility, including several applications, such as a
free-electron laser and positron sources. It is ready to proceed and will be realised in
the first phase of the project. For the laser-driven construction site, a strong concept
has been developed at this stage, and multiple candidate sites have been identified
based on the varied research landscape for laser-driven plasma acceleration already
existing across Europe. A site decision for the construction of the laser-driven plasma
accelerator will be taken during the preparatory project phase of EuPRAXIA.

The EuPRAXIA clusters, excellence centres, and construction sites are coordi-

nated by a lean project management structure. It organises the overall technical
design (TD) and prototyping, it oversees construction work, and it links to industrial
partners through work at the collaborating institutes.
Funding options for EuPRAXIA start at 68 million euros for a beam-driven and 75
million euros for a laser-driven EuPRAXIA implementation (minimal systems). It is
estimated that the full-scale EuPRAXIA facility with two construction sites requires
an investment of 320 million euros and about 1,800 FTE person power integrated over
an 8-10 year project duration (technical design, prototyping, and construction). The
320 million euro cost includes about 83 million euros that is invested in laser tech-
nology with industry. Funding will be leveraged by co-funding from the EuPRAXIA
partners. The full-scale EuPRAXIA implementation is a truly European project that
realises a major competitive advantage, strong scientific impact, and important soci-
etal benefits. Proceeding at full speed, we estimate that the EuPRAXIA research
infrastructure would start full operation in 810 years. Parts of EuPRAXIA could go
into operation at significantly earlier times.

Role and Structure of the CDR

This report describes the conceptual design of a European plasma accelerator facil-
ity EuPRAXIA. It includes technical results and organisational concepts that are
required for assessing the feasibility of such a research infrastructure based on plasma
acceleration and other technologies. The report does not provide a final technical
design of the facility to be implemented, but instead proposes solutions for critical
issues, while also identifying additional challenges and developing strategies on how
to possibly approach them in the future. Based largely on theoretical and simulation
studies, together with in-kind funded experimental activities, the CDR summarises
the activities and developments of a large collaboration of research organisations.
Most of the concepts developed in the context of EuPRAXIA and presented here
have been published as EuPRAXIA articles in scientific journals and are referenced
accordingly herein. As an added value, this report brings these findings together and
applies them in the context of constructing a compact, large-scale research facility.
On the basis of the outcomes of this report, it is acknowledged that, while some
technical issues remain to be solved, several novel solutions have been developed
and confirmed in the standard peer review process before publication in journals
like Physical Review Letters. No fundamental show-stoppers have been identified
for the concept of the EuPRAXIA facility. The continuation of the project through
a technical design phase will validate the proposed design in more detail. This next
phase will also be focused on developing further the detailed technical specifications of
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the proposed facility including required prototypes and experimental demonstrations,
upon which the final design of the EuPRAXIA implementation will be based.

The remainder of this report consists of five main sections. While the first two
present an introductory description of the project suited for non-expert readers, Parts
4 to 6 focus on the technical challenges, proposed solutions and planned experimental
demonstrations that determine the strategy for realising the proposed infrastructure.

In this context, Part 2 provides a short description of the EuPRAXIA project,
including an introduction to plasma acceleration and the EuPRAXIA Consortium,
a definition of the project goals, a summary of the implementation concept of
EuPRAXTA and its benefits to participants, as well as an outline of the project’s
cost, schedule and risk estimates.

Subsequently, the non-technical aspects of EuPRAXIA are presented in Part 3.
After an introduction of the project and the field of plasma accelerators in Chapter 1,
the case of EuPRAXIA for science and innovation is put forward in Chapter 2 and the
concept of the proposed infrastructure is discussed in Chapter 3. Chapter 4 outlines
the preliminary financial project planning, whereas Chapter 5 summarises various
organisational aspects from schedule and governing model to risk mitigation. Finally,
Chapter 6 provides a brief overview of the predicted impact of EuPRAXIA in a
scientific and societal context.

Part 4 focuses entirely on the conceptual design of the beamlines foreseen at the
EuPRAXITA facility. Chapters 7 to 9 present the technical background, an overview of
the facility sub-systems, and a summary of technical parameter tables, respectively,
before different machine components are examined in detail in Chapters 10 to 26.
Chapter 27.2 summarises aspects relating to the safety and environmental impact of
the project.

Consequently, an outlook on the planned technical design phase of EuPRAXIA -
dedicated with a large part to prototyping and test experiments — is given in Part 5.
After a description of key future activities for different machine sub-systems in
Chapter 28, a variety of relevant and suitable test facilities related to the EuPRAXIA
Consortium is introduced in Chapters 29 to 31.

Finally, Part 6 presents the Appendix of the CDR, where further details are
provided on many of the technical topics discussed in the conceptual design, and a
list of EuPRAXIA journal publications can be found.
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Part 2
Short Description of EuUPRAXIA

Plasma Wakefield Acceleration: A Transformative Technology for
Future Particle Accelerators

Plasma wakefield acceleration opens the path to new particle accelerators
that can be much more compact and cost-effective. A strong competition is
ongoing throughout the world involving laser and accelerator industry.

Europe has played a leading role in the development of particle accelerators since
the first radiofrequency (RF) accelerator was built in Aachen in 1927 [1]. Today
Europe operates most of the leading particle accelerators in the world. Tens of thou-
sands of users from science, industry, and medicine are provided with beam time and
rely on the availability of cutting-edge, high-quality particle and photon beams for
performing their work.

Providing particle beams that are competitive on a worldwide scale requires con-
tinuous optimisation and the improvement of operating facilities, including strategic
research and development. Adopting new ideas and novel technologies has constantly
advanced the field of particle accelerators. Prime examples are the 1968 invention of
stochastic cooling by Simon van der Meer at CERN [2], opening the route to higher
density beams and recognised by the 1984 Nobel Prize in Physics [3]. In 1979, Tajima
and Dawson proposed laser-driven plasma accelerators that can produce accelerating
fields 1,000 times stronger than in RF accelerators [4], thus opening the possibil-
ity for accelerator facilities with a much-reduced size and cost. Such machines have
since been realised experimentally and reproducibly demonstrated multi-GeV elec-
tron beams with promising beam quality. In parallel, high-power lasers have been
developed over the past decades since the invention of chirped pulse amplification
and are today produced with European laser industry in a leading position. This
innovation in laser technology was awarded with the 2018 Nobel Prize for Physics,
going to Donna Strickland and Gérard Mourou [5].

A strong competition is ongoing throughout the world (with the United States,
Europe, Japan, and China being the key players) involving laser and accelerator
industry. The common breakthrough goal of these activities is an accelerator facility
that will support users with particle and photon beams, while demonstrating benefits
in size and cost. Such a technology leading to compact accelerators will have unfore-
seen applications in hospitals, universities, emerging countries, etc., while also being
a required stepping stone to future high-energy accelerators for discovery science.
EuPRAXITA is the design of such a new facility that offers unprecedented features,
enables (if constructed) advances otherwise not possible, and prepares a future with
compact accelerators.

The EuPRAXIA Consortium

EuPRAXIA enables interdisciplinary collaboration in Europe and beyond as
a key to success.

The EuPRAXIA Consortium has formed around an EU-funded Horizon 2020 con-
ceptual design study to develop the concept of a “European Plasma Research Accel-
erator with eXcellence In Applications”. It serves as an open innovation platform
bringing together 16 participants and 25 associated partners from Europe, Asia, and
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the United States. Among the 41 members of the consortium are international organ-
isations, major national laboratories, and universities combining interdisciplinary
expertise from particle accelerators, laser science, plasma physics, theory, simula-
tions, and accelerator-based user facilities.

EuPRAXIA is the first European project that develops a dedicated accelerator
research infrastructure based on novel plasma concepts and laser technology. It keeps
a strict focus on the development of particle accelerators, their user communities,
and the exploitation of existing accelerator infrastructures in France, Germany, Italy,
and the UK. The laser community, in particular the Extreme Light Infrastructure
(ELI) and its new laser infrastructures, is connected as associated partners, ensuring
complementarity and full knowledge exchange.

The EuPRAXIA work is organised in 15 work packages (WP), each led by two
senior scientists from European institutes. The consortium also connects to represen-
tatives from leading European laser companies through its scientific advisory board
and its laser work package, that are, in this way, directly contributing to the project.

Technical and Scientific Goals

EuPRAXIA will demonstrate compact and highly innovative plasma-
accelerator technology for higher energy applications in the European research
landscape.

The EuPRAXIA project aims at the construction of an innovative electron accel-
erator based on plasma wakefield acceleration, with a beam energy of 1 to 5 gigaelec-
tronvolts (GeV), a beam quality (single pulse) equivalent to present RF linacs, and
demonstrated benefits in size and cost when compared to RF-based machines.

The EuPRAXIA pilot facilities with improved electron beam quality will establish
user-readiness and will deliver electron beams and photons as a first demonstrator to
users of this new technology. The EuPRAXIA energy range and its performance goals
will enable versatile applications in various domains, e.g. a compact free-electron laser
(FEL), compact sources for medical imaging and positron generation, tabletop test
beams for particle detectors, and highly mobile but deeply penetrating X-ray and
gamma-ray sources for material testing.

EuPRAXIA will demonstrate high-quality beam generation from a plasma-
accelerator module and is therefore the required stepping stone to possible plasma-
based linear colliders at the high-energy physics (HEP) energy frontier, which would
combine many such components.

In more detail, the EuPRAXIA scientific and technical goals include the following:

— Achievement of the single- and multi-stage acceleration of electron beams to final
energies between 1 and 5 GeV, with a pulse duration of a few femtoseconds, with
transverse emittance of about 1 mm mrad, and with relative energy spread reach-
ing from a few percent down to a few 1073 total and a few 10~ in a 1-micrometre-
slice of the beam. The EuPRAXIA specifications approach the regime of modern
FELs, open various application paths, and also fulfil basic requirements for a
5 GeV plasma-accelerator stage of a linear collider.

— Implementation of a highly compact machine layout, initially realising at least
a factor 3 gain in required floor space for the facility with accelerator and user
areas. This includes all necessary components and infrastructure. EuPRAXIA
additionally implements a realistic stepwise strategy for the miniaturisation of
the particle accelerator itself by a factor 10 and beyond in its most compact
version.
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— Development and construction of new generations of petawatt-scale pulsed lasers
as drivers for plasma wakefields, together with industry and laser institutes. These
lasers will operate with high stability at 20 to 100 Hz, therefore enabling laser-
based and beam-based fast feedbacks. In parallel, major R&D activities will be
pursued on the rapid development of laser systems with higher efficiency, which
can operate atkHz repetition rates. Here, we mention the KALDERA system
that will be developed at DESY. The new kHz laser system would replace the
more conventional 100 Hz laser system during an upgrade of the EuPRAXIA
infrastructure and would enable additional applications and science reach. The
improved feedback efficiency with such increased repetition rates compared to the
current state of the art will allow much better pulse-to-pulse stability control and
beam quality.

— Development and construction of a compact beam driver based on X-band RF
technology from CERN. The X-band linac foreseen for EuPRAXIA’s beam-driven
plasma accelerator infrastructure will be the RF linear accelerator with the highest
acceleration per metre worldwide.

— Development and construction of distributed and versatile user areas that exploit
the inherent advantageous features of the plasma accelerator, namely:

e the possibility of multiple parallel user lines for laser-driven accelerators,

e the generation of ultra-fast electron and photon pulses with naturally short
pulse lengths,

e the quasi-point-like emission of X-rays inside plasmas with the potential for
ultra-sharp imaging,

e unique pump-probe configurations with the synchronised EuPRAXIA particle
and laser beams.

The EuPRAXIA Consortium has, since 2015, developed and published a number
of concepts that describe novel solutions for improved beam quality and will allow
reaching these goals (see Chap. 33 for a full list of publications). More controlled
electron injection techniques, phase-space manipulation concepts as well as enhanced
stability and synchronisation for laser and electron beams, for example, will be com-
bined with conventional, well-established components. Those solutions will be tested
in a phased approach during the technical design phase to confirm the validity of the
facility concept.

Societal Goals

EuPRAXIA will involve the European industry and younger generations in
inspiring technological challenges close to major universities and research
institutions in Europe.

The EuPRAXIA project will serve society in a number of ways:

— The broad and interdisciplinary EuPRAXIA collaboration in Europe and with
international partners will create a critical mass of expertise and capabilities in
Europe. It will support and further position Europe as a world-leading competitor
in accelerator innovation.

— The EuPRAXIA project will challenge and support the European and world-wide
laser industry to further develop and improve their products on high-power pulsed
lasers. This will strengthen the laser industry overall but in particular also enable
European laser companies to stay world leading in a fair and competitive effort.

— New generations of scientists and technicians in the EU will be exposed to innova-
tive and highly challenging technical and intellectual problems in centrally located
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and well- integrated R&D facilities. The proximity to major universities and lab-
oratories in Europe will amplify the capability of EuPRAXIA to fascinate young
generations for science and technology, to foster innovative out-of-the-box think-
ing, to serve as a high-tech training base, and to strengthen the job base for
technical work.

— A compact particle accelerator product as a result of the EuPRAXIA project
could make accelerators available as versatile tools to new users and in new
locations, e.g. laboratory spaces at university, hospitals, mobile platforms, and
beyond. This would multiply access to accelerators and could create major
advances in knowledge and capabilities, some of them yet unimaginable. We can,
for example, foresee that ultra-fast X-ray pulses from compact accelerators could
serve tens of thousands of PhD students and post-docs to scan features of many
million types of viruses and bacteria, materials and medical compounds. The
most promising cases would then be studied further and with more accuracy in
big science facilities.

Implementation Concept for EuPRAXIA

EuPRAXIA builds a new kind of European research infrastructure on the
foundations of existing facilities and past national investments.

The implementation concept for the EuPRAXIA project has been inspired by the
design and construction of large detectors for particle physics, for example ATLAS
and CMS for the Large Hadron Collider at CERN. Dozens of institutes form such a
detector collaboration; they develop, prototype, and produce the components of the
detector and finally assemble the full device at the site of the experiment. During
this process, groups of institutes (“clusters”) collaborate on certain well-defined parts
of the detector, combining their expertise and involving the local infrastructures at
their laboratories. This distributed model of R&D and production has proven very
efficient and highly successful for building together some of the world’s most complex
scientific installations.

EuPRAXIA aims at implementing such a concept for the common construction
of a European plasma-accelerator facility, in the form described below. We also note
that such a concept, almost unique in the current scenario of collaborative efforts
in the field, is an open innovation approach. As such, following the EU definition, it
aims to “open up the innovation process to all active players so that knowledge can
circulate more freely and be transformed into products and services that create new
markets” [6].

The proposed EuPRAXIA implementation model relies on five pillars:

1. The common goals of the EuPRAXIA Consortium, as described above.

2. Several clusters of institutes that address particular and well-defined challenges
in the EuPRAXIA project. International partners are included through bilateral
or EU programs, within the rules of funding agencies.

3. A set of EuPRAXTA centres of excellence in plasma-based acceleration, in plasma
theory and simulation, and in laser technology. They rely heavily on already-
existing large infrastructures active in the field which provide the scientific and
technical capabilities required for solving critical R&D challenges for the project
in due time. At these facilities, mission-critical R&D, protoyping, testing, and
construction tasks are performed, bringing in and upgrading their existing infras-
tructures.

4. One or two EuPRAXIA site(s) will host the construction of the beam-driven
and laser-driven plasma accelerator facility(ies). At these construction site(s)
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and possibly also at excellence centres, the consortium will set up several plasma-
accelerator beamlines realising complementary technologies and applications and
providing pilot access to academic and industrial users once target parameters
have been reached.

5. An overarching and lean EuPRAXIA project management structure. It coordi-
nates the overall technical design and prototyping, it oversees construction work,
and it links to industrial partners through work at the collaborating institutes
(funding passes through existing institutes and administrative structures).

The EuPRAXIA proposal foresees that scientific concepts, technical components,
and assemblies are developed and prototyped in existing national facilities in France,
Germany, Italy, Portugal, the UK and at ELI Beamlines, close to major universities
and research institutions in Europe. This solution will ensure that the existing R&D
infrastructure in Europe is fully exploited, it avoids expensive duplication of technical
and administrative structures, it optimises the need for investment, and it provides
access to a large pool of a technically educated and young work force, which is
required for constructing such a facility.

EuPRAXIA proposes clusters of collaborating institutes that solve critical
challenges in certain technical areas, including high peak-power laser technol-

ogy.

The EuPRAXIA Consortium proposes clusters of institutes for addressing the
critical challenges in our project. These clusters will bring together the partner insti-
tutes to address specific developments of interest for EuPRAXIA; the results will
then be shared within the consortium and implemented at the excellence centres and
eventually at construction site(s). This model provides a way to extend resources
for a specific topic, and benefit the whole consortium. Important clusters proposed
include the following;:

1. cluster on theory and simulation: start-to-end simulations, performance predic-
tions, evaluation of measured hardware performance, code benchmarking, devel-
opment of new theoretical concepts, high-performance computing, new codes,
and new approaches;

2. cluster on laser technology: R&D, testing, prototyping and construction of final
hardware for laser drivers, laser diagnostics, optical components, laser transport
lines, and kHz laser technology, all with a link to leading European laser expertise
and industry;

3. cluster on plasma components and systems: R&D, testing, prototyping and
construction of final hardware for plasma sources, plasma injectors, plasma-
accelerator stages, plasma mirrors, and plasma lenses;

4. cluster on RF technology: R&D, testing, prototyping and construction of final
hardware for RF drivers, RF injectors, low-level RF, and synchronisation;

5. cluster on magnets and other beamline components: R&D, testing, prototyping
and construction of final hardware for magnets, beam transport and manipula-
tion, collimation, and beam dumps;

6. cluster on diagnostics: R&D, testing, prototyping and construction of final
hardware for electron diagnostics, positron diagnostics, photon diagnostics, and
plasma diagnostics;

7. cluster on applications: R&D, testing, prototyping and construction of final hard-
ware for positron sources, the free-electron laser, undulators, an inverse Compton
source, a betatron source, test beam generation, HEP detector testing, and user
end stations;

8. cluster on transformative innovation paths: R&D on novel concepts and
techniques possibly suitable to implement at EuPRAXIA, including hybrid
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accelerators, novel injection and radiation generation mechanisms, multi-pulse
LWFA, and plasma-based metrology and diagnostics;

9. cluster on training, outreach, and dissemination: dissemination of results, out-
reach, education, public engagement, knowledge transfer, training, and user
workshops;

10. cluster on layout and implementation: testing, prototyping and, partially, con-
struction of final hardware for the infrastructure of the construction site(s),
including the control system, data acquisition, analysis and storage, safety sys-
tems, cooling, and other basic support systems.

A more detailed description of these clusters is given in Section 3.3.1.

EuPRAXIA proposes five centres of excellence at existing facilities inside the
EU, to be implemented and operated in close collaboration with the technical
clusters.

Five EuPRAXIA centres of excellence are being proposed:

1. A EuPRAXIA laser and prototyping excellence centre, located on the Plateau de
Saclay, close to Paris in France. A EuPRAXIA prototype laser will be installed
by French EuPRAXIA institutes together with the laser industry to generate
and accelerate electron beams to 1 GeV. High-quality feedback systems will be
devised, acting on the parameters of the laser and the plasma structure developed
in the French institutes. The Saclay prototype will be optimised to achieve the
required stability goals for EuPRAXTA. In continuation of the COXINEL project
in France, FEL quality beams will be demonstrated by generating FEL light. Both
the plasma-accelerator technology and the FEL process will then be optimised for
EuPRAXTA. In parallel, high-repetition-rate laser applications will be developed.

2. A EuPRAXIA excellence centre for plasma acceleration and high-repetition-rate
developments located at DESY. For the past decade, DESY has been building up
a program in plasma acceleration and is currently further expanding its capabil-
ities to advance the science and technology of plasma accelerators. It is execut-
ing an ambitious development program in both electron beam-driven and laser-
driven plasma accelerators, targeted to high electron beam quality, high aver-
age power, and first applications. In the context of the EuPRAXIA initiative,
DESY is planning to bring in its capabilities and research interests as an excel-
lence centre for plasma acceleration and high-repetition-rate developments. The
present and future DESY capabilities relevant for EuPRAXIA include a GeV elec-
tron beam driver at a MHz repetition rate at FLASHForward, high peak-power
laser pulses (>100 TW) delivered at akHz for an average power at the multi-
kW level at KALDERA, ultra-short electron bunches at up to 150 MeV from the
S-Band linac ARES, advanced plasma and beam diagnostics, ultra-fast feedback
systems, plasma-accelerator components, as well as experimental plasma acceler-
ation setups. Several of these capabilities are supported through the Helmholtz-
wide ATHENA project on the laser-plasma accelerator R&D infrastructure in
Germany.

3. A EuPRAXIA theory and simulation centre, located at the Instituto Superior
Técnico in Lisbon, Portugal. The centre will coordinate EuPRAXIA work on
theory and simulations that will be performed at the various partner institutes.
Common standards and comparability of results will be ensured. An increase in
simulation capabilities through smarter algorithms and access to supercomputers
will be essential to establish a full operational model of EuPRAXIA performance,
including imperfections, feedback systems, and user needs.

4. A EuPRAXITA advanced application beamline centre, located in the UK. The Cen-
tral Laser Facility CLF (STFC Rutherford Appleton Laboratory), the CLARA
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facility (STFC Daresbury Laboratory), and the SCAPA facility (University of
Strathclyde), together with several UK universities, combine unique expertise in
plasma accelerators, X-ray—based medical imaging, industrial applications, and
schemes for positron production. The UK-based EuPRAXIA consortium will
design and prototype EuPRAXIA application beamlines.

5. A EuPRAXIA incubator at a laser centre, located at ELI Beamlines in Prague,
Czech Republic, for user aspects and for the transfer of plasma-accelerator tech-
nology into ELI. The EuPRAXIA incubator at ELI will provide input and guid-
ance on key components for high-repetition-rate laser-driven FELs from the laser
community to EuPRAXIA. In addition, it will provide ELI with a direct open
innovation access to the accelerator technology developed inside the EuPRAXIA
project, such that it can provide this to its users. Industrial technology transfer
from and to the laser industry can pass through ELI but will also directly involve
the clusters, excellence centres, and construction site(s) of EuPRAXIA.

It is at the core of EuPRAXIA that the excellence centres will be implemented
and operated in close collaboration with the clusters. For example, the laser and
prototyping facility will be defined, set up, and operated in collaboration with the
cluster on laser technologies, thus ensuring a wide European share of knowledge
and work. The concepts, technical designs, technical drawings of prototype devices,
and results achieved at the excellence centres listed above and at the construction
site(s) (see below) will be made available in the form of open innovation to the whole
consortium. The facilities described above will serve as continued development and
testing areas during the operation of EuPRAXIA developing necessary improvements
for various components or preparing facility upgrades.

EuPRAXIA proposes a staged approach for the construction of sites for two
complementary technical approaches in plasma acceleration. This will ensure
competition in technology instead of competition among institutes.

In parallel to and after the technical design and prototyping work, we foresee
that the consortium will construct the joint EuPRAXIA plasma accelerator and user
facilities. Considering constraints and interests in the collaborating institutes and
countries, the conceptual design has converged on the construction of a site devoted
to beam-driven acceleration. For the laser-driven construction site, a strong concept
has been developed at this stage, and multiple candidate sites have been identified,
based on the varied research landscape for laser-driven plasma acceleration already
existing across Europe.

1. The EuPRAXIA facility for beam-driven plasma acceleration is proposed to be
constructed in Frascati, Italy, and is ready to proceed. The host lab is INFN-
LNF, and the electron beam driver will rely on the most compact RF technology
available, namely, X-band structures developed at CERN. The Frascati site of
EuPRAXIA will build on the investments in beam-driven plasma acceleration
at SPARC_LAB. This proposal also reflects on the Italian interest in an FEL
user facility that combines a 1GeV RF-based FEL option with a plasma-based
advanced FEL setup at possibly higher energy. EuPRAXIAQSPARC LAB would
be the first FEL on the Frascati site. The dual approach will ensure that a new
FEL user community at Frascati can be served with maximum availability and
particle flux. User applications for EuPRAXIA@QSPARC LAB will focus on a
1GeV free-electron laser with an upgrade to 2-5GeV, an inverse Compton scat-
tering photon source, high-energy positron beams, and test beams.

2. The EuPRAXIA facility for the laser-driven plasma accelerator could be con-
structed at an excellence centre or at one of the several options described in
Section 3.6.7. Laser pulses will be provided from lasers developed in collaboration
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with industry and scientific institutes for the EuPRAXIA needs. The laser-driven
EuPRAXITA site aims at the most compact accelerator solution for future free-
electron lasers, complementing the existing big science FELs at various large
research centres in Europe. User applications for EuPRAXIA will focus on a
compact 1-5GeV free-electron laser, plasma-based medical imaging, a compact
positron source for material science applications, and highly compact test beams.

The complementary approaches followed in the two construction sites induce some
level of com- petition in technology that will help speed up progress. At the same
time, the two approaches offer different benefits and application reach. The two legs
of EuPRAXITA will therefore have an excellent and long-term sustainability in tech-
nology development and user markets.

The combination of clusters, excellence centres, and construction site(s) will
enable a truly European project that integrates the European R&D landscape in this
research field and binds together existing facilities and investments. This approach
allows the fastest progress in a situation of strong competition throughout the world.
It is therefore proposed in the EuPRAXIA CDR and will be refined in the next
project phases.

It is a crucial aspect of the EuPRAXIA concept that the implementation model
described above is coordinated and governed in the common EuPRAXIA project
that we propose. The overall EUPRAXIA management will match tasks across all
partner laboratories with available expertise, interests, and capacity. It will ensure
that common components will be used in the construction site(s) and the connected
facilities, wherever possible. The EuPRAXIA project will thus prevent the duplica-
tion of work and loss of resources from internal competition. The proposed EU-wide
coordinated project will produce critical mass, synergy, and added value, positioning
the EuPRAXIA Consortium as a highly competitive and success-enabled player in
the worldwide competition for a new accelerator technology.

Added Value for EuPRAXIA Participants

EuPRAXIA partners participate in the knowledge creation process, gain in
institutional capabilities, share EuPRAXIA intellectual property, and transfer
innovations back into their nations.

The participants in the EuPRAXIA project will profit from a number of benefits
for their work and their countries:

— Participation in the knowledge creation process that will be fostered by
EuPRAXIA with its interdisciplinary and international project team (“attract-
ing and educating the brains for our future”).

— Gain in capabilities in the participant’s laboratory from project tasks performed
and from additional resources procured via the EuPRAXIA project.

— Access to EuPRAXIA infrastructures and expertise across the whole project,
profiting from larger critical mass and enabling faster progress in R&D activities.

— Institutional share in intellectual property that is generated in the open innovation
format of EuPRAXIA.

— Possibility to transfer compact applications to the participant’s country, users,
and industry.

— Bringing the competitive advantage of the EuPRAXIA collaboration to the par-
ticipant’s institute and country in a world-wide race for high technology leadership
as well as modern industries and applications.
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— Supporting accelerator development using laser plasma technology, bringing
together the accelerator community interested in beam quality and the laser
plasma physicists interested in high-level advances in laser science.

Preliminary Cost Estimate

EuPRAXIA is, at full scale, a 320 million euro investment into European
compact accelerator innovation and scientific applications, including an 83
million euro investment into laser technology. Depending on budget availabil-
ity, minimal scenarios include options for a 68 million euro beam-driven and
a 75 million euro laser-driven accelerator site.

The EuPRAXIA concept relies heavily on existing R&D facilities at major Euro-
pean laboratories. The institutes operating there today will ensure the availability
of the required administrative structures and basic infrastructures. EuPRAXIA can
therefore be highly cost- effective and focus on innovation and leadership in technol-
ogy and science. Using existing large laboratories as hosts guarantees the sustain-
ability of the EuPRAXIA centres and site(s) and opens the possibility of co-funding.

Detailed discussions on funding provisions for the full EuPRAXIA project will
only take place after the completion of the Conceptual Design Report (CDR) in
October 2019. In Section 4, the CDR provides a preliminary cost estimate for the
EuPRAXTA research infrastructure, the required technical design and prototyping.
Options start at a cost of 68 million euro for a beam-driven and 75 million euro for
a laser-driven EuPRAXIA implementation (minimal systems). It is estimated that
the full-scale EuPRAXTA facility with two construction sites requires an investment
of 320 million euro and about 1,800 FTE person power integrated over a 8-10 year
project duration (technical design, prototyping, and construction). The 320 million
euro cost includes about 83 million euro that is invested in laser technology with
industry and will be leveraged by co-funding from the EuPRAXIA partners. The
full-scale EuPRAXTA implementation is a truly European project that realises the
competitive advantage, scientific impact, and societal benefits described above.

The full-scale EuPRAXIA project is a strategic investment into accelerator
innovation, laser industry, the technical education of young generations, and
European collaboration.

It is explicitly acknowledged that the development of a EuPRAXIA funding sce-
nario will require detailed discussions with decision makers at the national and EU
levels. Only the support and injection of significant funding from the European
Commission can enable an open innovation infrastructure project like EuPRAXIA,
a project that is focused on capital-intensive high technology and operates across
Europe.

The interim funding from the completion of the conceptual design report in Octo-
ber 2019 to the possible start of (not yet defined) Horizon Europe funding for the
technical design at the end of 2022 is an issue of critical importance. The shift of
the next roadmap exercise of the European Strategy Forum for Research Infrastruc-
tures (ESFRI) by one year creates a likely gap in funding that should be urgently
addressed. A funding of 4 million euro would be sufficient to keep the EuPRAXIA
collaboration active and advance preparatory work on concepts and implementation
details. Additional funding at the level of a former “Joint Research Activity” (JRA,
15 million euro) would allow the start of urgent R&D work and the performance of
critical feasibility demonstrations.
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Schedule

EuPRAXIA is a project that requires a technical design phase of four to six
years and a construction phase of four years.

The definition of the EuPRAXIA project phases and the correspondence
with European decision processes (such as the ESFRI roadmap) are discussed in
Section 5.1. We note that the international race towards compact particle accelera-
tors with applications and progress in back-bone technologies (e.g. high-power lasers
from industry) requires a fast decision process. Fast decisions will make it possible
to retain the competitive edge. Once funding is available, the EuPRAXIA R&D can
start swiftly, based on the work done in the EuPRAXIA conceptual design study
and the reliance on existing research infrastructures. It is acknowledged that the
EuPRAXITA project is a highly innovative project with a number of risks in tech-
nical challenges and project setup. Therefore, a decision process will need to move
in a stepwise fashion, from the approval of the technical design phase to a project
readiness review and finally the approval for construction.

Proceeding at full speed, we estimate that the EuPRAXIA research infrastructure
would start full operation in 8-10 years. Parts of EuPRAXIA could go into operation
at significantly earlier times.

Risk Reduction Roadmap

EuPRAXIA is a highly innovative project and, as such, has areas of technical
and managerial risk. A risk reduction roadmap will ensure project success.

The EuPRAXIA project team has identified major risks in various important
areas:

1. Laser technology, hardware, and transport might face unforeseen technical prob-
lems.

2. The readiness of a user application could be delayed, or user demand might be
lower than anticipated initially.

3. One of the novel EuPRAXIA schemes might not work as predicted.

4. Certain EuPRAXIA simulation results might be too optimistic given unavoidable
imperfections, new physics processes, and computational limitations.

5. A partner with a relevant commitment for EuPRAXIA might withdraw from the
project given funding constraints.

6. A strategic industrial partner might change priorities.

These are just a few major examples. More can be found in Chapter 5.7. Based on
these challenges, the EuPRAXITA Consortium has defined a risk reduction roadmap
including the following measures:

1. In its CDR, EuPRAXIA relies as much as possible on proven concepts and solu-
tions, requiring challenging but realistic extensions in technology. For example, the
baseline EuPRAXIA laser technology is based on an extrapolation of the presently
available industrial solutions. Also, the envisaged beam energy in plasma acceler-
ation has been demonstrated. Higher risk solutions have been defined as backup
and development paths.

2. Full-scale prototypes of critical components will be tested at EuPRAXIA excel-
lence site(s) before the final construction decision. Examples include the high-
power laser, the beamlines, the undulator and FEL performance at 1GeV, and
the plasma targets.
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3. The EuPRAXIA concept foresees full and very accurate diagnostics of the laser,
the plasma, and the electron beams. Optical control elements and electron beam
correctors have been integrated or foreseen to counter performance limitations.

4. Backup options have been defined for critical schemes and can be tested in a timely
matter, if needed. Examples include various types of electron sources, various
plasma schemes, options for diagnostics, and different transfer line designs.

5. The approach of a distributed construction model guarantees that the consortium
can continue operation even if a partner would withdraw from the collaboration.

6. EuPRAXIA has already, in its CDR phase, connected to several companies and
will continue relying on multiple industrial partners. This will minimise risks in
case of changing priorities in a connected company.

7. EuPRAXIA offers opportunities for outstanding science, innovation, and multiple
user applications at excellence centres and site(s). This offers risk mitigation in
the case that one science or user application is delayed because of problems in
technical parameters.

8. EuPRAXIA has reached out to the user communities in particle physics, photon
science, health, and industry to better integrate their insights and needs into the
facility design. This effort will be continued.

We are convinced that the combination of a highly innovative EuPRAXIA con-
cept, advanced technologies, new ideas and risk-mitigation strategies will ensure a
fully successful project.
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Part 3
The Research Infrastructure Concept
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Fig. 1.1. Partners and associated partners of the EuPRAXTA Consortium.

1 Introduction
The EuPRAXIA Consortium

The EuPRAXIA Consortium is a collaboration of 41 institutions across 14 countries
(as of November 2018) in Europe and beyond, as shown in Figure 1.1. It consists
of 16 full members as well as 25 associated partners, which joined the collaboration
after the beginning of the design study and hence have added to the project largely
through in-kind contributions.

The EuPRAXIA collaboration came together in a unique attempt to combine
interdisciplinary expertise from across all areas relevant for the construction of a novel
plasma-based accelerator facility. As such, EuPRAXIA comprises not only interna-
tional organisations and national laboratories but also research institutes and univer-
sities. Its partners have demonstrated excellence in accelerator science and plasma
physics as well as laser technology, photon science, and high-energy physics. Finally,
through its Scientific Advisory Committee (SAC) as well as more informal partner-
ships, the EuPRAXIA Consortium is also connected to industry, such as the world-
leading laser companies Amplitude, Thales, and Trumpf Scientific, as well as other
excellent research hubs like the European XFEL, Fermi, and ALBA light sources,
CERN, and the Lawrence Livermore National Laboratory.

The contributions of the consortium partners to the EuPRAXIA conceptual
design study have been coordinated through a set of fifteen technical work pack-
ages (WPs) with specific foci on the main sub-systems of the EuPRAXIA machine
design. In this context, each work package is directed by a WP leader and co-leader,
as Figure 1.2 shows, and includes representatives from around two to ten different
partner institutes. Work Packages 9 to 15 are not part of the Horizon 2020 project
funding; hence, all work carried out by these groups (and, to a large extent, presented
in this report) has been entirely based on in-kind contributions.
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State of the Field and Promise for the Future

Particle accelerators are widely used tools for industry, medicine, and science. Today
there are around 30,000 particle accelerators in use worldwide, all relying on long-
proven and highly developed methods for particle acceleration based on metallic
radiofrequency (RF) devices [8]. The possible energy of particles, however, is often
limited by practical boundaries on size and cost, for example the available space in
hospitals, the available university funding for accelerator-based light sources, or the
cost society as a whole can afford for science projects at the energy frontier. In past
years, novel acceleration methods with plasma-based structures have demonstrated
the acceleration of charged particles in a length reduced by a factor 100-1000. A
recent success at Berkeley in the United States, for example, showed an electron
beam being accelerated over a distance of 20 cm to 7.8 GeV with a 1 PW laser pulse
[9]; in comparison, an RF-based machine requires several tens to hundreds of metres
to reach this energy. Many accelerator applications exist at the energy range from
1GeV to 8 GeV, which could benefit from more compact acceleration technologies.
Moreover, the electron pulses from plasma accelerators are short (few femtoseconds),
thus opening a groundbreaking route into novel applications for ultra-fast science.

The EuPRAXIA conceptual design study is relying on the impressive progress
achieved at LBNL and other laboratories. EuPRAXIA is not aiming at advancing
plasma acceleration towards higher beam energies. Instead, it investigates ways for
achieving high-quality electron beams and for establishing attractive use cases. To
accomplish these goals in a realistic, risk-mitigated manner, the project proposes to
combine a mixture of novel concepts, proven phenomena, established technologies,
and well-known, yet to be demonstrated solutions.

Developments in Plasma-Accelerator Research

Plasma accelerators have developed in recent years as one of the most promising
novel accelerator technologies capable of overcoming some of the limitations that
conventional machines based on radiofrequency acceleration experience, such as lim-
ited accelerating field strengths from material breakdown effects and consequently
large size and cost at high particle energies. By employing plasmas, i.e. ionised gas
targets, instead of vacuum-filled metallic cavities as an accelerating medium, field
gradients on the order of tens of gigavolts per metre — up to three orders of mag-
nitude larger compared to RF-based technology — can be achieved. Consequently,
plasma wakefield acceleration has the potential to significantly reduce acceleration
distances and hence the dimensions and costs of future accelerator-based machines.
Figure 1.4 highlights with examples from both RF accelerators and plasma accelera-
tion experiments the order of magnitude of this reduction in acceleration length for
various particle beam energies. At the same time, Figures 1.5 and 1.6 visualise the
macroscopic and microscopic scales of a plasma-accelerator stage.

Although theoretically proposed already in the late 1970s by Tajima and Dawson
[10], it was not until the early 21st century that plasma accelerators demonstrated
the first promising experimental results as controllable high-energy electron sources
[11-13]. Since then, a rapid development has been observed for both laser-driven
(LWFA) and beam-driven (PWFA) plasma accelerators reaching, on the one hand,
new energy records, while, on the other hand, significant milestones related to beam
quality and applications were achieved. A recent version of the Livingston curve, for
example, as shown in Figure 1.7, highlights well how this new technology approaches
conventional accelerators in terms of energy still growing at an exponential rate.

Laser-driven plasma acceleration (LWFA) has been linked very closely with the
development of laser technology over the last few decades, in particular the invention
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Fig. 1.3. Participants in the EuroNNAc and EuPRAXIA Workshop on a European Plasma
Accelerator in Pisa, June 2016. This EuPRAXIA collaboration meeting was organised as a
combined event with the European Network for Novel Accelerators EuroNNAc [7].
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Fig. 1.5. Basic principle of a plasma accelerator. While the left image shows the macroscopic
technical components, the schematic on the right highlights the physical process of plasma
acceleration on a microscopic scale (image credits: DESY, H. Mueller-Elsner, R. Assmann).

of chirped pulse amplification in 1985 [14], a technique that Donna Strickland and
Gérard Mourou received the Nobel Prize in Physics for in 2018 [5]. In LWFA, a short,
high-power laser pulse drives the accelerating plasma wakefield, while electron beams
can be brought to high energies in this field after injection into the accelerator either
from an external source or through generation inside the plasma (self-injection).
With the latter, the more prominent method used in experiments in the past, a
multitude of different self-injection mechanisms has been developed and tested over
the last decade ([15-20] and others), with new ideas and concepts created even today
(e.g. [21-23]). Beyond the generally very compact setup, self-injection thus promises
flexible options for creating electron beams with varying properties. For external
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Fig. 1.6. Small, novel plasma accelerator compared to the FLASH accelerator at DESY
(Germany) (image credits: DESY, H. Mueller-Elsner).

injection, on the other hand — a technique that is pursued for its improved control
over the electron beam quality — theoretical and computational results also show great
promise. Most experimental studies are still in preparation [24,25], with some first
successful experiments studying beam capture efficiency and other major challenges
[26].

Overall, research in LWFA has focused on a broad range of topics, as many
small and larger institutes have worked relatively independently on their experi-
mental setups or employed computational methods to study plasma acceleration.
Major milestones thus include not only electron acceleration to a few GeV [9,27],
but also successful experiments for high-charge beam acceleration [28] and the gen-
eration of short electron pulses in LWFA [29-31]. Over the last few years, research
has also moved towards improving electron beam quality, one of the main challenges
in plasma acceleration. In this context, for example, energy dechirping concepts to
remove the typically large correlated energy spread have been developed [32-34], and
techniques for preserving electron beam emittance throughout the plasma accelerator
are being studied through plasma target shaping [35-37] and high-gradient focusing
[38]. Improved diagnostics and plasma characterisation are further topics of interest
with successful studies on measuring wakefields [39] and controlling plasma properties
[40]. With a view towards reaching even higher beam energies, different concepts for
staging multiple plasma accelerators [41,42] are also under development, including,
for example, the study of new types of plasma targets that allow acceleration over
long distances by keeping the drive laser focused [43,44].

In beam-driven plasma acceleration (PWFA), the community is generally smaller,
with experimental infrastructures limited to a few major facilities, such as SLAC,
SPARC _LAB, FLASHForward, and CERN. PWFA uses a relativistic particle beam
as a plasma wakefield driver, typically an electron beam from an RF accelerator. This
technique comes with some advantages, such as longer possible accelerating distances
and hence higher energy gains, but also disadvantages, including the generally very
large and expensive experimental setups required. As energy records were achieved
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quite early on [45], efforts in recent years have focused experimentally on improv-
ing beam quality and controlling beam properties [46,47], in some cases with similar
concepts as in LWFA, such as energy dechirping mechanisms [48]. Additionally, with
particular promise for high energy physics, efforts have been placed on improving
energy gains through improvements in transformer ratio [49]. With a similar goal in
mind, other types of particles have been investigated as wakefield drivers, such as pro-
ton beams (AWAKE) [50] and even positron beams (both as drivers [51] and witness
beams [52]). Finally, more unconventional solutions are also pursued, especially with
regard to solving the issue of size and cost of PWFAs. One particular path has been
hybrid acceleration, which uses an LWFA to generate a driver for a second PWFA.
In this context and more generally, recent years have looked at different possible
internal injection mechanisms in PWFA stages, such as density downramp injection,
wakefield-induced ionisation injection [53,54], and Trojan horse injection [55].

As will be shown in the later parts of this report, the EuPRAXIA design brings
together many of these developed techniques and combines them with new concepts
targeted towards specific remaining issues. The wide range of institutes involved in
the collaboration thus plays an essential role in providing the necessary expertise to
apply these various developments in a comprehensive and application-driven context,
moving from plasma accelerators as experiments towards plasma-based tools and user
machines.

Status of Flagship Free-Electron Laser Experiments

After the first demonstrations of undulator radiation generated by electron beams
from a laser-plasma accelerator [56-59], demonstrating free-electron laser (FEL)
amplification has become the next goal [60,61]. Theoretical studies [62-64] point out
that while the high brightness of an LWFA beam comprises a significant advantage
for FEL gain, the comparably high initial values of divergence and energy spread
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that are typical for laser-plasma beams generated in the lab today, represent a major
obstacle.

To address these issues, the community developed a twofold approach: in addi-
tion to the continuous efforts to improve the intrinsic quality of LWFA beams, new
concepts have been developed to compensate the inferior characteristics of plasma-
generated electron beams by re-distributing the electron phase space in the transport
lines. These strategies include the stabilisation of the beam emittance and the spatial
sorting of electrons by their energies and form the basis of the experimental projects
of LWFA-based FELSs currently under development.

Presently, several projects of LWFA-based FELs are either in the commission-
ing phase or have already started operation. In the framework of EuPRAXIA, the
following collaborations are represented:

1. Collaboration of Synchrotron SOLEIL, Laboratoire d’Optique Appliquée (LOA),
PhLAM of the University of Lille (all France), and the Weizmann Institute of
Science (Israel).

2. Collaboration of the Center for Free-Electron Laser Science and University of
Hamburg, Deutsches Elektronen-Synchrotron (both Germany), and ELI Beam-
lines (Czech Republic).

3. Collaboration of the Karlsruhe Institute of Technology, Helmholtz Institute Jena,
and Friedrich-Schiller University in Jena (all Germany).

The experiment of Collaboration 1 is based at the Salle Jaune hall of LOA, where
a 10-metre electron transport beamline, COXINEL, was designed and installed by
SOLEIL. The laser-plasma accelerator uses the 60 TW, 800 nm, 30 fs Ti:Sapphire laser
of LOA, and an additional laser beam of several mJ is provided to seed the FEL.
The electron beam is handled by a series of permanent-magnet variable gradient
quadrupoles designed for this experiment, followed by a decompressing magnetic
chicane, electro-quadrupoles, and the 18 mm-period undulator U18 of SOLEIL. The
chicane-based beam transport follows the strategy of the longitudinal sorting of the
electrons by energy to enable FEL amplification for high beam energy spreads.

The UHH-DESY Collaboration 1 operates a dedicated laser-plasma accelerator
beamline, Luz, driven by the Angus Ti:Sapphire laser system with a peak power
of up to 200 TW. The beamline and the drive laser are fully integrated into the
accelerator controls system available on the DESY campus. The laser beamline has
been designed following the DESY machine vacuum standards. It is connectable to
the conventional S-band linac machine Regae, and, for this, the interaction chamber
is equipped with a dedicated differential pumping system for gas extraction, Fvoc.
The beam transport strategy is similar to the one of COXINEL, and it comprises
several electro-quadrupoles, a decompressing magnetic chicane, and the 5 mm-period
short cryogenic undulator Frosty.

The third project is developed by the KIT-FSU Collaboration 1 and is based at the
40 TW Jena laser facility JETI-40. The beamline is designed targeting an alternative
strategy of beam energy-spread compensation. Here, a transverse gradient undulator
(TGU) is used, where electron energies are sorted transversely via an achromat-like
dogleg chicane. The TGU employed in the experiment is a 40-period superconducting
iron-free undulator, fabricated with the coils of wounded Nb-Ti multifilament wires,
and installed at the JETI-40 facility inside a dedicated cryostat filled with liquid
helium.

Both the COXINEL and Lux projects are now fully commissioned, and proper
beam transport with first incoherent light was successfully demonstrated at these
installations in 2017 [65,66]. At the present time, both projects are actively following
scientific programs towards FEL amplification. The KIT-FSU project has, at the
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Fig. 1.8. Schematic of the COXINEL experiment, including, from left to right, the laser
hutch (grey), gas jet (cyan), removable permanent magnet quadrupoles (grey), magnetic
chicane (dipole magnet in red) with a slit (brown) inserted in the middle of the chicane,
electromagnetic quadrupoles (blue), undulator (purple), cavity beam position monitors (yel-
low), dipole dump (red), beam dump (grey), and CCD camera (black). Also shown are the
measured (top) and simulated (bottom) electron beam profiles at different positions along
the line (image reproduced from [65]).

time of writing, successfully demonstrated LWFA beam transport, while the SCTGU
device was thoroughly measured and tested at external facilities [67].

Progress Towards Applications

Besides radiation generation using free-electron lasers, there exists a wide range of
other applications typically implemented with the use of particle accelerators. First
steps have been undertaken to apply the rapid progress in plasma acceleration to
many of these, yet at the same time, new use cases have been identified for such a
compact accelerator technology over the last few years.

One particular field of interest is the generation of a compact radiation source
based on plasma acceleration, and different technologies have been studied in this con-
text. Besides the use of undulators to generate synchrotron radiation from plasma-
accelerated electron beams [56-59], a more compact method is based on betatron
radiation. In the latter case, brilliant photon pulses are produced from the intrinsic
transverse oscillations that electrons experience inside a plasma accelerator based
on their strong radial focusing fields. The radiation properties are thus similar to
synchrotron sources with photon energies in the keV range and a broad radiation
bandwidth. Successful experiments have also shown that femtosecond-scale pulse
duration and source sizes of a few micrometres are typical characteristics of these
sources [69-73]. Betatron radiation has been demonstrated to be useful for tomo-
graphic and phase-contrast imaging [71,74,75]. Figure 1.9 depicts an example of such
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Fig. 1.9. Tomographic imaging of a mouse embryo carried out at the Gemini laser at
the Science and Technology Facilities Council’s (STFC) Rutherford Appleton Laboratory.
Single X-ray projections (A and B) and sagittal slices from 3D reconstruction (C and D)
are shown, with A and C acquired with a betatron source, and B and D measured with a
commercial microfocus scanner (image reproduced from [68]).

an experiment, where a plasma-accelerator—based betatron source was shown to pro-
vide beam quality at least equivalent to commercial X-ray sources but with higher
photon flux [68]. If such a source could be generated with a higher repetition rate
than current plasma-accelerator experiments allow for, it would be extremely useful
for fast and detailed medical imaging.

An additional kind of radiation generation that has been studied both theoreti-
cally and experimentally with plasma accelerators is inverse Compton or Thomson
scattering. By scattering a laser pulse off an accelerated electron beam, this technique
produces, depending on setup and laser / electron properties, photons with MeV ener-
gies and a quasi-monochromatic distribution [76-78]. With possible applications also
in imaging, another interesting use case that has been investigated for this type of
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source is the active interrogation of materials and nuclear characterisation [79]. In
this context, plasma accelerators could bring possible future improvements to existing
techniques thanks to their tunability and compact size.

In medical physics, plasma accelerators have been investigated for cancer treat-
ment. While research in this field is still in the very early stages, using plasma-
accelerated electron beams directly as both particle sources [80,81] and for the gen-
eration of X-rays is considered [82].

Finally, one of the potentially most promising application fields for compact accel-
erators is high-energy physics. With RF-based future collider designs reaching ever
larger and more expensive scales, a plasma-based particle collider could mitigate
these practical size and cost limitations. While a technical design of such a machine
will still require considerable and long-term research efforts, first theoretical con-
cepts have already been developed [83,84] and are complemented by many relevant
accelerator-based R&D activities, such as plasma staging and multi-GeV acceleration
experiments [41-43].

Open vs. Closed Innovation

Although the term ‘open innovation’ has been originally developed in a business con-
text, it has, in recent years, also found first applications in science [85,86]. A more
general definition hence describes it as “open[ing] up the innovation process to all
active players so that knowledge can circulate more freely and be transformed into
products and services that create new markets” [85]. This stands in contrast to a
closed innovation strategy, as traditionally followed by most companies, where the
entire innovation and product development process is kept within the institution until
a product’s release. All research & development (R&D), intellectual property, and
technology is created only within the organisation and remains internal in such a
system, at least partially as a historic consequence of the relatively little interaction
between research institutions and companies in the past. Many of the arguments
speaking for an open-innovation environment in a commercial setting are thus conse-
quences of modern society; the increased mobility of highly educated people makes it
hard to retain knowledge exclusively. Equally, the added availability of venture cap-
ital and similar concepts today allows to develop ideas and technologies outside of
institutions through, for example, spin-offs or licensing agreements. Third, a stronger
interconnectivity among institutions in a product or innovation process is required
given the increasingly complicated systems and more global markets tackled by most
companies [87].

All of these are also relevant topics in academic environments, however, where it
is common for research staff to remain mobile throughout their career, for research
to be carried out via collaborations of many institutions, and even schemes and
programs designed to encourage knowledge exchange and the commercialisation of
technologies are becoming more frequent (see, for example, [88] for initiatives in
England in 2019/20). At the same time, knowledge-sharing practices are already
being pushed strongly in research under the keyword of “open science”, with programs
such as the European Open Science Cloud and European Data Infrastructure [89].

Driven by the ambition to act as a stepping stone for future compact accelerator
technologies and applications available to new users and new locations, EuPRAXTA
could thus provide an ideal platform to combine the more commercial and academic
concepts of open innovation and science. As Figure 1.10 shows, there are two main
levels of knowledge circulation foreseen within the EuPRAXIA infrastructure. In the
first instance, a strong exchange of expertise within the community will be neces-
sary based on the distributed infrastructure concept that EuPRAXIA foresees (more
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Fig. 1.10. Schematic demonstrating the possible integration of the concept of open inno-
vation in the EuPRAXIA research infrastructure [90].

information in Chap. 3). Besides ensuring an optimised facility operation, this will be
particularly beneficial for providing a means to reapply the technologies developed
for the large-scale machines at EuPRAXIA directly back to the laboratory scale,
thus advancing them in the direction of miniaturisation as a long-term goal. Second,
the innovation process is opened up at EuPRAXIA further through the facility’s user
access, as described in Section 5.4; by defining an access policy and providing an envi-
ronment suitable for users from across the range of application development, it can
provide a unique platform for these different groups to come together and exchange
their knowledge, needs, and interests. Including trainees as future researchers, end
users, and those working in the technology development stage between — here called
co-developers — EuPRAXIA is able to act as a mediator not only providing a test-
ing infrastructure for all but also indirectly helping to streamline the innovation
process for plasma-accelerator technologies across all development stages. The long-
term goals of the entire process lie directly in line with EuPRAXIA’s societal aims:
to enable new technologies and applications, to support European industry in the
development of new products, and to foster a new generation of experts.

EuPRAXIA’s Role in Europe

Europe is a strong player in accelerator science and especially novel accelerators, but
much work in this topic is currently carried out by smaller institutes and universities
working in their own laboratories and with their own individual resources. To make
progress more efficiently and stay competitive worldwide, it is thus essential to bring
the community together more strongly in a collaborative manner. The EuPRAXIA
design study has been the first attempt in this direction, with much focus placed on
comparing, combining, and optimising the various methods and technologies devel-
oped across the different project partners. A EuPRAXIA infrastructure would be
the next step by providing a common platform for research with capabilities that are
currently not available but are strongly needed for the development of the field.
While the next decade is expected to bring into operation several facilities with
similar types of beamlines as EuPRAXIA — such as ELI Beamlines or the Extreme
Photonics Applications Centre, recently funded in the UK — these infrastructures,
foremost laser facilities in nature, will not be able to provide by themselves the same
opportunities as a dedicated plasma-accelerator infrastructure, such as EuPRAXIA,
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could. Focusing only partially on plasma acceleration and largely on laser-driven
wakefield acceleration, there are significant differences in the scientific aims of these
planned or developing facilities compared to EuPRAXIA to an extent that attempt-
ing to integrate the latter’s goals into these other scientific programs would exceed
their capabilities. At the same time, the areas of existing thematic overlap, such as
plasma-based free-electron lasers and compact X-ray sources, are fields of significant
user demand. For hard X-ray FELs in particular, operational facilities have shown a
demand high enough to warrant more than one facility to push this concept, espe-
cially as there are expected to be variations in parameters and designs.

A possibly more important argument, however, is the unique synergy and poten-
tial for technological innovation that a dedicated common facility for plasma-
accelerator technologies would provide. Through a design focused on various appli-
cations as well as varying techniques and methods, including both laser- and beam-
driven plasma acceleration, a multitude of research avenues can be pursued in a
very complementary manner. Setting up this design as a single yet geographically
distributed infrastructure additionally provides a strong optimisation between cost-
efficiency, which is much higher than for separate national facilities, and the use of
existing infrastructures, which is much better than with a new single-site green-field
structure. This last point is particularly essential in the design of EuPRAXIA as
existing facilities with plasma-accelerator capabilities, such as ELI Beamlines and
EPAC, but also smaller centres, such as CALA, SCAPA, and others, are all inte-
grated into this infrastructure and thus allow a very effective exchange of knowledge
and competencies beneficial to the development of the field as well as all partners.

Another aspect to consider is the potential future outlook of the project.
EuPRAXIA is strongly focused on developing and providing tools for optimising
applications, such as techniques for analytical sciences, which it shares with other
infrastructures. However, simultaneously, it sets itself up to play a strong role as an
intermediary step for future high-energy physics and plasma colliders by implement-
ing important techniques such as external injection and staging, the integration of
RF, laser and plasma technologies, and the possibilities for positron beam transport
and acceleration experiments. While such milestones have or could be also achieved
in smaller laboratories, their implementation in a user test facility opens entirely new
perspectives with regard to stability, maintainability, and other operational challenges
essential to high-energy accelerators.

Finally, concerning industry, EuPRAXIA will play an important role by guiding
demand, thus pushing the European industry but also providing a platform to involve
industry more strongly in novel accelerators.

2 Opportunities for Science and Innovation
2.1 Flagship Science and Innovation Goals

The EuPRAXIA Consortium has produced a conceptual design report of a new
kind of European research infrastructure. During the proposed EuPRAXIA phases
of technical design (TD), construction, and operation, the facility would achieve a
number of important innovation and science goals. While overall ambitious, these
aims and planned achievements are supported by the technical solutions presented
in detail in the later chapters of this report. To reach the required beam quality
for the proposed machine performance and application range, for example, new
plasma injection and acceleration schemes have been developed (such as the Res-
onant Multi-Pulse Ionisation Injection scheme, described in Chap. 23), existing
schemes have been improved (e.g. ionisation-induced injection in tailored density
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profiles, described in Chap. 13) and experimentally validated (e.g. hybrid accelera-
tion schemes, described in Chap. 26), new dechirping and synchronisation concepts
have been defined (described in Chaps. 15 and 23) and a laser system has been
designed that not only advances main output parameters, but also incorporates high
precision and stability (as described in Chap. 10). This is complemented by design
approaches for the electron diagnostics (see Chap. 21) and beam transport systems
(see Chap. 19) as other examples, which balance stable performance from well-known
technologies with novel, more compact-sized solutions.

Building on these results in a step-wise approach with predicted intermediate
milestones, it is foreseen that the innovation goals will be mainly reached during
the technical design and construction phases, realising the improved technical com-
ponents and building up the innovative new concepts and layouts that have been
developed for this project. The innovation goals of EuPRAXIA have been defined
with the consortium and interested European industry. The completed facility will
then, during the operational phase, allow the achievement of science goals that will
be pursued with both external and internal users from the European research com-
munity.

While the final realisation and exact process of implementation of the proposed
EuPRAXITA facility will eventually depend on the available funding and political
landscape, the following sections list the most important “flagship” goals foreseen for
the project.

2.1.1 Flagship Innovation Goals

Flagship Innovation Goal 1: EuPRAXIA will develop the first beam-driven and
laser-driven plasma-based accelerator facility. Accelerator know-how and methods
are used for the design and construction of plasma accelerators. Sufficient invest-
ment, especially in laser technology, is provided such that the required new techni-
cal developments are performed and the plasma acceleration concept is developed
into a usable accelerator technology.

Flagship Innovation Goal 2: EuPRAXIA will develop, together with the laser
industry, a new generation of high peak-power lasers, advancing the presently
leading technology into the regime of 20-100 Hz repetition rates for 100-Joule-
class lasers and pulse durations of 50 femtoseconds. The extended repetition rates
advance the state of the art by an order of magnitude and will be used for improved
feedbacks for higher pulse-to-pulse stability.

Flagship Innovation Goal 3: EuPRAXIA will further develop, together with the
European Organisation for Nuclear Research (CERN), RF technology at the X-
band frequency (12 GHz) and will construct the world’s first 1 GeV X band lin-
ear accelerator, demonstrating the most compact electron linac to date, with an
average accelerating gradient of 80 MV /m. This linac would be 30% shorter than
available today for the same energy.

Flagship Innovation Goal 4: EuPRAXIA will construct the required technical
schemes for achieving a much-improved quality of the electron beam from a
plasma accelerator, leading to a 10-fold increase in the 6D phase space density
at best. Predicted performances include 30 pC of charge at 5 GeV beam energy,
sub-micron transverse emittances, and an energy spread of below 1% to 0.2%
(total) and below 0.1% to 0.03% (for a short slice of the beam).

Flagship Innovation Goal 5: EuPRAXIA will demonstrate a factor 7 reduction
in the total size for a 5GeV electron beam facility without a subsequent user
beamline. If the FEL undulator and user beamlines are included, the EuPRAXIA
facility aims at demonstrating a factor 3 reduction in total size.
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Flagship Innovation Goal 6: EuPRAXIA will establish a distribution scheme
that optimises science return versus investment, minimising the number of expen-
sive items (e.g. lasers, RF electron beams) while distributing less expensive items
(e.g. plasma beam /radiation sources). The facility therefore combines the capabil-
ities of relatively high-cost lasers (final pulses easily distributed to various close-by
sites), of relatively low-cost plasma sources (up to GeV beams produced locally at
end of laser beamlines) and of high-energy electron beams (drivers for plasmas,
FEL generation of hard X-rays).

Flagship Innovation Goal 7: EuPRAXIA will establish a continuous mode of
beam operation for the internal and external users over at least one week (24/7
operating mode) before a maintenance day may occur.

Flagship Innovation Goal 8: During its operational phase, EuPRAXIA will per-
form continuous innovation work to further reduce drastically the total facility
footprint required for plasma-based user sources. The aim is to advance the reduc-
tion from a factor 6 to a factor 10 and beyond for the accelerator. This will involve,
for example, innovative undulator technology, novel beam transfer and diagnostics
schemes, and reduced-size optical elements.

Flagship Innovation Goal 9: During its operational phase EuPRAXIA will per-
form continuous innovation work to research and adopt novel laser technology
that delivers high peak-power laser pulses at improved efficiency and a higher
repetition rate, reaching into the kHz regime.

2.1.2 Flagship Science Goals

Flagship Science Goal 1: EuPRAXIA will deliver free-electron laser (FEL)
X-rays with 10° — 10'3 photons per pulse to user areas, covering wavelengths
of 0.2 nm to 36 nm. The EuPRAXIA FEL pulses are naturally short (down to
0.4 fs) and will therefore provide users with tools for investigating processes and
structures in ultra-fast photon science at a reduced facility footprint.

Flagship Science Goal 2: EuPRAXIA will deliver betatron X-rays with about
10'° photons per pulse, up to 100 Hz repetition rate, and an energy of 5-18 keV
to users from the medical area. The much-reduced longitudinal length of the X-ray
emission area (point-like emission) leads to an important improvement in image
resolution compared to other techniques.

Flagship Science Goal 3: EuPRAXIA will deliver positron beams at energies
from 0.5MeV to 10MeV and a repetition rate of 100 Hz for material science
studies. Per pulse, about 10% positrons will be produced in a duration of
20-90 picoseconds on the sample, allowing time-resolved studies. Here,
EuPRAXTA will advance the capabilities of existing positron sources in flux and
time resolution.

Flagship Science Goal 4: EuPRAXIA will deliver electron and positron beams
at energies from a few 100 MeV up to 5 GeV for high-energy-physics-related R&D
(detectors, linear collider topics). R&D goals include the demonstration of a linear
collider stage, a “tabletop” HEP test beam, and studies on positron transport and
acceleration towards a linear collider.

Flagship Science Goal 5: EuPRAXIA will deliver photons from an inverse
Compton scattering (ICS) source. The photons of up to 600 MeV and with a
narrow-band spectrum will enable precision nuclear physics and highly penetra-
tive radiography for users.

Flagship Science Goal 6: EuPRAXIA will provide access to a multi-stage high-
repetition-rate plasma accelerator in the GeV range to users from accelerator sci-
ence. This R&D platform will allow the testing of novel ideas and concepts, the
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Fig. 2.1. The length of a typical RF-based accelerator facility with 5 GeV electron beams
(C-band technology including injectors) is compared to the length of the EuPRAXIA 5 GeV
design (including injectors). It is noted that undulator sections, target areas, and user areas
are not included. Therefore, the miniaturisation factor of EuPRAXIA for the full facility
is significantly lower than the factor 6-7 shown here. In EuPRAXIA, we aim at a factor 3
improvement in total facility length.

full optimisation of a plasma collider stage, certain fixed target experiments (also
in combination with lasers), and performance studies of conventional versus novel
accelerator technology.

Flagship Science Goal 7: EuPRAXIA will provide access to cutting-edge laser
technology with short pulse length in combination with high-energy photon pulses
and short electron/positron bunches. Novel schemes of pump probe configurations
and ultra-precise timing will be researched, feeding back into laser science.

2.1.3 Unique Selling Points of EuUPRAXIA

EuPRAXIA will, as a facility, be the first of its kind. It offers a number of
unique selling points.

The technologies of plasma accelerators, electron beams, and high-power lasers
enable some unique features and advantages that the EuPRAXIA infrastructure aims
to realise:

Demonstrating a compact facility design in a realistic stepwise approach:
EuPRAXTA exploits plasma, electron beam, and laser technologies to increase accel-
erating fields by two to three orders of magnitude. While accelerating lengths are
reduced by this factor, the total footprint of an accelerator facility includes all the
required infrastructure (laser room, shielding, etc.) and user facilities. A “tabletop
accelerator” then quickly becomes a large setup with reduced benefits in size, if any.
EuPRAXIA is based on a large-scale infrastructure design but reduced in size over
conventional technology by a factor of 3 at least. It therefore pushes one of the
biggest strengths of plasma-accelerator technology in a realistic stepwise approach,
as Figure 2.1 highlights schematically. Once a factor-3 reduction in facility size has
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Fig. 2.2. Size, frequency, and field strength comparison of different types of RF cavities.
It can be seen that both the X-band and plasma technology proposed for EuPRAXTA offer
not only smaller structure size but also a higher accelerating gradient, leading to an overall
small accelerator for similar energy gain (image credits: the University of Strathclyde and

[91]).

been demonstrated, a miniaturisation process towards even more compact designs
will be pursued inside EuPRAXIA. A reduction factor of 10 and even 20 for the
accelerator itself seems feasible at high beam energy.

Advancing compact, high-average-power, high-repetition-rate technolo-
gies for driving plasma wakefields: EuPRAXIA includes both high-power lasers
and RF technology in the X-band range as drivers (power sources) for exciting the
plasma wakefields required for particle acceleration. For high-power lasers, a baseline
with development paths has been defined, advancing repetition rates for petawatt-
class lasers from 5 Hz today over 20 Hz to 100 Hz and ultimately even into thekHz
regime (see Fig. 2.3). In parallel, critical performance parameters will be advanced,
for example in terms of shot-to-shot stability and laser pulse quality. EuPRAXIA
will pursue work with the laser industry in bringing this key technology to maturity
and to the required level for next-generation plasma-accelerator systems. X-band
RF technology will be developed with CERN as it is presently the most compact
RF technology available for creating high-energy and high-power electron beams, as
visualised in Figure 2.2.

Developing compact user application capabilities of plasma-accelerator
systems: EuPRAXIA will develop user application capabilities of plasma-accelerator
systems, including through the parallelisation of user lines, the generation of sec-
ondary particle and photon sources, and synchronised pump-probe capabilities.
Laser-driven plasma accelerators offer unique possibilities for the parallelisation of
user applications: the large laser infrastructure can be centrally located and laser
pulses be distributed over 360 degrees into the small-size plasma accelerators and
downstream user areas. The scheme of a circular synchrotron light source with dozens
of user beamlines could effectively be miniaturised. This is illustrated in Figure 2.4.
Advancing plasma-accelerator performance: EuPRAXIA will advance plasma
accelerators towards high beam quality, approaching that of conventional accelera-
tors, so that they could then become suitable for existing accelerator applications
and open up new application paths. Several novel ideas and concepts are described
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Fig. 2.3. Comparison of different lasers and applications in terms of stored energy in a
single laser pulse and repetition rate of the laser. The orange dots and areas indicate existing
lasers, the blue areas targets for various applications. The red / green dots and the white
circle indicate the design goals for EuPRAXIA (reprinted from [92] with the permission of
Elsevier).

in the technical part of this CDR. The simulated progress in energy spread with
EuPRAXIA is shown in Figure 2.5. It is seen that the EuPRAXIA conceptual design
report describes a novel recipe on how to gain a factor 10 in performance and how
to approach the beam quality in RF-based free-electron lasers. EuPRAXIA thus
presents a design complementary with current FEL facilities — enabling additional
sites with reduced peak brightness but compact size, the goal of improved cost effi-
ciency, and promising development opportunities. The approach is also complemen-
tary with future collider projects for particle physics — facilitating research into novel,
compact collider concepts with adequate beam quality.

Increasing science performance reach with unique plasma-accelerator
features: Plasma acceleration and the related processes, like betatron radiation, hap-
pen necessarily in a small plasma volume given by basic physics processes. The length
of the plasma accelerator ranges from a few tens of micrometres (the diameter of a
human hair) to a few hundreds of micrometres. Electron beams from plasma acceler-
ators are therefore necessarily short and have pulse durations in the few femtoseconds
regime. As such, they are unique tools for investigating processes in ultra-fast science,
with additional benefits from pump-probe capabilities enabled by the synchronised
EuPRAXTA lasers. Considering betatron radiation in the plasma volume, important
gains in resolution can be obtained because of the much more localised emission of
X-rays.

Developing a staging solution and positron sources for high-energy
physics: The EuPRAXIA concept relies in many aspects on plasma-accelerator
stages. EUPRAXIA will therefore demonstrate the critical features of coupling in
and out of a plasma in the presence of a drive pulse. Of particular importance
in this context is the beam-driven construction site of EuPRAXIA, where a com-
pact electron beam driver will power plasma-accelerator stages. At this site also,
positron beam generation and acceleration methods will be pioneered and devel-
oped. EuPRAXTA will thus construct an essential stepping stone towards high-energy
plasma-accelerator applications.
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While on the left, the electron beam distribution requires a storage ring of large size, the
EuPRAXITA laser distribution can be much more compact, with electrons, photons, and
secondary particles being generated with highly compact plasma accelerators locally. The
EuPRAXTA concept foresees conventional undulators but could work much more beautifully
also with compact undulators that are being developed in the field. The parallel scheme
will profit from high-repetition-rate lasers as many lines could be supported by the same
laser. EuPRAXIA implements the first basic demonstration of this scheme with up to three
beamlines in parallel.
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Fig. 2.5. Summary of the electron beam energy and relative energy spread for the different
EuPRAXIA schemes (from start-to-end simulations). For comparison, the values from typi-
cal plasma-accelerator experiments, operational RF-based FEL facilities, as well as proposed
future particle collider projects (CLIC, ILC) are also shown.
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Fig. 2.6. Scientific fields for which the EuPRAXIA research infrastructure would be inter-
esting based on an initial survey of potential future EuPRAXIA users. The answers listed
under “Others” are shown in Figure 2.7 in further detail.

2.2 The Needs of External Users from the Academic Environment

An important aspect in the design of a new research infrastructure is the study of
potential user communities to be able to match future user needs and interests with
what the planned facility will offer in terms of experimental capabilities and capac-
ity. This section of the CDR presents a qualitative analysis of potential application
fields and their current status for EuPRAXIA. It will be complemented by a full
quantitative user demand analysis in the future.

2.2.1 Summary of User Needs and Possibilities

The EuPRAXIA facility design, as proposed in this report, offers opportunities for a
variety of different applications. Scientific fields where EuPRAXIA would be relevant
include, in particular, accelerator and laser science, high-energy physics, material
processing and analysis, photon science, as well as medicine and life sciences. In
most of these areas, accelerators already play an important role; nonetheless, as
the following sub-sections will demonstrate, EuPRAXIA aims not only to improve
existing capabilities for users but also to open opportunities for new accelerator uses
as part of these research directions.

Figure 2.6 demonstrates the significance of the topics above very well based on
an initial survey of research groups interested in a future EuPRAXIA infrastruc-
ture. All of the fields listed are supported by at least 9% of survey participants. In
Figure 2.7, the breadth of relevant subjects is further highlighted by the set of the
most common keywords from the survey’s responses given for “other” scientific fields;
these range from “Laser Technology” and “Plasma Physics” to “Nanomaterials” and
“Molecular Science”, among others. Finally, Figure 2.8 shows that such a new facil-
ity as EuPRAXIA could be useful for a diverse set of activities with potential users
interested in fundamental research as well as more applied studies and simple test
experiments. Thirty groups with a total of more than 1,000 researchers were involved
in the survey, demonstrating a clear interest in the European research community for
a new facility, such as EuPRAXIA proposes. A larger scale inquiry and discussion
with potential users is foreseen during the project’s technical design phase to back
up this initial analysis and ensure an optimal agreement between user needs and
EuPRAXIA’s facility design.
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extracted from an initial survey of organisations interested in EuPRAXIA.
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Fig. 2.8. Types of activities for which the EuPRAXIA research infrastructure would be
interesting based on an initial survey of potential future EuPRAXIA users.

Based on this first assessment, a number of flagship applications have been defined
for which EuPRAXIA can offer particular benefits to users. While the opportunities
for these different user communities are described in more detail in the following six
sections, a general summary of the advantages of EuPRAXIA in each case can be
given by three possible arguments:

1. Machine performance: The proposed EuPRAXIA research infrastructure
may provide better machine performance than other existing facilities or solu-
tions. This would be the case for medical X-ray imaging, for example, where
EuPRAXIA’s compact betatron source would be a technology prototype with
improved resolution and photon yield compared to standard X-ray sources.
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2. Machine availability: The proposed EuPRAXIA research infrastructure may
improve the overall availability of certain types of beams and user services. An
example for this lies in hard X-ray free-electron laser science, where user beam
time is extremely competitive. The future EuPRAXIA facility would not only
increase the capacity for FEL experiments but also build a roadmap towards
future compact and cost-efficient FEL beamlines.

3. New features: The proposed EuPRAXIA research infrastructure may provide
machine features and beam properties different from existing facilities. The use of
plasma-accelerator technology at EuPRAXIA leads to a series of unique charac-
teristics, such as ultra-short particle and photon beam durations, small beam spot
sizes, a small machine footprint, as well as multi-species sources. These could be
used, for example, for improved performance in imaging experiments but would
also be relevant for the testing of advanced detector systems, both in accelerator
science and high-energy physics.

Beyond these well-defined flagship application fields, EuPRAXIA aims to remain
open to other types of user experiments. With plasma acceleration as a relatively
novel and tunable technology, it can be envisioned easily that entirely new application
areas may develop over time, once the facility has come into operation and gained
experience with first users.

EuPRAXTA users could come from a range of application fields. They would
benefit from improved machine performance, better machine availability, or
unique beam properties compared to existing facilities.

2.2.2 Accelerator Science

Particle accelerators have been developed and optimised over multiple decades, cre-
ating a variety of machine types, components, and technologies, from RF accelerators
to novel acceleration schemes, such as plasma and dielectric acceleration (e.g. [93,94]).
While, as such, it is a highly developed field, there are still many groups worldwide
that investigate and develop new concepts and methods within accelerator science.

Some of these studies, especially on a smaller scale, can be performed at local
facilities. For other, especially more complex experiments, however, dedicated accel-
erator test facilities are required, of which there are a handful in operation currently,
as Table 2.1 shows. The parameter overview in the table shows well the variety of
available test beams, as is necessary considering the diversity of accelerator-based
systems and machines. However, at the same time, it demonstrates clearly that until
now, there is a lack of machines producing ultra-short electron beams, a feature that
is becoming more and more useful for light-source-related and novel acceleration
technologies, for example. This shortage is partially covered by some of the facilities
due to come online in the next years, such as the HELL beamline at ELT Beamlines
[95], FACET-II [96,97], and SINBAD (with the ARES linac) [98]. EuPRAXIA will
thus be another addition to this group of test machines with ultra-short beams, how-
ever, bringing further beam properties of interest with it, such as, among others, an
increased repetition rate on the scale of 100 Hz (with a possible upgrade tokHz in
the long run). For plasma accelerators in particular, this will represent a new regime,
thus opening up multiple new research opportunities.

More generally, the EuPRAXITA infrastructure is designed to implement many
different techniques and components into one machine, including plasma injectors
with different beam energies, multiple staged plasma targets, RF injectors for exter-
nal injection into a plasma, as well as advanced beam transport lines and diagnostics
sections. This makes it uniquely suited for accelerator science experiments, especially
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Table 2.1. Summary of the electron beam properties of several accelerator test facilities
currently in operation or under development. To provide a reasonable comparison with the
performance proposed for EuPRAXIA, ounly infrastructures with beam energies of at least
100 MeV and allowing external users for experiments are considered.

E [GeV] [AE/E [%]]Q [pC] o, [fs] En f [Hz]
[mm mrad]

Operational
FLASH Forward [99] [0.4-1.25 50-800 50-6,000 1-3 4 x 10*-3 x 10°
SPARC_LAB [100] [0.03-0.15[0.1-0.2  |20-1,000 |1 x 10*-2 x 10* |1-5 10
CLEAR (CERN) [101][0.06-0.22|<0.2 10-500  |1.67 x 10°-8 x 103|3-20 1-25
Planned / under development / commissioning
FACET II [96,97] 10 0.4-1.8 500-3,000 |3.3-333 1-30
SINBAD-ARES [98] [0.1 0.5-200 0.8-10 <0.5 50
ELI-Beamlines 0.1-5 0.1-10 10-1 x 10°|1-10 10
(HELL) [95]
EuPRAXIA 0.1-5.9 [0.1-4 20-100 0.8-12 0.1-1.5 20-100

for topics related to novel accelerator technologies. Plasma acceleration would likely
be the largest user community with, for example, possible proof-of-principle experi-
ments on new plasma injection / acceleration concepts, the prototyping or stability
testing of plasma targets and components, as well as R&D into specific accelerator
setups. While other sites, especially high-power laser infrastructures, exist in Europe
and worldwide where plasma-accelerator studies can be carried out, EuPRAXIA
will be, at least in its beginning, the only dedicated plasma-accelerator user facility.
This means that, on the one hand, the machine and its properties are all designed
specifically for the user operation of plasma accelerators, with very well-characterised
beams and components as well as unprecedented system stability. On the other hand,
the machine also already includes multiple dedicated and stable plasma-accelerator
stages; thus, the acceleration process and generation of electrons, unlike in other
facilities, does not have to be part of the experiment, and instead, the experimental
focus can be placed on more specific challenges.

There are, however, also other topics in accelerator science that could benefit from
a facility such as EuPRAXIA. The development and testing of novel diagnostics, for
example, is one such case. The tunability in beam parameters, the availability of var-
ious photon and particle beam types, and the overall single-femtosecond duration of
these pulses are unique and, as such, will allow for a multitude of varied experiments.
Similarly, other types of beamline elements and beam transport concepts could be
investigated. Compact accelerator applications in high-energy physics, for example,
are discussed as a particular topic of interest [83,84], which will require considerable
R&D on the transport and manipulation of beams from such machines. EuPRAXIA
would be well suited for these activities.

2.2.3 Laser Science

The request for sufficient average particle or photon flux for the envisioned applica-
tions of EuPRAXIA will require a rather high repetition rate for the EuPRAXIA
laser systems on the order of 20 to 100 Hz. This means that, as a matter of fact,
the EuPRAXITA lasers will feature, besides very high peak power, an unprecedented
average power. These features pose interesting challenges and, at the same time,
will make EuPRAXIA a unique platform for testing novel concepts in the field of
ultra-short and ultra-intense laser science.

Research aimed at increasing the average power of ultra-intense lasers, in partic-
ular, would greatly benefit from the design and construction of the facility. As it is
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Fig. 2.9. 3D visualisation of a plasma wave (blue) excited by a high-intensity laser pulse
(red) and accelerating an electron beam generated with the VisualPIC code [102]. There is
much potential for exploring new concepts and technologies in both plasma acceleration and
RF accelerators as well as the combination of these two (image credits: A. Ferran Pousa,
DESY / University of Hamburg).

well known, this is a very active research field since increasing the repetition rate of
ultra-short laser systems is seen as a crucial issue for translating laser-driven acceler-
ator technologies to fields as diverse as medicine, material science, and so on, even on
a smaller scale than the EuPRAXIA facility, thus allowing a widespread diffusion of
advanced, possibly all-optical particle and secondary sources. In this respect, a major
research topic is the thermal management in pump and main lasers amplifiers. Sub-
stantial improvements beyond the current state-of-the-art architectures are needed
to increase the overall laser system efficiency and thus allow their repetition rate and
average power to be increased (up to the multi-kW or more range). A lot of efforts
are made already toward this goal — an example being the HAPLS laser system, as
seen in Figure 2.10 — with several approaches, each at a different stage of maturity.
The project would thus certainly give a strong boost to this research field.

Additionally, research related to the transition to diode pumping would benefit
from the project. More in perspective, all novel approaches towards an ever-increasing
efficiency — such as, for instance, direct pumping, multi-pulse extraction, and so on
— would come into play. With this in mind, the possible transition from TiSa-based
architectures to new laser materials is of strong interest for the laser community and
could benefit significantly from developments at EuPRAXIA.

Besides the energy efficiency issue, other aspects related to thermal management
in the laser chain are expected to become relevant for high average and peak-power
lasers such as those foreseen for EuPRAXIA. These will require substantial efforts
in laser science and technology. As an example, the research in the field of novel
grating materials/coatings able to withstand the expected average power without
introducing strong wavefront aberrations can be cited.

A rather peculiar aspect of the EuPRAXTA laser systems will be the constraints
on their long-term operation; indeed, the combined requirements on the repetition
rate and the system availability (uptime) will need new solutions for optical coatings
with longer lifetime. Incidentally, the high degree of complexity of the optical archi-
tecture of the laser systems coupled with their required reliability in the long term
will speed up the availability of advanced technological solutions for the automatic
control, alignment, and maintenance procedures of ultra-short laser chains, which
would benefit the entire laser community.

One of the critical issues for the EuPRAXIA laser systems given the usage of
special target designs and the need for a stable and reliable operation of the beamlines
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Fig. 2.10. HAPLS laser at Lawrence Livermore National Laboratory. Now installed at the
ELI Beamlines facility, this laser system is among the current state of the art for petawatt-
scale laser systems (image credits: Lawrence Livermore National Laboratory).

for the users will be the pointing stability. Besides already consolidated measures,
the search for novel, possibly active techniques will be of interest for laser science.

Another very critical issue for the successful operation of the EuPRAXIA lasers
will be the active correction of wavefront distortions, so as to allow a high Strehl ratio
to be achieved. Research on both wavefront characterisation techniques and devices
and feedback loop algorithms suitable for high-repetition-rate operations would be
stimulated.

Finally, we mention here the role that the original design, construction, and fur-
ther development of the EuPRAXITA lasers may play in the research field of longitu-
dinal diagnostics for ultra-short and ultra-intense pulses. The development of both
diagnostics for measuring spectral amplitude and phase as well as diagnostics for the
characterisation of pulse contrast could benefit. This is true, in particular, in view of
the need for single-shot diagnostics, as well as fast reconstruction algorithms to pos-
sibly provide a full shot-by-shot laser pulse characterisation for high-repetition-rate
lasers in the future.

2.2.4 Photon Science

The investigation of matter using short-wavelength light sources has benefited from
recent developments with the advent of various VUV—X-ray sources. Among them,
the X-ray laser [103] as well as high-order harmonic generation in gas (HHG) [104,105]
reaching attosecond duration [106] or on solid targets [107] take advantage of the
light emission properties of matter. Accelerator-based light sources [108-110] are
also valuable tools in this respect.

Third-generation synchrotron light sources rely on synchrotron radiation gener-
ated from charged particles in bending magnets or undulators, creating a periodic per-
manent magnetic field. They are delivering high-brilliance photon beams with partial
transverse coherence. These light sources, delivering beams simultaneously to various
beamlines, are workhorses for matter investigation. They presently evolve towards
low-emittance (picometer-scale) diffraction-limited light sources (DLSR) thanks to
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Fig. 2.11. Diffraction image of a complex biomolecule under high-intensity X-ray light
(image credits: E. Reimann, DESY).

multibend achromat optics requiring high-gradient quadrupoles. The DLSR high bril-
liance and degree of transverse coherence set a new paradigm and give access to serial
crystallography for drug discoveries (pharmaceutical industry) and to new techniques
(imaging, spot scanning, small focal spot spectroscopies) for material development,
addressing the 21st century societal challenges of health, environment, energy, infor-
mation technology, and cultural heritage.

Longitudinal coherence, on the other hand, is achieved in free-electron lasers
[111] by setting in phase the electrons thanks to an energy exchange between the
electrons and a light wave (the spontaneous emission or an external seed), resulting
in bunching, coherent emission, and light amplification. Several decades after the
laser invention [112,113] and the first free-electron laser (FEL) [114], tuneable high-
power X-ray lasers became a reality all over the world. FEL-based fourth-generation
light sources presently offer femtosecond tuneable radiation in the X-ray [115-119]
and in the VUV to soft X-ray [120-122] domains. These tuneable devices open the
path for deciphering unexplored areas of matter and cells (such as protein structure
and function) in a time-resolved way. An example of this is shown schematically in
Figure 2.11. The League of European Accelerator-based Photon Sources (LEAPS),
consisting of 19 research infrastructures in 10 states with 220 beamlines alone, has
served more than 24,000 direct users during the last 5 years.

The recent advent of tuneable coherent X-ray FELs (XFELs) [123,124] opened
a new era for the investigation of matter [125]. They enable us (1) to decrypt the
structure of biomolecules and cells [126—-128], (2) to provide novel insight into the elec-
tronic structure of atoms and molecules [129-132], and (3) to observe non-equilibrium
nuclear motion, disordered media, and distorted crystal lattices thanks to progress
in femtosecond spectroscopy [133] and pump-probe techniques [134]. Detailed struc-
tural dynamics can be inferred from spectroscopic signatures [135]. XFELSs can also
reveal movies of chemical reactions. With new imaging techniques [136,137], they
are exceptional tools for the investigation of the ultra-fast evolution of the electronic
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structure in atoms and provide a deeper insight into the extreme states of matter
[138].

Another revolution in the field could now arrive with the emergence of laser-
wakefield-accelerator-based free-electron lasers [60,61]. These could provide, on the
one hand, compact “laboratory-scale” short-wavelength undulator radiation sources
or, on the other hand, new FELs available for the user community. After the first
observations of LWFA-based undulator radiation [56-59,63,65], ultra-short VUV to
X-ray compact undulator sources can be seen as attractive for the user community
[66,139]. Achieving a plasma-accelerator-based FEL is more demanding in terms of
electron beam quality, especially in terms of divergence — requiring strong focus-
ing with, for instance, variable permanent magnet quadrupoles [140] — and energy
spread — with possible electron sorting with a magnetic chicane [62,141] or a trans-
verse gradient undulator [64]. With the expected improvements of plasma-based elec-
tron beam quality, however, the realisation of plasma-accelerator-based FELs could
become possible and open up exciting, new opportunities for the ultra-short photon
science community.

2.2.5 High-Energy Physics

Currently, the largest operational particle collider worldwide is the Large Hadron
Collider, a 27 km ring of superconducting magnets at CERN. At its best perfor-
mance, it provides proton—proton collisions with a centre-of-mass energy of 13 TeV
using detectors, such as the one seen in Figure 2.12 to measure the particle inter-
actions occurring in the process. Before that, the Large Electron—Positron Collider
(LEP) created electron—positron collisions with a maximum energy of 209 GeV. The
Large Hadron Collider’s last most iconic result was the detection of the Higgs boson
and the determination of its mass. This represented a brilliant confirmation of the
Standard Model (SM) that, however, is known to be incomplete. It does not account
for important aspects of fundamental physics observed in cosmology, including dark
matter, dark energy, and the excess of matter over antimatter. Additionally, impor-
tant features of the model, including the spectrum of quark and lepton masses and
the presence of a phase transition that breaks its gauge symmetry, are put in by
hand rather than being explained from physics principles [142]. To date, the exten-
sive search for additional particles that would generalise the SM has been in vain, and
there is a growing need in the community for the next generation of electron—positron
colliders that would reach and eventually surpass the TeV barrier.

Conventional RF technology has intrinsic limitations on the maximum acceler-
ating gradients that it can sustain, of the order of tens of MV/m. As an exam-
ple, the proposed Compact Linear Collider (CLIC) is planning to reach 100 MV /m,
implying an overall accelerating length to reach 1 TeV of 100 km. The sheer scale
and, subsequently, cost of these machines have motivated the quest for alternative
accelerating technologies. Arguably, plasma-based wakefield acceleration is one of
the most promising, with landmark results already experimentally obtained for elec-
trons. Accelerating fields of up to 100 GV/m have been demonstrated in a plasma
[143]. Recent promising results in this area include, for instance, the demonstration
of energy doubling of a 42 GeV electron beam in less than one metre of plasma [45], a
2 GeV energy gain of a positron beam in one metre of plasma [52], and the laser-driven
acceleration of electrons up to 8 GeV in only 20 cm of plasma [9]. These promising
results have motivated international large-scale projects to study the feasibility of
building a plasma-based electron—positron collider. For instance, plasma-based par-
ticle acceleration for the next generation of colliders is included as a major area of
investment in the Advanced Accelerator Development Strategy Report in the United
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Fig. 2.12. CMS detector at the Large Hadron Collider (image credits: Luigi Selmi, CC-BY
2.0, https://www.flickr.com/photos/susterru/14972545150).

States [144], it is the main driver for the European consortium ALEGRO (Advanced
Linear Collider Study Group) [142], and it is one of the main areas of development
identified by the Plasma Wakefield Acceleration Steering Committee (PWASC) in
the UK [145].

While the plasma-based acceleration of electrons is rapidly progressing, positron
acceleration is far more difficult, mostly because of the intrinsic and strong asymme-
try of the wakefields in the plasma. There are four main regimes that are currently
being investigated: the quasi-linear regime, the non-linear regime, the hollow channel
regime, and the wake-inversion regime. Whilst each regime has its unique advan-
tages and attractive characteristics, any one of them presents significant challenges
that must be overcome before reaching maturity. In general, it is challenging to
provide a positron beam with sufficient quality to be synchronised with the positron-
accelerating region of a plasma wakefield, and this makes experimental progress in
this area slow. In particular, one would need low-emittance and short (less than
tens of fs) beams with a non-negligible charge. To date, no positron facility suitable
for advanced plasma-wakefield studies is available in Europe, and the only facil-
ity existing worldwide is FACET [146] in the United States, together with its pro-
posed upgrade, FACET-II [147]. FACET-II is designed to provide a 10 GeV beam
containing approximately 1 nC of charge with a transverse normalised emittance of
20x20 mm mrad and a duration of 60-70fs. Currently, the construction of a positron
beamline in FACET-II is on hold, with the next stage of funding expected to start
after 2021.

The capabilities proposed in the EuPRAXIA facility design, however, could help
to close this gap in the international research landscape. The main positron parame-
ters of FACET and FACET-II are shown in Table 2.2 together with beam properties
conservatively achievable within EuPRAXIA [148]. Whilst, FACET-II is designed
to provide a higher energy beam with a lower normalised emittance, EuPRAXTA
will have the capability of providing fs-scale beams at a high repetition rate. The
advantage of the design in EuPRAXIA is the absence of a damping ring that, even
though it allows for particle storage and therefore a higher bunch charge, introduces
a temporal broadening in the beam. The short duration of the beam, however, is of
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Table 2.2. Main positron beam parameters obtainable in FACET and FACET-II compared
with those achievable with EuPRAXIA. EuPRAXIA positron parameters are based on the
wakefield accelerated electron beam proposed for the beam-driven site of EuPRAXIA (see
details in Chap. 25.2.2).

Quantity Units | FACET-I | FACET-II | EuPRAXIA
Energy GeV 21 10 1
Rel. energy spread % 1.5 0.7 5
Repetition rate Hz 1 1 100
Average power w 7.4 10 3
Beam charge pC 350 1000 1
Transverse spot size in x and y pm 30 x 30 16 x 16 20 x 20
Bunch duration fs 50 20 >8
Transverse norm. emittance in x and y | mm mrad 200 x 50 20 x 20 500 x 500

critical importance for precision studies of wakefield acceleration for positrons and to
ensure maximum energy extraction from the wakefield itself. Moreover, the proposed
positron beamline will be the only one available in Europe and thus of fundamental
importance for the progress towards the design of a novel TeV-scale particle accel-
erator, the primary goal of several high-level research projects in Europe, including
the European consortium ALEGRO [142].

2.2.6 Medical Physics

Particle accelerators have widespread use in medical physics, from the low-energy
(tens of MeV) linacs that are used to generate hard X-rays for radiotherapy, to the
high-uptime cyclotrons used in the production of short-lived radioisotopes employed
in both diagnosis (CT) and treatment.

There is a need for a role for high-precision high-energy electron accelerators for
advances in medical physics too. Primarily, EuPRAXIA will be a relatively small-
scale FEL that can provide X-ray radiation with unprecedented quality, which can be
vital in determining biological pathways and in drug discovery. However, the overall
EuPRAXIA facility has a number of other avenues in which it can be of interest to
medical physics. Of these, two applications are considered of great interest at the
moment: Very High Energy Electron Therapy (VHEET) and phase-contrast imaging
(PCI). We expand briefly on some of these applications below.

FEL Applications for Medical Physics

One of the major uses of X-ray sources lies in determining the structure of biological
material at the atomic scale. However, the scattering efficiency of X-rays is low, and
to be able to attain enough signal before causing excessive damage to the material,
large regular crystals of the material need to be grown, hence the reason this field is
usually referred to as crystallography. However, this limits the range of materials that
can be investigated: some do not form large regular crystals, whilst others change
significantly when crystallised as compared to their form when in use, usually in
solution. X-ray diffraction with FELs overcomes the restriction on crystal size by
allowing strong diffraction from small samples given the very large photon flux they
produce. Furthermore, the short temporal duration of the source means that the
diffraction takes place before the material under investigation is destroyed by the
large radiation flux. These measurements can even be extended to complex structures,
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Fig. 2.13. Phase-contrast X-ray image of a spider (image credits: Excillum AB, Sweden).

such as viruses, allowing unprecedented knowledge of the working of pathogens and
other complex proteins. The ultra-fast nature of FELs also allows movies of these
chemicals performing reactions, so in addition to providing structures, they are also
elucidating biological pathways. FELs are already revolutionising the knowledge of
biochemical processes with its resultant effect on medicine and treatment.

Very High Energy Electron Therapy

Cancer will affect an ever-increasing proportion of the population as people grow
to older age and medicine tackles other diseases and illnesses. More than half of all
cancer cases are treated by some form of radiation therapy, where an intense beam of
penetrating radiation is directed at the tumour to kill cancerous cells. Again, in the
vast majority of cases, this radiation is provided as high-energy photons produced
by bremsstrahlung of a low-energy (~ 10MeV) electron beam with a solid target.
However, photons have a relatively small interaction cross-section as compared to
the electrons themselves, and the only reason the electron beam itself is not used
is that they do not have sufficient energy to reach deep-seated tumours. For these,
electrons of energy in excess of 100 MeV are required, and the cost of a linac producing
these energies has been considered to be prohibitive. Wakefield accelerators with their
reduced footprint, on the other hand, are considered an interesting source of electrons
for VHEET, and a number of studies are underway to demonstrate the use of these
devices for this application. The laser-plasma injector (LPI) being developed for the
EuPRAXTA facility would be able to produce an electron beam that would be ideal
to do experimental work in this area, and a prime goal of EuPRAXIA will be ensuring
the reliability and robustness of the electron source, which is vital for this kind of
application.
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Imaging Applications

Of course, as important as treatment is the development of techniques to diagnose
illness. Many of the advanced techniques now commonly used in hospitals are based
on advanced physical techniques, such as PET, CT, or MRI. However, in most cases,
the first and most trusted workhorse of medical imaging is the medical X-rays which
has mostly remained unchanged in basic operation since the discovery of the X-ray.
Yet, with typical X-ray sources, the low resolution and low photon number lead to
grainy images which can cause inconclusive and sometimes even incorrect diagnosis.
This is especially true when imaging soft tissue, where the contrast between different
types of tissue (such as healthy or cancerous tissue) is limited.

High-quality synchrotron and FEL radiation sources have been demonstrated to
provide diagnostic capability comparable to invasive and time-consuming biopsies. If
the source has additional spatial coherence, then it can be used for phase-contrast
imaging, as shown in the example in Figure 2.13. This technique provides extra
contrast in soft tissues, such as the ability to detect tumours with high confidence.
The radiation sources envisioned for EuPRAXIA, both the FEL and the broadband
betatron source, would be able to provide compact and versatile setups that can be
applicable to medical imaging. These sources could then be a forerunner of a more
widespread adoption of these techniques in hospitals and medical centres.

2.2.7 Inspection and Material Studies

Quality assurance and innovation in manufacturing is underpinned by metrological
methods and techniques that improve and drive forward the measurement infras-
tructure available to industry. Metrology is especially important in advanced man-
ufacturing areas producing high-performance and high-value components that are
made in and are required to perform under hostile environments. Heat and pressure
treatments, new welding methods, radiation exposure, and impact damage are all
examples of scenarios that can leave sub-micron defects in materials during advanced
manufacturing or extreme performance use.

It is thus highly desirable for industry to be able to assess the uniformity and
quality of materials over a wide range of thicknesses, sizes, and composition, ideally
while being under significant stress. Moreover, it is vital that any inspection be carried
out in a non-destructive manner. Generally speaking, non-destructive inspection can
be easily performed at the surface of materials, but several difficulties are encountered
when performing sub-surface, volumetric inspections. Several techniques have been
developed, which can be classified depending on the particles used to probe the
materials: neutron driven, X-ray driven, or positron driven.

Of them all, positron annihilation lifetime spectroscopy (PALS) is arguably the
only one that can provide nanometre-scale resolution over a significant range of mate-
rial thicknesses and detect defects and vacancies in materials down to a few parts
per million (Fig. 2.15, left). When in a material, a positron enters a Bloch state,
but it is rapidly localised in regions of missing matter; in other words, positrons get
easily trapped at vacancy defects. In a timescale of the order of 100 ps, the trapped
positron annihilates with an electron in the material, producing annihilation radia-
tion, i.e. two X-ray photons each with an energy close to 511 keV. A sketch of the
physical principles behind PALS is given in Figure 2.15 (right). By studying differ-
ent characteristics of the emitted radiation, such as their spectrum and temporal
footprint, one can extract a detailed map of vacancies in the material under study.

Traditionally, positron inspection of materials is carried out using 31 radioactive
sources, such as 2?Na. The broadband positron populations that are continuously
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Fig. 2.14. Accelerators used for inspection and material testing (image credits: FCC / Code
of the Universe / CERN / Lois Lammerhuber).
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Fig. 2.15. Left: Typical range of operation of different methods of material inspection.
Positron annihilation techiques allow for the smallest defects to be detected, and the
EuPRAXIA facility will allow for micron-to-mm thicknesses to be volumetrically probed.
Right: Cartoon of the physical principle behind PALS (image credits: M. Butterling, HZDR).

generated from these atoms are then captured, energy-filtered, and time-gated in
bursts with a duration of the order of a nanosecond.

As an example, the ELBE Centre at Dresden-Russendorf provides positron
bunches with a duration (FWHM) of 250 ps and an energy tuneable from 0.5 to 15 keV
[150]. The SPONSOR area can instead reach up to 36 keV [151]. The maximum inten-
sity achievable by the machine is 10® positrons per second. The NEPOMUC machine
at the Technical University of Munich exploits neutron-induced positron production
in 113Cd and produces approximately 10° positrons per second with an energy of
1 keV [152]. The PLEPS line in Munich [153] instead provides a DC beam with
approximately 5 x 10* particles per second. Four minutes are needed to get a full
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Table 2.3. Calculated positron lifetimes (ps) for perfect lattice (bulk) and monovacancy
defects in selected ABOs and related materials (adapted from [149]).

Material Bulk | Defect structure | Va4 | Vs | Vo
PbTiO3 161 Unrelaxed | 292 | 204 | 165
Relaxed | 290 | 185
SrTiO3 152 Unrelaxed | 280 | 195 | 161
Relaxed | 281 | 189
SrRuO3 150 Unrelaxed | 288 | 200 | 161
SrsRu207 180 Unrelaxed | 301 | 207 | 187
LaMnO3 145 Unrelaxed | 282 | 196 | 158
TbMnO3 152 Unrelaxed | 259 | 199 | 161
BiFeO3 154 Unrelaxed | 290 | 198 | 161

lifetime spectrum, whereas up to two hours are necessary to get a complete depth
profiling, accumulating 25 spectra.

Despite the high performance of these machines and their wide use for industrial
applications, it is difficult to produce high-quality positron beams with higher energy
(up to a fewMeV), able to penetrate deeper into the material under study. Also,
the relatively long duration of the beams, comparable to the typical timescales of
annihilation in materials (see Tab. 2.3, adapted from [149]), limits the resolution of
the systems and makes data extraction rather complicated and prone to uncertainties.
This is because it is necessary to deconvolute the signal with the positron duration
and the detector response, both on timescales of the order of, if not longer than,
100 ps.

An alternative method to produce high-flux and short beams of positrons has
been recently proposed. In a nutshell, the positron production exploits the quantum
electro-dynamic cascade initiated by an ultra-relativistic electron beam propagating
in a high-Z solid target [154-156]. The positrons escaping the rear surface of the solid
target present a duration comparable to that of the primary electron beam, a broad
spectrum and divergence, and an overall number of positrons that is a significant
fraction of the number of electrons in the primary beam [148].

To generate high-flux, short, and mildly relativistic positron beams, one would
then require a primary electron beam with the highest possible charge, modest energy
(of the order of 10s to 100 MeV), and short duration. However, higher energy electron
beams, as achievable within EuPRAXIA using a multi-staged approach, are also
usable for this purpose. On the other hand, the unavoidable spectral broadening
introduced by the cascade inside the solid significantly relaxes any requirement on
spectral quality of the primary electron beam, which is virtually irrelevant for the
positron production. These characteristics are guaranteed by the laser-plasma-based
electron beams which are foreseen to be created at the EuPRAXIA infrastructure
and which are discussed in more detail in Section 25.2.1.

2.3 The Role of Industry

As a relatively young field of science, plasma acceleration has not yet established its
own industries, while at the same time relevant existing industry sectors connected to
high-power laser and RF accelerator systems have only limited experience with this
technology. To push plasma accelerators towards user application and perhaps even
eventual commercialisation, closer interactions with industry will thus be essential.
In this context, EuPRAXIA can provide an ideal platform for such a development
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through involving industry in several different roles. First, with their vision as suppli-
ers of finished and usable equipment, industry partners can help laboratories in the
design of robust and reliable products. Thus, they will be able to participate actively
in risk-analysis studies and thus identify which activities must be carried out in
the prototyping phase to move from a low-technical-readiness to a high-technical-
readiness technology. Industry partners may also be able to directly participate in
prototyping projects during the EuPRAXIA technical design phase, through collab-
orative research projects or via students, whether for thermal studies for the laser
system (pump laser, mirrors, deformable mirror, gratings), studies on the materials
needed for optics or for electron transport and electron diagnostics, just to name
a few examples. In addition to these, other topics for collaboration could include
operational safety aspects or studies on the integrated logistical support necessary
depending on the mission profile and operation mode of the facility to guarantee a
controlled operating cost over the lifetime period of the infrastructure. In this way,
the manufacturers will be able to commit to the delivery of a turnkey facility for the
laser and the functional and reliable installation of particle beam parts in the manu-
facturing phase thanks to an extensive collaboration in the design. They will also be
able to commit more easily to maintenance procedures under operational conditions
of the facility over the expected lifetime, as they have already been involved in their
development. Additionally, however, industry could also take on a second role as users
of the future EuPRAXIA research infrastructure. As the previous sections showed,
many of the potential features of the machines designed for EuPRAXIA also have
great potential for industrial applications. As such, industrial users could take advan-
tage of this infrastructure, on the one hand, as an analysis or processing tool. On the
other hand, they could also see it as a testing ground for applying plasma-accelerator
technology to their own facilities and processes, a possibility unique to a facility such
as EuPRAXIA thanks to the potential for compactness and cost-efficiency of plasma
acceleration. This last point in particular directly links to EuPRAXIA’s ambition
for open innovation (see Chap. 1) as collaborations and joint projects could foster a
unique exchange of knowledge and technology. While providing new research insights
and potentially improved performance for EuPRAXIA and its academic users, indus-
try partners could equally benefit from novel R&D results with the potential for future
product development opportunities.

2.4 Added Value for the European Research and Technology Landscape

The European research and technology landscape features thousands of particle accel-
erators that provide particle and photon beams to applications in health, industry,
and science. State-of-the-art particle beams and the produced photons are used, for
example, for cancer therapy in hospitals, for electron beam welding in factories, for
security X-ray scans at borders, for investigations of bacteria and viruses in research
centres, and, last but not least, for discovering new particles and fundamental forces.
Accelerators range in size from a few meters to the 27 km circumference of the Large
Hadron Collider at CERN. As undisputed masterpieces of modern technology, they
provide indispensable tools to the modern society in Europe, supporting innovation
and economical growth.

Today particle accelerators are a mature technology that has started encountering
some practical limitations because of size and cost. The application reach of particle
accelerators could be dramatically increased if their size and cost could be reduced.
For example, the availability of brilliant, time-resolved X-ray pulses in every univer-
sity could multiply the number of bacteria or virus structures that can be resolved.
Young scientists could have early access to powerful research tools, new ideas could
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Fig. 2.16. Variety of possible topics and application fields available to users to investigate
at the EuPRAXTA research infrastructure.

be tested quickly, and unconventional research directions followed. Experience shows
that such wider access to powerful research tools will strongly accelerate knowledge
gain and innovation. Broader access will also enable more inventions and tests of new
solutions, for example in medicine. Once the structure and dynamical behaviour of
a bacterium has been understood, new approaches for medication can be developed
and tested more quickly.

The EuPRAXIA CDR describes the design of a new European research infrastruc-
ture built around the concept of plasma accelerators. Those plasma accelerators aim
at enabling a drastic reduction in size and cost for accelerator facilities. EuPRAXIA
realises a facility that would, for the first time, demonstrate a gain in facility size
while enabling various applications and providing users with additional access to
particle and photon beams. As such a demonstration facility, EuPRAXIA targets
different application fields in a complementary way with the existing and planned
research landscape in Europe. The application fields and particular subjects that are
addressed in the EuPRAXIA facility are presented in Figure 2.16.

From Figure 2.16, it becomes clear that EuPRAXTA aims at a broad spectrum of
users and therefore also a broad added value for the European research and technol-
ogy landscape. The added value from EuPRAXIA starts with developing the plasma,
accelerator and laser technologies required, thus providing Europe with access to this
innovative field and a clear leadership role. Added value continues through collabora-
tion with related industry, which will ensure a swift industrialisation of the required
high-tech components. Users from different domains will experience added value,
when the highly innovative and novel accelerator technology will be made accessible
to them. The users will, on one side, have the benefit of access to the particle and
photon beams with some unique features (e.g. access to ultra-fast science). How-
ever, the users will also provide feedback on the particles and photon beams, often
contributing requests and new ideas.

EuPRAXITA will, last but not least, also generate added value through a coordi-
nating role with its many partner laboratories. EuPRAXIA has been proposed by
members of the European Network for Novel Accelerators (EuroNNAc) as a European
project that ensures the competitiveness of Europe in novel plasma accelerators. It
builds on the expertise from several national projects in plasma acceleration, like the
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ATHENA project in Germany, the SPARCLab project in Italy, the CILEX project in
France, the EPAC project in the UK, and the ELI laser pillars. EuPRAXIA is con-
nected to the LEAPS initiative through the LEAPS task on “Compact Sources”. Tt
is fully complementary to the AWAKE plasma acceleration project, which can only
be performed at CERN, with its powerful proton accelerator infrastructure. Dur-
ing its technical design and construction phases, EuPRAXIA will create significant
added value by bundling European expertise in a major project with clearly defined
common goals and interfaces to alternative approaches.

2.5 The Role of EuPRAXIA for Innovation and Science in the Global
Environment

Plasma wakefield acceleration is an important research topic in various institutes
across Asia and America, many of whom are already involved in EuPRAXIA
as associated partners. Continuing and strengthening scientific exchange between
EuPRAXTA and the rest of the world could thus strongly advance this field of sci-
ence.

Several possible avenues for scientific collaboration could be foreseen for
EuPRAXTA. A most direct route is, of course, the reciprocal use of experimental
facilities. The project’s technical design phase will provide excellent opportunities
for common R&D and prototyping projects at different international facilities, such
as the PEARL facility in Russia or the Laboratory for Laser Plasmas in China. A
more complete list of European and international consortium facilities is given in
Sections 29 and 30 in this context. Once the EuPRAXIA infrastructure is set up,
it will provide a unique test facility and collaboration partner for users worldwide,
especially also those from regions where plasma accelerator or, generally, accelerator
facilities do not yet exist in a widespread manner.

In the long term, it could be envisaged that EuPRAXIA will be able to exchange
knowledge and technologies with other facilities worldwide. Applying some of the
novel techniques from the EuPRAXIA design at other research infrastructures, for
example, would demonstrate very well their applicability and user readiness in dif-
ferent setups. At the same time, EuPRAXIA will be in a unique position to share
experience in setting up and operating a large-scale test facility based on plasma
acceleration. This expertise could be shared through training and knowledge exchange
programs as an international effort. A particularly interesting perspective could be
offered to developing countries in this way for whom compact accelerator technologies
could be ideal entry points to accelerator science considering their reduced cost and
size.

Finally, EuPRAXIA brings together and represents a large fraction of the Euro-
pean plasma-accelerator community. As such, it is expected to become an important
contact point for international collaborations with European institutes in the field,
fostering knowledge exchange and pushing progress for some of the hardest future
challenges for novel accelerators, such as diagnostics development, applications, etc.

In the following, some further aspects for EuPRAXIA’s possible role in the global
research environment are exemplified with the cases of two collaboration partners in
Russia and China.

Statement from the Institute of Applied Physics in Russia (l. Kostyukov)

Plasma-based acceleration is one of the important directions of research at the Insti-
tute of Applied Physics of the Russian Academy of Sciences (IAP-RAS). The scien-
tific exchange programs between EuPRAXIA and the non-European partners could
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strongly advance this field of science. Furthermore, the EuPRAXIA infrastructure is
excellently suited as a platform for the training of young scientists (not only from
European countries but also from non-EU organisations like TAP-RAS), where they
will learn advanced techniques for plasma-based acceleration, innovative methods of
diagnostics, experiment planning, and organisation.

There are several experimental setups devoted to laser-plasma acceleration in
TAP-RAS. Given its flexible structure, the EuPRAXIA facility can be used to repeat
and verify experimental results obtained in IAP-RAS facilities (and vice versa) to
extend them into new parameter spaces which allows to explore new regimes of
acceleration and radiation generation.

The diagnostic methods for experimental investigation of the plasma-based accel-
eration are still a challenge. The modern methods cannot yet provide the necessary
spatial-temporal resolution of laser-plasma structures and phase parameters of the
electron bunches during acceleration. The versatile EuPRAXIA infrastructure could
make a significant contribution to the development of diagnostic techniques. More-
over, many elements of laser-plasma accelerators like laser targets, laser pulse con-
ditioning and manipulation, electron bunch transportation, etc. can be developed
and tested at the EuPRAXIA facility. The developed technologies can then be re-
examined and applied in other facilities, like the PEARL facility in TAP-RAS.

Statement from Shanghai Jiao Tong University (M. Chen)

EuPRAXTA will be the most important partner of the key Laboratory for Laser
Plasmas (LLP) at Shanghai Jiao Tong University. The two sides will conduct in-
depth collaborative research on high-quality electron acceleration (such as two-colour
ionisation injection, plasma dechirper devices, etc.), high-efficiency staged wakefield
acceleration (such as curved-plasma-channel-based staged laser wakefield accelera-
tion), and the wide applications of electron beams and radiation sources. LLP wel-
comes EuPRAXIA partners to carry out experimental studies on its 200 TW and
the future upgraded 200 + 300 TW laser and target systems. LLP would also like
to make theoretical and simulation contributions to EuPRAXIA. LLP looks forward
to performing high-quality electron acceleration, X-ray, and electron beam imaging
research on EuPRAXIA facilities and sharing the advanced experience of EuPRAXIA
in the construction of an acceleration facility and high-average-power laser systems.

3 Description of the EUPRAXIA Infrastructure
3.1 Introduction

In this chapter of the CDR, we describe the envisaged overall EuPRAXIA infras-
tructure, focusing on the concept of the facility and preliminary ideas on the possible
implementation. The technical studies that have been performed for the EuPRAXIA
CDR will be described in detail in Part 4. The research field of plasma accelerators
is distributed over Europe, and considerable effort has been invested in discussing
a model that includes the existing expertise and facilities while delivering a well-
defined European research infrastructure. The EuPRAXIA infrastructure and asso-
ciated project, therefore, will exhibit particular features that are not present in other
projects. This is explained and discussed in this chapter.
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3.2 Overview on Design and Performance Parameters

The EuPRAXIA infrastructure will deliver laser, electron, positron, and photon
beams to various users at two central sites. The site concept will be explained
later in this chapter. The flagship innovation and science goals have been defined
in Chapter 2.1. The detailed performance simulations are discussed later, and multi-
page performance tables can be found in Chapter 9. For the convenience of the reader,
we show a summary of design and performance parameters in Table 3.1.

Here, we remind the reader of a few main objectives of the EuPRAXIA design
study:

1. To develop the disruptive technology of plasma accelerators, modern lasers, and
compact beam drivers into a viable option for a new generation of compact and
cost-effective accelerators.

2. To solve the beam quality problem of plasma accelerators such that the produced
electron beams can support demanding applications like FELs.

3. To demonstrate benefits in terms of the performance, size, and cost of plasma
acceleration with respect to RF technology.

While the latter point is discussed in Section 3.4, the expected machine perfor-
mance of EuPRAXIA is summarised in Table 3.1. It was also visualised in Figure 2.5
for the critical parameter of electron beam energy spread. In the technical part of
this design report, various solutions will be presented that allow extending the per-
formance reach of plasma accelerators significantly.

The overview table reflects the two complementary technical approaches of beam-
driven and laser-driven plasma accelerators, respectively. Both technologies offer, for
example, different benefits on compactness (the laser-driven option is potentially
more compact) and stored energy (the beam-driven option stores more energy). The
two approaches share a number of common challenges and will be developed together
in a synergistic approach. The foreseen user applications have been selected to opti-
mally reflect the benefits of each approach.

3.3 The Concept of Distributed EuPRAXIA Construction

As written before, the plasma accelerator community in Europe is dispersed, with
some 20 groups and about 15 facilities of 10-30 M€ scale per facility. Major groups
and activities exist in France, Italy, Portugal, Sweden, the UK, the Czech Republic,
Switzerland, and Germany. The situation can be compared to the field of particle
physics detectors that have groups and facilities in various institutes, universities,
and countries. The EuPRAXIA concept of distributed construction was therefore
inspired by the construction model of big particle physics detectors in Europe:

Model of particle physics detectors

— Many groups work together in experimental collaborations; the collaborations are
organised in working groups. Working group leaders organise the distributed work
and prepare reports.

— The collaboration elects spokespersons that manage agreement on the deliverables
of the various institutes and track the overall progress.

— Local institutes in the various countries carry out the R&D work, perform local
prototyping and tests, and construct the final components.

— The collaboration assembles the delivered components in the location of the par-
ticle physics detector.
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Table 3.1. Performance summary of the EuPRAXIA design. Further information on the

foreseen machine components and properties can be found in the respective sub-system

chapters of Part 4, with detailed lists of performance parameters shown in Chapter 9.
Quantity [ Baseline Value

Laser systems

Wavelength 800 nm
Energy on target 5-100J
Pulse duration >20-60fs
Repetition rate 20-100 Hz
High-energy electron beam from beam-driven plasma accelerator (PWFA)
Energy 1.0-5.0 GeV
Charge 30-40pC
Bunch duration ~13fs
Energy spread 0.4-1.1%

Normalised emittance

0.7-1.2mm mrad

High-energy electron beam from laser-driven plasma accelerator (LWFA)

Energy 5.0-6.0 GeV
Charge 23-30pC
Bunch duration 3-11fs
Energy spread 0.1-0.9%

Normalised emittance

0.1-1.4 mm mrad

Free-electron laser

Radiation wavelength 0.19-35.9nm
Pulse duration 0.4-15fs
Saturation length 16-126 m

Photons per pulse

1.9 x 109-7.2 x 10**

Brightness 2 x 10%8-4.8 x 10°? photons/[mmZmrad®s(0 1%BW)]
Betatron source

Photon energy 0.6-110 keV

Source size 1.4-2.4pum

Photons per pulse

2 x 1084 x 10%°

Peak X-ray brightness

2 x 102'~1 x 102° photons/(mm?mrad?s[0 1%BW])

Inverse Compton source

Photon energy >100 MeV
Pulse duration ~30fs
Divergence <1mrad

Low-energy positron source

Positron energy

0.5-10 MeV (tunable)

Beam duration

20-90 ps

Positrons per shot

>1 x 108

High-energy positron source

Positron energy

>1.0GeV (tunable)

Beam duration

<10fs

Positrons per shot

~1 x 107

— The collaboration operates the detector and shares in data analysis, common
publication, and knowledge gain.

We propose that the EuPRAXIA project would be organised in a similar way:

Model

of EuPRAXIA

— The connected plasma accelerator groups work together in the EuPRAXIA collab-
oration, which is organised in “technical clusters” (equivalent of working groups).
Coordinators of the clusters organise the distributed work and prepare progress
reports.

— The EuPRAXIA collaboration appoints the EuPRAXIA project management
team. This team organises agreement on the deliverables of the various institutes
and tracks the overall progress in clusters and local groups.



3740 The European Physical Journal Special Topics

EuPRAXIA Project Management

Definition and control of project deliverables by local .
groups, oversight of EuPRAXIA technical design, EuPRAXIA Technical Clusters

management of budget, reporting to funding agencies (distributed over Europe)

[see details in Governance Model] Preparation of technical design, study of open technical

points, definition and execution of validation experiments,
proof-of-principle studies

Local Local Local Local Local LOCAL PROJECT GROUPS
Project Project Project Project Project Execution of local project deliverables, local
Groups Grou ps Grou ps Groups Groups implementation of sites, safety responsibilities,
management of local budget, regular reporting to
local lab management, assurance of local rules
and boundary conditions

Flagship Flagship
Construc- Construc-
tion Site A J tion Site B

Excel- Excel- Excel-
lence Site lence Site lence Site
A B

Fig. 3.1. EuPRAXIA facility concept.

— Local project groups in the various countries carry out the R&D work, perform
local prototyping and tests, and construct the final components. For this, any
available local facility or workshop will be used.

— In addition, EuPRAXIA defines four additional excellence and prototyping sites
(at most one per country) that will be upgraded in capability and will focus on
aspects of particular importance and difficulty.

— The collaboration assembles the delivered components in the location of the two
EuPRAXTA construction sites. Each construction site focuses on a particular
technological path such that complementarity is assured.

— The collaboration operates the EuPRAXIA facility and shares in data analysis,
common publication, and knowledge gain.

This EuPRAXIA implementation model is visualised in Figure 3.1. More details
of the governance model can be found in Chapter 5.2. Here, we describe the model of
the EuPRAXIA infrastructure in more detail. It is noted that the consortium found
during the CDR work that two complementary and equally promising technological
paths can be defined for EUPRAXIA, namely, one relying on a beam-driven plasma
accelerator and the other one on a laser-driven plasma accelerator approach. Instead
of combining both in one construction site, the consortium proposes to exploit the two
paths in two construction sites. Both construction sites shall be located at existing
facilities that are upgraded into one leg of the EuPRAXIA infrastructure. Local
project groups will coordinate the work per site, in close collaboration with the work
of the clusters and institutes around Europe.

The definition of two construction sites maximises the use of existing equipment as
one existing site might have important laser infrastructure, and the other existing site
might be more focused on RF technology. This minimises the need for duplicating
existing infrastructure. In addition, the scientific output is significantly increased,
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Plasma
Components &
Systems

Theory & Laser
Simulation Technology RF Technology

Layout &
Implementation

Training,
outreach &

dissemination Diagnostics

Applications

Additional
Innovation
Paths

Fig. 3.2. Overview of the proposed technical clusters for EuPRAXIA. More detailed descrip-
tions of each cluster can be found in this chapter.

and the integration of the European research landscape is much improved. The
EuPRAXITA concept avoids competition among institutes inside Europe and brings
all institutes together with a common scientific goal and shared benefits. Competition
is instead defined between two technological paths. This technical competition will
produce the fastest possible progress (“competition is good for business”).

3.3.1 EuPRAXIA Clusters for Organising Europe-Wide Work

The EuPRAXIA clusters will organise the Europe-wide work similar to working pack-
ages in the EuPRAXITA design study. Clusters have been defined along areas of exper-
tise, such that scientists with overlapping expertise are bundled and work together
towards the common EuPRAXTA goals. The clusters that were defined are shown in
Figure 3.2.

Various institutes of EuPRAXIA have expertise in one or several EuPRAXIA clus-
ters. The mapping of clusters to available competencies in institutes around Europe
and Russia is shown in Table 3.2. It is seen that the present EuPRAXIA consortium
members cover all the competencies required for the EuPRAXIA technical clusters. A
final assignment of institutes to clusters must be done during the preparatory phase
of EuPRAXTA and will depend on available project resources.
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I. Theory & Simulation

Keywords: start-to-end simulations, performance predictions, evaluation of
measured hardware performance, code benchmarking, development of new
theoretical concepts, high-performance computing, machine learning and data
science, new codes and new approaches

The mission of the “Theory & Simulation” cluster is to study the beam physics and
performance throughout the EuPRAXIA machine using theoretical and computa-
tional tools. This includes activities on four different topics:

(1) Development and study of new theoretical concepts: These will comprise energy
dechirping and external injection concepts, electron injection and acceleration control
mechanisms (using e.g. magnetic fields, multiple lasers, and shaped plasma targets),
radiation generation techniques in plasma channels from the X-ray to mid-IR regime,
and thermodynamics studies of plasma in capillaries.

(2) Start-to-end simulations & theoretical modelling of the beamlines foreseen for
the EuPRAXIA facility: Activities additionally flowing into the start-to-end simu-
lations of LWFA-based, PWFA-based, and hybrid designs will include investigations
of the FEL performance, detailed error and tolerance studies, the integration of
different types of codes across beamline components (e.g. between RF and plasma
components), and the development of a theoretical machine model.

(3) Evaluation of the performance of the machine and its components: Benchmark-
ing between different simulation codes will need to be carried out and the measured
performance hardware evaluated against theoretical results.

(4) Development of new codes and new computational approaches: Topics of inter-
est are code performance improvements, the design of new, robust, and realistic
modelling and simulation tools, high-performance computing (exa-scale computing)
developments (using CPU-, GPU-, and cloud-based systems) as well as the integration
of machine learning and other data science methods. Areas of particular importance
are the integration of plasma density non-uniformities as well as realistic laser pulse
and electron beam profiles into simulations.

The “Theory & Simulation” cluster will be active throughout the whole life cycle
of the EuPRAXIA facility. Its most essential work will be carried out during the
technical design phase by assessing and optimising machine performance through
the activities described above. During the implementation and operation phases, the
cluster will take on a more supportive role in evaluating and improving the facility.
Strong interaction with most of the other clusters involved in the development of
specific components will be required to coordinate simulation and modelling tasks.
Further cooperation is planned with the “Layout & Implementation” cluster for the
development of data analysis and storage capabilities at the EuPRAXIA sites.

I1. Laser Technology

Keywords: laser drivers, photo-injector laser, other laser systems, laser diag-
nostics, optical components, diodes, thermal management, laser transport
line, compressor, kHz laser technology (with industry link)

The cluster on laser technologies will deal with all scientific and technical issues
related to the EuPRAXIA laser design and, in particular, the transition from the
current EuPRAXTIA laser conceptual design to the final technical design and con-
struction. The cluster EuP-LASTECH will primarily tackle several aspects of the
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Table 3.2. List of institutes with interests in particular EuPRAXIA cluster topics. An
explanation for each of the institute acronyms can be found in the “List of EuPRAXIA
Partner and Associated Partner Institutes” at the end of the report.

Laser Technology

RF Technology

Applications

Transformative Innovation Paths
Training, Outreach & Dissemination
Layout & Implementation

e | Magnets & Other Beamline Components

e | Plasma Components & Systems

CEA
CNR
CNRS
DESY
ELI
ENEA
FBH °
HIJ . ° . ° .
HUJI °
HZDR ° °
TAP-RAS °
ICL ° ° °
INFN . ° ° ° ° ° ° ° ° °
IST
JIHT
KIT
LMU
QUB °
SOLEIL ° °
STFC ° .
UHH °
ULIV
UMAN °
UOXF ° ° .
URLS ° ° °
URTV
USTRATH | e °
WIGNER
YORK ° °

e e |e|e|e| Diagnostics

oo e e|e|e| Theory & Simulation
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laser design, as emerged during the design study phase, through a number of devel-
opments and prototyping activities to address and solve critical issues. An initial set
of such topics is outlined below, divided into five subject areas concerning the main
blocks of the entire laser system, from the amplifiers to the final focusing on the
plasma, including manipulations of the initial temporal and spectral properties.

Main Scientific and Technical Issues:

Amplifier configuration:
e Prototyping of Ti:Sa amplifiers
e Building a test amplifier to test thermal load and cooling
— Pumping technology:
e Scaled 100 Hz repetition rate, high-energy pumping
e Addressing 100 Hz pump lasers developments
— Optical compressor technology:
e Thermal management of compressor gratings
e Running high-average-power illumination tests at existing facilities to make
assessments on LIDT, thermal load, cooling, and lifetime
— Pointing stability:
e Stability (pointing and more) and active control
e Building tools and running tests at existing facilities; defining routes for active
stabilisation
Temporal and spatial shaping:
e Synchronisation
e Developing efficient pulse train, temporal contrast, AO control and measure-
ments
e 3D pulse shaping (formation of triangular, cylindrical, ellipsoidal, etc. pulses)
kHz repetition rate and beyond:
e Lasing material development and chacterisation
o Architecture design and modelling
e Wavelength scaling of applications

The implementation of development and prototyping activities will be established
mainly at participating institutes and will involve a number of leading companies with
known expertise in the field. Interested companies include full system manufacturers
(AT and Thales) and component manufacturers (Safran, VCS, VacuumFAB, Horiba-
JobinYvon, ISP, TRUMPF, Imagine Optic, Dynamic Optics, etc.).

Higher Repetition-Rate Developments

The current layout of the EuPRAXIA laser foresees a 20 Hz configuration using
arrays of Ti:Sa pumping systems like the DIPOLE or P60. This introduces a signif-
icant complexity that could be avoided using pumping systems running natively at
20 Hz, eventually reaching the 100 Hz of the P1 configuration. More generally, >kHz
repetition rate is foreseen as a milestone for future laser driver developments. Such
higher repetition rates will require major technology developments beyond the simple
evolution of current established architectures.

Totally alternative systems are those based on direct diode pumping of different
gain media. Yb:YAG and Yb:CaF2 are being explored and are both candidates as gain
media for such systems; however, there are only limited experimental data available
on how these approach at high average powers. On the other hand, Tm:YLF is also
being considered as a gain material that offers a significant lifetime advantage over
the well-established Yb doped materials traditionally used for diode pumped fiber
and bulk systems.

The cluster EuP-LASTECH will establish initiatives to support developments of
direct-pumping, high-average-power systems in a two-stage approach, starting with a
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conceptual design development, supported by existing programmes at participating
partners (CNR, CNRS, FBH, LLNL, STFC, etc.), followed by a downselection and
a technical design of the chosen architecture.

[1l. Plasma Components & Systems

Keywords: plasma sources, plasma injectors, plasma-accelerator stages,
plasma mirrors, plasma lenses

This cluster brings together experts from partner institutes to develop plasma com-
ponents and systems requested for the implementation of the EuPRAXIA accelerator
and beamlines, in particular: laser-driven plasma injectors (LPIs), laser- and beam-
driven plasma accelerators (LPAs & BPAs), and interface components such as plasma
mirrors and passive or active plasma lenses. Particular efforts will be oriented towards
the development of components providing high-quality, stable electron beams at a
high repetition rate. The contribution of identified partners is planned as follows:

Development of LPIs

1/ Development of optimised electron injection schemes in tailored density profiles for
the EuPRAXTA accelerator baseline: modelling through fluid, PIC and Monte Carlo
simulations, design and construction of relevant gas cells, and experimental testing of
stable injection schemes; numerical and experimental investigation of optical injection
with spatio-temporally controlled laser pulses.

2/ Investigation of physics implications for operation at a higher repetition rate,
>10 Hz; development of high-repetition-rate LWFA targets; investigation of strategies
for post-acceleration removal and recovery of unused wake energy.

3/ Development of LWFA-integrated targets optimised for betatron radiation and
imaging applications (aiming high-quality hard X-ray imaging (>50 keV) and high
magnification (>20x or sub-micron resolution) with low noise and low dose).

Development of LPAs / BPAs

1/ Optimisation of plasma parameters and the development of gas-filled discharge
capillaries to reach long plasma channel lengths, typically several tens of centimetres.
2/ Development of novel long low-density plasma channels suitable for multi-GeV
accelerator stages operating at high repetition rates.

3/ Guiding of high-intensity laser beams in curved plasma channels: multi-stage cap-
illaries built and tested in guiding experiments; numerical and experimental investi-
gation of curved hydrodynamic optical-field-ionised (HOFI) plasma channels.

4/ Development of all-optical, multi-component, large-volume plasma sources based
on (selective) tunneling ionisation (in collaboration with the “Transformative Inno-
vation Paths” cluster).

Development of plasma components for laser or electron beam transport and shaping

1/ Development of active plasma lenses and passive plasma lenses for electron beam
shaping, plasma lenses for laser focusing; theoretical modeling of plasma channel
lenses using a short capillary discharge (2-3 mm) to create a plasma lens, used to
increase the intensity of the impinging beam to increase the laser intensity.

2/ Investigation of energy dechirping concepts, including multiple plasma stages.

3/ Plasma mirrors, adaptive mirrors, feedback loops.

System integration or prototypes development

Multi-stage design and experiments (LPI and LPA components driven by separate
laser beams); full start-to-end analysis to optimise the choice of injection energy, and
laser and plasma channel parameters in curved plasma channels.
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IV. RF Technology

Keywords: RF drivers, RF injectors, low-level RF and synchronisation

This cluster is related to the following three topics:

RF gun technology covers the development and optimisation of S-band guns, aiming
to reach the best performances in terms of accelerating field gradient and breakdown
rate, with particular attention to the new clamping technology that, with the help of
special gaskets, allows to avoid the brazing procedure. The study and development
of cathode materials like Mg and Yttrium is also covered, besides the more common
Cu.

RF accelerating structures technology covers the development and optimisation of
the S-band and X-band accelerating structures in terms of feed coupler optimisation
for the S-band case, while work for the X-band deals with the design and optimisation
of the single cell and of the whole structure in terms of maximum achievable gradient
compliant with the optimum compact factor, feeding RF system optimisation and
UH vacuum sustainability.

Synchronisation covers the precise synchronisation between components of the RF
system as well as with the laser drivers. Feedback mechanisms will be designed
and implemented in collaboration with the diagnostics cluster, to ensure the well-
controlled and synchronised operation of the EuPRAXIA machines.

For both topics, the cluster will prepare a technical design of the RF technology
for the two EuPRAXIA construction sites, carry out test and prototyping experi-
ments, and coordinate the production and delivery of all necessary components for
the construction phase.

V. Magnets and Other Beamline Components

Keywords: magnets, beam transport and manipulation, collimation, beam
dumps

This cluster covers magnets, beam transport, and manipulation as well as beam
dumps.

Permanent magnet quadrupoles of variable strength, an original design developed
at Synchrotron SOLEIL (QUAPEVA), will be investigated and optimised for the
EuPRAXITA design, among others.

For the beam transport and manipulation, the different technologies investigated
as part of the conceptual design study, from permanent quadrupoles and solenoids to
plasma lenses (in collaboration with the cluster on plasma sources and components),
will need to be optimised and downselected for a full technical design.

In the case of beam dumps, both conventional designs and plasma-based beam
dumps as a possible future upgrade option are under investigation.

In all cases, test experiments and prototypes are planned to develop a robust
technical design for the beamlines at the EuPRAXIA sites. Furthermore, the com-
ponents required throughout the construction phase will be produced and delivered
to the respective facility locations in a joint manner.

VI. Diagnostics

Keywords: electron diagnostics, positron diagnostics, photon diagnostics,
plasma diagnostics
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This cluster is related to several topics:
Electron and positron beam diagnostics: Electron and positron beam diagnostics
cover every acceleration scheme and all the positions along the machine, including the
experimental areas. It includes the implementation of conventional diagnostics and
R&D on new dedicated instrumentation for plasma acceleration. Non-intercepting or
non-disturbing beam diagnostics are in the scope of this cluster. Particular empha-
sis will be put on innovative single-shot emittance measurement techniques, the
development of CBPMs, and several longitudinal diagnostics. Among others, we will
focus on the use of coherent radiation (Smith-Purcell-based measurements, imple-
mentation of high-throughput THz detector systems and readout electronics, near-
field electro-optical sampling) and transverse deflecting structures (X-band TDS,
gyrotron /gyroclystron-driven transverse deflecting structures). Betatron diagnostics,
passive streakers (metallic or dielectric), and diagnostics based on plasma afterglow
are also included in this task.
Photon diagnostics: Photon diagnostics — e.g. for measuring the spectra, divergence
and emittance of radiation sources — cover all photons coming from applications,
such as FEL, THz sources, X-rays, etc. that can be used to monitor the quality of
the source. These diagnostics will be mainly located in the experimental areas. The
photon diagnostics for positron experiments for material characterisation are also
included.
Plasma diagnostics: Plasma diagnostics are devoted to the measurement of the
plasma parameters, to optimise the plasma acceleration process. It includes the mea-
surement of plasma density by the Stark broadening effect, interferometry-based tech-
niques (including novel, robust, real-time second-harmonic interferometry method-
ology or wavefront measurement techniques for LPIs), and the measurement of the
laser driver spectral modulation for the determination of average accelerating fields
in long LPA plasmas. Particular emphasis will be placed on the multi-plane few-
cycle shadowgraphy of wakefields to retrieve the electron density distribution by in
situ interferometry and ex situ interference tomography of non-axisymmetric gas
jets. There will also be a focus on diagnostics based on plasma afterglow and ultra-
fast plasma diagnostics, which can be used to visualise plasma waves in a beam- or
laser-driven electron wakefield accelerator. Here, electromagnetic probe pulses with
wavelengths in the visible to mid-IR range will be used to diagnose plasmas covering
a wide range of electron densities.

All of these areas of interest include theoretical simulations and mechanical design,
device construction, as well as testing and characterisation at selected facilities with
beams.

VII. Applications

Keywords: positron generation, free-electron laser, undulators, inverse
Compton source, betatron source, THz radiation, high-field physics, test beam
generation, HEP detector testing, user end stations

This cluster focuses on the design, prototyping and delivery of all components related
to EuPRAXIA’s foreseen flagship applications. These include the following eight
types of particle / radiation sources:

— free-electron laser beamlines for electron energies between 1 and 5 GeV

— alow-energy, high-charge positron source for material testing and industrial appli-
cations

— a high-energy, low-emittance positron source for experimental studies of positron
acceleration and transport
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— an X-ray betatron source for medical and life science imaging

— a hard X-ray to gamma-ray inverse Compton scattering source for fundamental
science and industrial applications

— two electron test beamlines for high-energy physics detector testing, THz radia-
tion, and other detector testing

— high-field physics (as a future development)

For each source, both the transport line of the electron beam to the source and the
transfer beamline of the secondary beam after the source need to be designed. After
testing and prototyping, the necessary components will be produced collaboratively
with the cluster members and delivered to the respective construction sites. The
cluster activities will be built on recent work devoted to the optimisation of several
aspects of these sources, from their generation and characterisation, to their transport
and manipulation, up to their use.

In the case of the free-electron laser, this includes, among others, the undulators
and photon beamline. Superconducting undulators (SCU) tailored to EuPRAXIA
will be conceptualised, prototyped, tested, and finally implemented according to field
measurements. Technological options to be considered are Nb-Ti—based planar SCUs
(available technology with the industrial partner Noell), superconducting transverse-
gradient undulators, and SCUs with switchable period length (proof of feasibility
in the TDR phase) as well as more advanced concepts like laser-scribed HTS tape-
stacked undulators.

An additional focus for the cluster will be placed on preparing the user end sta-
tions, including general infrastructure (together with the cluster on layout & imple-
mentation), as well as the necessary instruments and diagnostics for user experiments.
Strong interaction is also planned with the cluster on training, outreach & dissemi-
nation regarding the organisation of user workshops as well as with local groups at
the host institutes of the construction sites on other topics related to user support.

VIII. Transformative Innovation Paths

Keywords: hybrid accelerators, novel injection and radiation generation
mechanisms, multi-pulse LWFA, plasma-based metrology and diagnostics

This cluster concentrates on highly innovative technologies which emerged from
EuPRAXIA phase 1 with steep TRL trajectories. These are R&D-intensive thrusts
over the next phase and in turn have the potential to transform EuPRAXIA by
boosting the quality and efficiency of electron and photon beam output partially
by orders of magnitude. An overarching philosophy of this cluster is an “all-plasma”
approach, i.e. where suitable using plasma not only for the accelerator, but also for
the injector, for diagnostics and for radiation sources.
Here, we highlight six major thrusts or themes:

1. Multi-pulse LWFA. This thrust develops resonant excitation by multiple lower
power laser pulses. This may allow using highly efficient high-repetition-rate laser
drivers such as thin disk or fibre lasers, (optically) tailored plasma channels, and
plasma photo-cathode injectors.

2. Hybrid LWFA=PWFA. This approach combines the best of LWFA and PWFA,
centrally utilising high-current electron beams from compact LWFA stages as
drivers for PWFA stages. This seeks to unlock key advantages of PWFA such
as dephasing-free, practically diffraction-free, dark current-free operation and an
abundance of ionisation-based injection mechanisms.

3. Plasma photo-cathodes. Fully or partially decoupled ionisation injection schemes
such as the Trojan Horse plasma photo-cathode, plasma torch, 2PII, WII, and
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multi-pulse injection schemes, etc., will be developed. A key prospect is the con-
trolled production of ultra-low-emittance, ultra-high-brightness electron beams as
the foundation for high-performance applications.

4. Plasma-based metrology and diagnostics. The ultra-low-emittance, ultra-high-
brightness beams enabled by the above schemes exceed the metrology capabilities
of many established diagnostics. Recent innovations show that ionisation-based
and plasma-based detector and amplifier techniques allow minimally invasive,
ultra-high sensitivity diagnostics, which will be developed.

5. Plasma undulators and advanced radiation sources. The above-listed technolo-
gies combined aim to realise high-efficiency, high-repetition-rate, and ultra-high-
brightness electron beams in compact setups. These are ideally suited for driving
light sources. Plasma wigglers/undulators (betatron/ICL), ICS, and XFEL based
on ultra-high-brightness electron beams will be developed.

6. Plasma-based sources and targets. The above technologies partially require very
specific, often multi-component plasma sources with selective ionisation capability
and (plasma) density profiles. This theme will develop the corresponding sources
in close collaboration with the cluster on plasma components and systems.

IX. Training, Outreach & Dissemination

Keywords: dissemination, outreach, education, public engagement, knowl-
edge transfer, training, user workshops

This cluster will ensure that EuPRAXIA maintains a high profile within the inter-
national landscape of scientific facilities. It will promote its activities with the aim of
attracting users and collaborators, and help to disseminate its research results to the
wider scientific community. A dedicated effort in outreach and public engagement
will aim at raising awareness of EuPRAXIA’s research goals and its key technolo-
gies, maximising its impact on science and society. Moreover, a coordinated training
and education programme will ensure a continuous supply of highly skilled scientists
and engineers to develop, operate, and continuously optimise the diverse sites and
excellence centres of EuPRAXIA.

Publications: Regular contact with all participating partners provides a contin-
uous stream of news articles that will be posted on the central website (www.
EuPRAXIA-project.eu). All news will be further promoted through social media
and targeted online and print articles. News topics include (but are not limited to)
research results, journal publications, technological innovations, events, and position
vacancies. Items of particular relevance will be selected for publication as feature arti-
cles in magazines. The newsletter The FuPRAXIA Files is a collection of abstracts
from research articles that are relevant to the EuPRAXIA project and will continue
to be published three times a year. It will be distributed to all the members of the
EuPRAXITA collaboration and made available via the website to disseminate the
latest advances in wakefield acceleration and its applications.

Qutreach events and educational resources: EuPRAXIA partners will be encour-
aged to hold public events showcasing the achievements in plasma acceleration. Cen-
tral support in the form of education material and demo setups will be provided.
Based on experiences gained in past pan-European events, a combination of social
media campaigns and video live-streams, will be used to engage several institutions
at a time and maximise reach and impact. Events set up around a specific theme
— such as Physics of Star Wars or Marie Curie Day —, innovative educational mate-
rials — like the augmented reality app AcceleratAR, the computer game Surfatron
or poster resources that explain the science and technology of EuPRAXTIA — will
be made available and used to communicate the science of EuPRAXIA to a range
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of target audiences and ensure high visibility in the media. The cluster leader will
continue to present EuPRAXIA findings at relevant international conferences via the
project TEAM based at the Cockcroft Institute.

Training: The cluster members are very experienced in organising complemen-
tary skills schools for researchers at different career stages, topical workshops on
selected R&D challenges, and international schools that train the next generation
of researchers in the science and technology of EuPRAXIA. Online resources such
as lectures for undergraduate and postgraduate students, as well as science short
films targeting the general public will be part of the wider communication port-
folio of EuPRAXITA. Its established YouTube channel will be used to disseminate
these materials and coordinate the wider training efforts. Educational material from
EuPRAXITA partners will continue to be made available via a dedicated section on the
project website. Additionally, the cluster will work on the development of a training
program foreseen as one of the user access modes at the future EUuPRAXIA facil-
ity. In this context, collaborations and connections will be set up with universities
and research institutes that can be developed into a full training scheme during the
infrastructure’s operational phase.

User workshops: Workshops and discussion sessions with potential future users will
be organised throughout the different phases of EuPRAXIA. These will aim, first,
at attracting future facility users and comparing the users’ needs with EuPRAXIA’s
foreseen capabilities. During the operation phase, such regular user meetings will, in
particular, also allow different user groups to exchange experiences, while providing
the host sites with feedback on machine performance and possible improvements.

X. Layout & Implementation

Keywords: control system, data acquisition, data analysis and storage, soft-
ware and hardware development for operation, vacuum, cooling, power distri-
bution, water, site construction, ventilation, support labs, laser safety, radia-
tion safety, general safety, access system

The “Layout & Implementation” cluster covers several topics related to the control
and operation, infrastructure, and safety of the future EuPRAXIA machine:
Command control system: The control system and control room for the two
EuPRAXIA construction sites will be designed and implemented, with close col-
laboration with the technical groups at the EuPRAXIA host sites. Moreover, the
integration of the laser and accelerator control into one consistent, system will be a
critical challenge particular to EuPRAXTA.

Data acquisition, analysis, and storage: A robust and reliable data acquisition, anal-
ysis, and storage infrastructure suitable for user operation needs to be set up for
all EuPRAXIA sites. In this context, it will heavily rely on the extensive experi-
ence of some of the project partners in the design and building of DAQ systems,
with particular efforts placed on developing fast diagnostic tools and beam analysis
techniques based on GPU platforms to better adapt the data acquisition process to
plasma-accelerator—based machines. Additionally, the needs and possibilities for data
analysis and storage at the future EuPRAXIA facility need to be investigated and
assessed, considering, among others, EU policy on open data access. Depending on
the results of this investigation, a data analysis and storage system will be designed
and implemented for EuPRAXTA. Strong interaction with the clusters on theory and
simulation and diagnostics will be considered for this topic.

Infrastructure: The overall infrastructure of the two EuPRAXIA machine sites as well
as the experimental support sites that require the setup of sizable, new test beam-
lines for EuPRAXIA will be targeted. Besides the building design, the utilities of
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each new facility need to be considered, including ventilation, heating, air condition-
ing, electrical power distribution, cooling, and fresh water systems. The cooling and
conditioning system needs to be designed and tested carefully, while new concepts
for ultra-high-precision water cooling will be explored. For the electrical distribution
system, feasible solutions assuring high stability will need to be developed according
to best-practice rules. Additional responsibilities include the design and testing of
the vacuum system as well as the setting up of a strategy for module and component
testing during the construction and commissioning phase. Moreover, the cluster will
also evaluate the necessary support laboratories and their infrastructure needs that
must be foreseen both for the commissioning phase as well as for the user facility
operation. This work will be carried out in close collaboration with the technical
groups at the host sites as well as other experienced consortium facilities.

Safety: A safety infrastructure for each of the EuPRAXIA experimental sites will
be designed and set up together with local technical groups responsible for safety
aspects at the host institutes. This will include, among others, the implementation
of interlock and access systems, but also safety procedures for users, safety training,
etc. Particular emphasis will be placed on laser safety, coordinated closely with the
work cluster on laser technology, and radiation safety. The latter will require detailed
radiation protection simulations to be carried out and radiation monitoring to be
designed and implemented into the EuPRAXTA machine sites. Because of the short
timescale of plasma-generated electron beams and hence any generated radiation,
the effects of how electromagnetic pulses in the EuPRAXIA machine can affect the
surrounding experimental instrumentation will also be investigated as a potential
safety risk.

3.3.2 EuPRAXIA Construction and Excellence Sites

The EuPRAXIA facility will be constructed in two central “construction sites”

1. The EuPRAXIA site with a beam-driven plasma accelerator, FEL, and other
applications. This site will feature a 1 GeV compact RF linear accelerator, based on
the CERN-developed X-band technology. Initially, it has conventional undulators
for 1 GeV FEL operation.

2. The EuPRAXIA site with a laser-driven plasma accelerator, FEL, and other
applications. This site will feature an RF photo-injector, a laser-driven plasma
injector, conventional undulators, and three major high-power lasers that drive
the plasma accelerator. This facility is designed for producing 5GeV electron
beams and the according FEL radiation.

The two construction sites will be located at existing facilities to maximise reusing
already available equipment. As explained before, this approach with two construc-
tion sites with complementary technological paths will establish a technical com-
petition but avoids an institutional competition in Europe. There are a number of
scientific and technical challenges that are particularly important and difficult. The
pursuit of these problems is best performed at EuPRAXIA ‘excellence centres’. The
already existing equipment in those locations can be upgraded to the EuPRAXIA
needs, local teams can be best integrated into the project work, and the construction
sites can focus in parallel on the optimal preparation of EuPRAXIA facility construc-
tion and later user operation. These excellence sites will be crucial during the R&D
and TDR phases of the project but also during construction (e.g. component testing)
and operation (testing and preparation of facility upgrades). They should therefore
be operational for the TDR phase but are also a long-term investment into the capa-
bilities of the European research infrastructure landscape, both for EuPRAXIA and
other needs. The following excellence sites are envisaged at the moment:
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Fig. 3.3. Overview of the distributed facility concept for EuPRAXIA proposing two flagship
construction sites and five supporting excellence centres.

— an excellence centre for application beamline R&D, prototyping, and testing,

— an excellence centre for laser-plasma, acceleration and 1GeV FEL R&D, proto-
typing, and testing,

— an excellence centre for plasma accelerator and high-repetition-rate developments,

— an excellence centre for theory and simulation, and

— an incubator for lasers and concepts at ELI Beamlines.

The scheme of the two construction sites, the excellence centres, and the connec-
tion to other major European research infrastructures and industry is visualised in
Figure 3.3. In the following, we describe the two construction sites in more detail.
Additional information on the excellence centres and possible candidates can be found
in Chapter 3.6.

EuPRAXIA Beam-Driven Plasma Accelerator Site

The EuPRAXIA concept of the beam-driven plasma accelerator site is shown in
Figure 3.4. The schematic diagram lists the major components of the plasma acceler-
ator, namely, the RF injector for producing electron beams, the RF linear accelerator
for accelerating the electron bunch that drives the wakefield in the plasma, and two
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plasma accelerators, one aimed at high charge (compromising quality) and one aimed
at high beam quality (compromising charge). A line of conventional undulators is used
to produce FEL radiation and to send X-rays to two user areas. Alternatively, the
high-quality beam can be used to drive an inverse Compton scattering (ICS) gamma-
ray source. The high-charge plasma accelerator is used for producing positrons and
electron beams for high energy physics detector tests and preparational studies for
a plasma linear collider. A full technical description of all components and system
simulations can be found in Part 4.

EuPRAXIA Laser-Driven Plasma Accelerator Site

The EuPRAXIA concept of the laser-driven plasma accelerator site is shown in
Figure 3.7. The accelerator infrastructure includes high-power lasers for driving a
5 GeV plasma acceleration, RF and/or plasma injectors for producing electron beams
at 150-500 MeV, and two high-energy plasma accelerators for high charge or high
beam quality. A conventional undulator line produces X-ray FEL pulses from 1-
5 GeV electrons and delivers them to two user areas. In addition, there is a user area
for life science, material studies, and medical X-ray imaging. Two other user areas
are designed for (1) an ultra-compact positron source and its imaging capabilities
and (2) a table-top electron test beam area, e.g. for detector tests from high-energy
physics.

The laser-driven plasma accelerator facility in EuPRAXIA will allow the testing
of various concepts and approaches for producing high-quality beams in a laser-driven
plasma accelerator. The variability of the infrastructure will provide important risk
mitigation towards achieving the performance goals in EuPRAXTA. A full technical
description of all concepts, components, and system simulations can be found in
Part 4.

3.4 EuPRAXIA Construction Footprint (Towards Accelerator Miniaturisation)

EuPRAXIA is based on a large-scale infrastructure design but reduced in
size over conventional technology by a factor of 3 at least. It pushes one of
the biggest strengths of plasma-accelerator technology in a realistic step-wise
approach.

It was one of the important goals of the EuPRAXIA design study to demonstrate the
benefits of a facility that is based on plasma accelerators for total facility size and
cost. Here, we discuss advantages in total facility footprint when including estimates
for all relevant infrastructure, like laser laboratories, shielding walls, beam tunnels,
conventional undulators, space estimates for X-ray optics, and user laboratories.

To address this task, a database of required components and their space require-
ments has been set up and was filled with input from collaboration members. The
total footprints were calculated both in facility length but also in terms of required
surface area. The summary of obtained facility lengths is shown in Table 3.3 where
length estimates of RF-based facilities are also given in comparison. These latter val-
ues have been guided by existing facilities; for the SRF case we haven taken FLASH
(DESY) as an example, whereas SwissFEL is a good example for C-band technology.
EuPRAXIA aims at a realistic stepwise approach of miniaturisation. It is based on
a large-scale infrastructure design but reduced in size over conventional technology
by a factor of 3 at least, as listed in Table 3.3 and also visualised in Figure 3.6.
EuPRAXTA therefore pushes one of the biggest strengths of plasma-accelerator tech-
nology. Once the expected size reduction by a factor of 3 has been demonstrated, a
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Fig. 3.5. Size comparison of the EuPRAXIA infrastructure in relation to a hospital in
Copenhagen. The entire EuPRAXIA facility (up to 1 GeV beam energy) would fit onto the
parking lot of the building. Note further that the facility footprint could be even smaller if
a multi-storey building design is considered (image adapted from Google Maps).

EuPRAXIA (1 -5 GeV) B =ccelerator (plasma or RF)

H | high-power laser

‘-—< ;!;Fﬁ‘des'g" talliGey M cndulators + photon beamline

user areas with possibly multiple
experimental stations

- : LWFA design to 5 GeV/
180 m

Conventional (SRF, 1.25 GeV)

—=«é .
Conventional (C-band, 5.8 GeV)
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om 250 m 500m 750 m

Fig. 3.6. Comparison of the expected EuPRAXIA machine length with parameters for
facilities of equivalent beam energies based on conventional RF-technologies [157,158]. The
transverse size is not to scale. It is noted that such facilities tend to offer FEL perfor-
mance parameters which are not achievable with the EUuPRAXIA design. Gains in size must
therefore be put into the context of performance limitations with the EuPRAXIA approach.
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Table 3.3. Comparison of the expected EuPRAXIA machine size with parameters for facili-
ties of equivalent beam energies based on conventional RF-technologies [157,158]. It is noted
that such facilities tend to offer FEL performance parameters which are not achievable with
the EuPRAXIA design. Gains in size must therefore be put into the context of performance
limitations with the EuPRAXIA approach. The presented EuPRAXIA cases include sce-
narios with an RF injector to create the electron beam (external injection) as well as an
all-optical setup with a plasma injector generating the beam.

RFA/C;S:r;gl;lslma Undula‘coipli’il;:;ilz:allzlrif:};}ser areas Total length
injoction (1GeV) | 6m | 13m | om 2w bm | 1w
injction (1Gev) | 42m | 17m | om 2m pm | 1w
injection (5Gev) | 42m | 17m | elm om R W
Slloptical (5 GeV) 2om [17m| 6im om pm | 1w
(SRF, 135 Gev) t44m o em
(Cband, 5.8 Gev) 440 m 0o m o

continuation of the miniaturisation process towards an even more compact facility
will be pursued. For example, external and RF-based injectors might be eliminated
at some point, more compact undulator designs might become available, and also,
laser technology could reduce in size and complexity. A decrease in user area sizes, on
the other hand, will not be strived for, as no improvement in compactness is envis-
aged without having to reduce experimental possibilities significantly. Overall, a size
reduction factor for the accelerator of 10 and even 20 thus seems ultimately feasible
at high beam energy.

It is concluded that a significant factor of 3 in the reduction of the total facility
size has been achieved with the EuPRAXIA design.

3.5 EuPRAXIA Digital Footprint (Data Sharing and Management)

EuPRAXIA proposes a data management strategy that will encourage the
development of standards and common formats, improve data sharing and
provide robust structures for data acquisition, analysis and storage within its
facilities.

Accelerator science and, in particular, plasma-accelerator research is a data-intensive
field. Experimentally, even compact plasma-accelerator beamlines tend to feature
between five and fifteen different diagnostics, each taking images or other mea-
surements with a repetition of a few hertz (with much higher rates expected for
EuPRAXIA). This easily leads to the acquisition of multiple petabytes of data for
a single experiment. On the theoretical side, plasma acceleration studies are heavily
reliant on particle-in-cell (PIC) simulations. Typically run as massively parallelised
calculations on CPU- or GPU-based systems at supercomputing facilities, these com-
putational methods also produce several tens to hundreds of gigabytes of data per
simulation.

In the past, most research groups have handled and evaluated their data, both
experimental and computational, individually as challenges in accessibility (large data
volumes, not all analysis / simulation software open source) and reusability (multiple
possible techniques and setups to be studied, multiple different simulation codes)
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have limited the possibility of data sharing among groups and institutes. With the
European project EUPRAXIA, however, there is now a unique opportunity to change
and optimise this way that data is handled in the field towards a more standardised
and more “FAIR” approach [159]. Involving most plasma-accelerator groups in Europe
(and worldwide) as project partners or more informal collaborators, EuPRAXIA
could be a key factor in bringing together the research community and developing a
strategy on how data is collected, evaluated, communicated, and shared in plasma-
accelerator research. Such an effort to drive the community’s data management needs
and contribute to standards directly from within the research field would also clearly
be in line with the European e-IRG Roadmap 2016 recommendations aimed at setting
up a common organisation of the electronic infrastructure across Europe in the near
future [160].

Some specific points that should be included in EuPRAXIA’s digital strategy are
the following;:

Benchmarking: A multitude of different codes and computational tools exist in
plasma-accelerator research. Following on from efforts started during the con-
ceptual design study, the benchmarking of simulation codes with one another as
well as with experimental data should be carried out. Moreover, more advanced
data science techniques, such as machine learning, could be considered as addi-
tions to typical tool sets in the future. With large amounts of related and well-
characterised (see next point) test data, EuPRAXIA would provide a great basis
for such pursuits.

FAIR principles: Not only does the EuPRAXIA Consortium comprise a wide
range of experimental and theoretical experts in accelerator, photon, plasma,
and laser science, but also, a good number of simulation codes are developed by
project partners. As such, the collaboration is in an excellent position to start the
discussion on how plasma-accelerator data could be made more consistent with
the FAIR (Findable — Accessible — Interoperable — Reusable) principles [159,161].
This should include, for example, the development of common computational for-
mats and standards to improve data characterisation and identification, but also,
a better alignment of experimental and computational data would be beneficial.
Figure 3.8 highlights several further possible angles to this effort.

Data acquisition, analysis, and storage: An important aspect of the design and
implementation of the future EuPRAXIA research infrastructure will be the setup
of robust data acquisition, analysis, and storage structures for the EuPRAXIA
sites, especially those active as user facilities. The realisation of such features will
not be trivial in the case of EuPRAXIA requiring the combination of standards,
procedures, and capabilities from both laser and accelerator-based infrastructure
operation. It will thus set a precedent for future facilities of its kind.

Data sharing: An interesting goal for EuPRAXIA’s digital strategy could be the
development of a system for sharing and managing data more efficiently within
the consortium. Especially during the project’s technical design and construction
phases, a large number of studies and measurements will need to be carried out
within a limited set of resources. One strategy for tackling this challenge, which
is described in more detail in Part 5, will be to design and plan experiments more
effectively to consider several research questions in the same measurements. A
similar approach, however, could also be employed directly to the data itself by
considering data sharing and its possible use for multiple purposes across research
groups. Taking a computational example, a single PIC simulation of a multi-GeV
laser-driven plasma accelerator stage may cost a few hundred thousand CPU core
hours and may be carried out with the aim of studying the dynamics of the
injected electron beam. By also sharing this very rich data set with researchers
interested in the drive laser evolution, the behaviour of the background plasma,
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Fig. 3.8. Summary of some key strategies to make data management within the
EuPRAXIA collaboration more consistent with the FAIR principles [159]. Many of the
aspects listed could also have beneficial effects for the plasma-accelerator research com-
munity in general (image based on: Sungya Pundir, http://www.exeter.ac.uk/research/
researchdatamanagement/open/fair/).
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or the effectiveness of the target design, resources can be used more efficiently and
possibly better results achieved. A first proposed step to implement an appropriate
infrastructure for this endeavour will be the setup of a specialist panel to assess
specific challenges and possible implementation paths.

European initiatives: Finally, besides EuPRAXIA’s own initiatives and activi-
ties, it will also be important to evaluate how the project can work witin and
towards the already existing European initiatives for data management. Exam-
ples of particular relevance include, among others, the European Open Science
Cloud for data storage and sharing as well as the EU Data Infrastructure for
high-performance computing [89,160].

Such a digital strategy could be pushed and developed in detail particularly by the
technical cluster on theory and simulation (see Sect. 3.3.1) and the excellence centre
for theory and simulation (see Sect. 3.3.2) that are proposed for EuPRAXIA.

3.6 Matching EuPRAXIA Needs and Existing Facilities / Capabilities in Europe

The European research area features unique infrastructures and capabilities.
Those can match all the needs of the EuPRAXIA project. Attractive imple-
mentation options have been considered during the EuPRAXIA CDR.

The original goal of the EuPRAXIA design study was a site-independent design of a
European plasma-accelerator facility. During the course of the design work, it became
apparent that a number of outstanding facilities exist in Europe, that they would be
suited to host parts of EuPRAXIA, and that those facilities would also be interested
in considering their infrastructure as a EuPRAXIA site option. Therefore, some work
has been performed to match the EuPRAXIA concept to existing capabilities and
infrastructures in Europe.
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Fig. 3.9. Map showing the proposed locations of the different construction sites and excel-
lence centres at existing facilities in Europe. For the construction site for laser-driven plasma
acceleration, several possible locations are under consideration; further details can be found
in Section 3.6.7.

It is noted that all the considerations here do not imply any commitment of the
laboratories involved but are preliminary proposals. Those options can be followed up
on if the relevant decision makers in the laboratories, the national funding agencies,
and the EU commission would decide so.

In the following sections, a few of the implementation options are being described
in more detail. A short overview of the proposed site and centre locations is shown
in Figure 3.9.

3.6.1 INFN-LNF: Construction Site for Beam-Driven Plasma Acceleration

In this paragraph, we introduce the EuPRAXIAQSPARC LAB project [162,163],
intended to put forward the Laboratori Nazionali di Frascati (LNF) of the Italian
Istituto Nazionale di Fisica Nucleare (INFN) as host of one of the EuPRAXIA Euro-
pean pilot user facilities. The new infrastructure is conceived to be able to accom-
modate in principle any machine configuration resulting from the EuPRAXIA design
study that will find within the new LNF infrastructure the necessary technological
background. Nevertheless, a particular emphasis has been addressed to the design of
machine in the beam-driven configuration (PWFA) as a complementary facility to
the laser wakefield acceleration (LWFA) configuration, developed elsewhere.
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Table 3.4. Parameters achieved with the start-to-end simulations for the
EuPRAXTA@QSPARC _LAB facility.

Units 1 GeV PWFA

RMS Energy spread % 1.1
Peak current kA 2.0
Bunch charge pC 30
RMS bunch length pm(fs) 3.82(12.7)
RMS normalised emittance mm mrad 1.1
Slice energy spread % 0.034
Slice normalised emittance (x/y) | mm mrad 0.57/0.615
Undulator period mm 15
Undulator strength K(a.,) 1.13(0.8)
Undulator length m 30

p (1D/3D) x1073 2.5/1.8
Radiation wavelength nm(keV) 2.98(0.42)
Photon energy nJ 6.5
Photons per pulse x10™ 10
Photon bandWidth % 0.9
Repetition rate Hz 10-100

In the PWFA scenario, in which a high-charge (200 pC) electron bunch driver
excites the plasma wave (~ 300 um) to accelerate a low-charge witness bunch (20 pC),
the peak accelerating field in the non-linear regime is limited to twice the value
of the peak decelerating field within the bunch (transformer ratio Rr=2). There-
fore, the maximum possible energy gain for a trailing bunch is about twice the
incoming driver energy. In this regime, a driver bunch energy of 500 MeV is enough
to accelerate the witness bunch up to 1GeV. This will be the main goal of the
EuPRAXTA@SPARC LAB project. In the second phase, it will be also possible to
run the machine in a configuration with a transformer ratio larger than 4 so that the
5 GeV threshold for the witness beam will be also achievable with a 1 GeV driver and
witness injection energy.

The core of the project will be the plasma accelerating module that will consist
of a 0.5 m long, 0.6 mm diameter capillary tube in which the plasma is produced by
a high-voltage discharge in hydrogen. The accelerating gradient is expected to be in
excess of 1 GV/m.

Another fundamental component included in our design is the X-band accelerating
technology adopted for the 1 GeV RF drive linac [164]. This choice keeps the overall
linac length compact, taking advantage of the high gradient (up 80 MV /m) operation
of the X-band accelerating structures.

EuPRAXTA@SPARC LAB has been designed to fulfil the 1GeV EuPRAXIA
parameters [220]. To support our design, we have performed start-to-end simulations.
In Table 3.4, the achieved parameters are listed (more details also in Chaps. 17
and 24.1). The reported performances show that EuPRAXTA@QSPARC LAB design
is expected to meet the challenging requests for the SASE-FEL synchrotron radiation
sources.

To meet the EuPRAXIA requirements, some preparatory actions are underway
at LNF:

— provide LNF with a new infrastructure with the size of about 154 m x 35 m, as
the one required to host the EuPRAXIA facility;
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Fig. 3.10. Layout of the EuPRAXIAQSPARC LAB infrastructure.

— design and build a 0.5-1 GeV, X-band RF linac and an upgraded FLAME laser
[165] up to the 0.5 PW range;

— design and build a compact FEL source, equipped with a user beamline at 2-4 nm
wavelength, driven by a 1GeV electron bunch.

The EuPRAXTA@QSPARC _LAB project requires the construction of a new build-
ing to host the linac, the FEL, the experimental room, and the support laborato-
ries. The executive project of the building is now in preparation; the construction is
expected to start in 2021 and to be completed by mid-2023. The new facility will cover
approximately an area of 5,000 m2. The layout of the EuPRAXIAQSPARC LAB
infrastructure is schematically shown in Figure 3.10.

From left to right, one can see a 55 m long tunnel hosting a high-brightness
150 MeV S-band RF photo-injector equipped with a hybrid compressor scheme based
on both velocity bunching and magnetic chicane. A chain of high-gradient X-band
RF cavities will provide the energy boost from 150 MeV up to a maximum of 1 GeV.
At the linac exit, a 5 m long plasma-accelerator section will be installed, which
includes the plasma module and the required matching and diagnostics sections. In
the downstream tunnel, a 40 m long undulator hall is shown, where the undulator
chain will be installed. Further downstream, after a 12 m long photon diagnostic
section, the user hall is shown with two end stations. The commissioning of the
FEL beamline is expected to be completed by the end of 2026. An additional ~-
ray Compton radiation source and a positrons source can be later installed in the
other shown beamlines. The upper room in the figure will be dedicated to host
klystrons and modulators to drive the X-band linac. In the lower light-blue room will
be installed the existing 300 TW FLAME laser, eventually upgraded to 500 TW. The
plasma-accelerator module can be driven in this layout either by an electron bunch
driver (PWFA scheme) or by the FLAME laser itself (LWFA scheme). A staged
configuration of both PWFA and LWFA schemes will be also possible to boost the
final beam energy beyond 5 GeV. In addition, FLAME is supposed to drive, in the
green room, electron and secondary particle sources that will be available to users in
the downstream 30 m long user area.

The local collaboration is carried out with the support of groups from INFN
(LNF, LNS, Milano, Roma, Napoli), the Universities of Rome “La Sapienza” and “Tor
Vergata”, the University of Milan, ENEA Frascati, CNR-INO Pisa, and the CERN
CLIC team. Associated partners are also the University of California at Los Angeles
(UCLA) and the Hebrew University of Jerusalem (HUJ). A strong collaboration with
the FLASH Forward group at DESY will provide additional expertise in the field of
PWFA acceleration techniques.
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3.6.2 LAPLACE - France: Excellence Centre for Laser-Plasma Acceleration and 1 GeV
FEL

Following discussions in the frame of the French GDR APPEL group (http:
//gdr-appel.fr/), a proposal to prepare a joint project emerged within the French
laser-plasma-acceleration community. The present contribution to EuPRAXIA is
based on these discussions and will structure future activities within the French
laser-plasma community. The contribution is based on two projects: the Laser
PLasma Acceleration CEntre (LAPLACE) bringing together mainly the Labora-
toire d’Optique Appliquée (LOA), the Laboratoire de ’accélérateur linéaire (LAL),
and SOLEIL, as well as the Prototype Accelerator Laser plASma (PALAS) project
including the Laboratoire de l’accélérateur linéaire (LAL), the Laboratoire de
Chimie Physique (LCP), the Laboratoire Le Prince Ringuet (LLR), and the Lab-
oratoire d’Optique Appliquée (LOA). The two projects offer a complementary and
joint research and development approach. LAPLACE proposes to implement high-
repetition-rate laser-plasma-based accelerator developments and high-energy laser-
plasma-acceleration studies with associated applications, such as a free-electron laser
and pump-probe spectroscopy with X-rays or electrons. The PALAS project, on the
other hand, aims to build an accelerator test facility to prototype a GeV multi-stage
laser-plasma accelerator. Both the LAPLACE and PALAS projects are currently led
by LOA and LAL in association with an open list of partners, including SOLEIL,
LLR, the Laboratoire de Physique des Gaz et Plasmas (LPGP), LCP, and CEA. The
LAPLACE project aims at developing these two facilities dedicated to laser-plasma
accelerators and applications with the following specific aims:

LAPLACE: Development of high-repetition-rate LPAs producing tens-of-MeV,
femtosecond-scale electron bunches at a minimum of 100 Hz repetition rate as
well as high-energy LPAs driven at few-Hz repetition rates with dedicated beam-
lines for an FEL and FLASH radiobiology (NanotheRad [166]) applications.

PALAS: A laser-plasma-accelerator facility for GeV-class laser-plasma accelerator
prototyping based on two laser-plasma accelerating sections driven by a 500 TW
class laser system with a minimum repetition rate of a few Hz.

The two projects will rely on the upgrade of three main existing facilities, hosted
in a renovated building with radiation shielding. In addition, the long focal area of
the Apollon laser facility, designed by the CILEX Consortium (LLR, CEA, LULI,
LOA, LPGP, Soleil, LAL, etc.), will provide a tool for testing multi-stage, PW-scale
laser-driven electron acceleration in plasma.

The proposal is centred on solving several technological bottlenecks and will
address optimisation studies with the longer term goals of demonstrating a multi-
stage laser-plasma accelerator and short-wavelength FEL gain. It provides an answer
to the necessity of rapid prototyping for the EuPRAXIA project, addressing issues
such as (i) the reliability of a GeV-class multi-stage laser-plasma accelerator, (ii) the
demonstration of FEL gain with a > 500 MeV laser-plasma driver and, finally, (iii)
exploring the possibility of laser-plasma acceleration at high repetition rate. Increas-
ing the repetition rate is presently the only way to reach average currents comparable
to state-of-the-art room-temperature electron RF accelerators. In the meantime, sev-
eral other technological challenges must also be addressed in this prototyping phase.

As mentioned above, the LAPLACE and PALAS projects will be developed as an
upgrade of three main existing facilities. For the LAPLACE facility, the Salle Noire —
a 1 TW, kHz-repetition-rate laser driving a few-MeV laser-plasma acceleration beam-
line — will be upgraded to a 10 TW laser system with a minimum repetition rate of
100 Hz. In addition, the Salle Jaune will be upgraded to a 500 TW-class driver.
Depending on the funding, a larger building may be available to provide enough
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space for a short-wavelength FEL. The PALAS project will be based on the existing
EXALT laser driver and upgraded pump laser with the last amplifier delivering 15 J
to a PW-class optical compressor. The PALAS project could be hosted in the old GeV
linac of the LAL injection hall at the DCI ring.

The French scientific and industrial communities have an important role to play
in the EuPRAXIA project for the LPA-driven FEL and the development of opti-
mised laser drivers for the optimisation of laser-driven plasma injectors and accel-
erator stages. The French contribution in the 2020-2025 period to the EuPRAXIA
prototyping phase should rely on existing, but upgraded facilities with well-adapted
technical support. For an efficient and significant contribution, the facilities should
be dedicated to LPA development.

The LAPLACE and PALAS projects rely on the LOA and LAL sites for major
developments in the EuPRAXTA framework. In addition to LOA and LAL expertise,
the two projects and their contribution as an excellence centre to EuPRAXIA will
benefit from an exceptional environment, with the accelerator expertise in IRFU-
CEA, research and development on laser guiding and plasma components in LPGP,
the “Maison de la Simulation” research laboratory for numerical simulations, and, in
particular, the SMILEI [167] team and the Centre for Data Science of the Université
Paris Saclay. In addition, proximity and long-term scientific collaborations with the
world-leading high-intensity laser industry is strengthening a French contribution
to EuPRAXIA to push laser driver developments further. In this particular aspect,
a common laboratory is being set up to develop advanced control and expertise
on high-intensity laser systems for laser-plasma acceleration. Finally, the ambition
to structure the French community is envisioned to bring higher visibility at the
European and international level.
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In the short term (2020-2023), the LAPLACE and PALAS projects’ research
work will be organised in several work packages: WP1 to 5 are foreseen to work with
existing facilities and are potentially part of the EuPRAXIA clusters. Completing
this part of the project might require relatively modest additional funding that could
be obtained via regional or national grants.

Work Package 1: Laser-plasma injector — relevant to the EuPRAXIA cluster
on plasma components and systems;

Work Package 2: Numerical simulation — relevant to the EuPRAXIA cluster
on theory and simulation;

Work Package 3: Electrons beam diagnostics — relevant to the EuPRAXIA
cluster on diagnostics;

Work Package 4: Advanced control command — relevant to the EuPRAXIA
cluster on layout and implementation;

Work Package 5 : Optics and lasers — relevant to the EuPRAXIA cluster on
laser technology.

In the long term (2023-2026), more ambitious goals relevant to EuPRAXIA will
be addressed. Such a research plan will require a substantial national investment pro-
gram that we believe should go to the LAPLACE and PALAS projects. This second
phase implies crucial upgrades on the current facilities and important infrastructure
works. In the context of the LAPLACE and PALAS projects, LAL and LOA have
agreed to set up a joint research venture on the development of LPAs, while optimising
the different funding sources through the various institutes. A balanced investment
could be foreseen and optimised between, on the one hand, the laser upgrades for
LAPLACE and PALAS and, on the other hand, the existing building renovation.
We estimate that the investment (outside of the cost of the building) would be in
the range of 10-13 M€ to acquire the necessary equipment for the LAPLACE and
PALAS projects.

Work Package 6: Short-wavelength FEL gain demonstration with

500 MeV electrons — relevant to the EuPRAXIA cluster on applications;

Work Package 7: Multi-stage GeV laser-plasma accelerator — relevant to
the EuPRAXIA clusters on plasma components & systems and magnets & other
beamline components;

Work Package 8: Prototype of akHz laser-plasma accelerator operating

in the 5-50 MeV range — relevant to the EuPRAXIA cluster on transformative
innovation paths

3.6.3 IST — Portugal: Excellence Centre for Plasma Simulations and Theory

Computer simulations are the third pillar of the scientific method. In plasma accel-
erators and in projects with the ambition of EuPRAXIA, the tight interplay and
integration between experiments, simulations, and theory is even more critical, as
demonstrated by the central role played by simulation in all stages of discovery sci-
ence and disruptive technology development in plasma accelerators. The maturity of
the numerical methods that support R&D in plasma accelerators — capable of taking
advantage of enormous computational resources and infrastructures — and the emer-
gence of exascale computing supported by the EU-wide flagship Joint Undertaking
EuroHPC open a window of opportunity for the establishment of a world leading
centre in plasma simulations and theory in Europe.

At IST, we envision to establish an excellence centre in plasma theory and simu-
lations in the format of a “collaboratorium”, i.e. a platform for coordination, collabo-
ration, and scientific & technical exchange that can i) lead the coordination efforts in



3766 The European Physical Journal Special Topics

terms of code development and integration, ii) serve as a front end for the EU-wide
exascale initiatives in plasma accelerators, and iii) act as a hub for new and disruptive
ideas, and explore the future directions for the EuPRAXTA facility through tests and
exploration in the simulation realm before application in the laboratory.

The time is ripe for such a collaboratorium. In Portugal, we have a long tradi-
tion in plasma theory and simulations — established in close collaboration with the
leading theorical and experimental groups in the world — as the code architects and
co-developers of Osiris, a community driven code that defines the gold standard for
plasma accelerators employed worldwide, and ZPIC, an open source code designed
to train the next generation of plasma-accelerator scientists. These tools have been
employed at IST and at all the institutions using our tools for science discovery
in plasma accelerators, and their development and exploration represents an out-
standing template for a theory and simulation collaboratorium. Moreover, IST is
grounded in a vibrant academic and scientific ecosystem for computational sciences
and high-performance computing (HPC) with top students in all fields of science and
engineering.

The format of the excellence centre will be based on a very light infrastructure
which will provide simulation and theoretical support for the EuPRAXIA community.
This will include undertaking computational developments, facilitating and coordi-
nating virtual interactions between the different teams in the distributed EuPRAXIA
theory & simulation cluster, and running a visiting / workshop program on plasma
accelerators, to be modelled after other flagship venues, such as the Kavli Institute
for Theoretical Physics in UCSB, Les Houches, or the Barcelona Supercomputing
Centre. These can provide advanced training and convene the experts in the field
with a combination of senior scientists, post-docs, and PhD students. This excellence
centre, which will take the form of a collaboratorium, would take advantage of the
unique location of Lisbon (easily accessible from all the European capitals), the sup-
port of IST and ULisboa, the integration of Portugal in the EuroHPC initiative, and
the leading role plasma-accelerator scientists play in the Portuguese community of
HPC.

3.6.4 PWASC — UK: Excellence Centre for Advanced Application Beamlines
Introduction

For some years, UK research has been strongly oriented towards the development of
applications. The UK funding councils are operated through the UK’s Department
for Business, Energy, and Industrial Strategy (BEIS), and several of the funding
streams they control are aligned with industrial applications. Within the field of
plasma accelerators, this is evidenced, for example, by the recommendations of the
STFC and PWASC roadmaps for accelerator science, both of which identify several
applications as near-term goals. As a result, many of the UK research centres in the
field of plasma accelerators all emphasise applications: the Centre for Advanced Laser
Technology and Applications (CALTA), the Scottish Centre for the Application of
Plasma-based Accelerators (SCAPA), the Compact Linear Accelerator for Research
and Applications (CLARA), and the Extreme Photonics Application Centre (EPAC).
Hence the UK is well placed to host the EuPRAXIA Excellence Centre for Advanced
Application Beamlines.

The UK has several internationally leading groups working on wakefield accelera-
tion and applications, both laser-driven (LWFA) and beam-driven (PWFA). All these
groups collaborate closely with the leading groups across Europe. Many of the UK
groups are university based, and several are affiliated with one of the two national
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accelerator institutes (the Cockcroft Institute and the John Adams Institute). Since
2016, UK research in this field has been nationally coordinated by the Plasma Wake-
field Accelerator Steering Committee (PWASC, see http://pwasc.org.uk/), which
represents groups at 10 universities (Imperial College London, Lancaster, Liverpool,
Manchester, Oxford, Queen’s University Belfast, St. Andrew’s, Strathclyde, Univer-
sity College London, and York), as well as the Accelerator Science and Technology
Centre (ASTeC) and the Central Laser Facility (CLF).

Members of the UK groups have significant leadership roles in major international
plasma-accelerator projects. Within EuPRAXIA, UK groups provide leaders and/or
co-leaders in three of the eight Work Packages supported by the Horizon 2020 design
study. Within the AWAKE programme, UK leadership positions include the deputy
spokesperson, a member of the speakers and publications committee, and several
task coordinators. UK researchers have held leadership positions or leading roles in
many high-profile international experiments, including SLAC FACET I and II, DESY
FLASHForward, and AWAKE. The UK has strong representation in several other
international efforts, including the ICFA panel on Advanced and Novel Accelerators
(ANA), which has formed the Advanced LinEar collider study GROup (ALEGRO)
to coordinate the preparation of a proposal for an advanced linear collider in the
multi-TeV energy range. Members of the UK novel accelerator community also pro-
vide leadership to large international projects through the co-authorship of technical
design reports, e.g. for ELI-NP or for SLAC FACET-II.

The UK groups, in collaboration with their international colleagues, have a strong
record of developing high-quality plasma-accelerated electron beams, including the
first demonstrations of narrow-band electron beams, the first generation of GeV
beams, the successful demonstration of electron acceleration by the AWAKE col-
laboration, and the first demonstration of the plasma photo-cathode scheme. They
have also been strongly involved with developing the applications of these beams.
These include applications to the following: betatron radiation for the tomographic
imaging of medically relevant samples, security, electron—positron plasma generation,
strong-field QED experiments, and tests of radiation reaction.

The application-directed UK funding environment and the strong track record
and experience of international collaboration mean that the UK is ideally placed to
host the EuPRAXIA Excellence Centre for Advanced Application Beamlines.

Existing and Future Facilities in the UK

Much of the experimental work by the UK groups on LWFAs has been performed at
the CLF at the Rutherford Appleton Laboratory (RAL), which hosts the Astra laser
(600 mJ, 40 fs laser pulses at a repetition rate of 5 Hz) and the Gemini laser (two
synchronised laser beams of 15 J, 50 fs pulses). The experimental facilities at CLF are
supported by laser systems based in the university labs, including systems at Strath-
clyde (SCAPA, three laser systems with a 350 TW / 5 Hz flagship, three bunkers, and
up to seven beamlines), Queen’s University Belfast (TARANIS-X), Imperial College
London, and Oxford. The university-based systems play an important role in develop-
ing and testing new concepts, preparing for experiments at national and international
facilities, and in training students.

An important project transforming the UK infrastructure for plasma-accelerator
research will be the future £81.2 M Extreme Photonics Application Centre (EPAC)
at CLF. This new centre will provide a 10 Hz petawatt laser pumped by CLF’s
world-leading DiPOLE technology, driving plasma accelerators for applications and
science. Initially, EPAC will deliver two target areas for enabling experiments on the
fundamental and technological aspects of plasma accelerators as well as the develop-
ment of novel applications: a 40 m long target area dedicated to LWFA and hybrid
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PWFA=LWFA as well as another multi-purpose target area with the capability for
solid target interactions. The capacity for delivering additional laser sources (e.g.
100 Hz) and a third target area at a later point exist in EPAC. With additional
funding opportunities, including the materialisation of EuPRAXIA, EPAC will have
the capacity to expand its capabilities and its applications further, including via
additional dedicated areas.

To date, the UK groups have also contributed to PWFA R&D via experiments
at SLAC FACET and at CERN AWAKE. The CERN AWAKE programme has
received funding from the UK institutes and from UK research councils (STFC)
since 2012. There is scope to significantly enhance the facilities for PWFA and hybrid
LWFA=PWFA research. CLARA, the Compact Linear Accelerator for Research and
Applications, is a dedicated R&D facility for developing FEL R&D and to prepare
and support UK X-FEL capabilities. CLARA currently produces 50 MeV electron
beams and will eventually provide 250 MeV beams. There is also the plan to extract
the 250 MeV beam into a beamline dedicated to science experiments requiring short
pulses of relativistic beams; this capability could support UK PWFA research by
providing a facility for electron-linac-driven PWFA.

The Proposed UK Contribution

With our European partners, we will continue to take advantage of the positive
feedback between pushing the performance of plasma accelerators and developing
new, advanced applications. The UK offers world-leading expertise in optimising
electron beam quality, aiming at controlled attosecond-scale beams with phase-space
control and including the reduction of emittance and energy spread to levels required
by FELs. It also has leading programmes on developing strategies for operation at
high repetition rates, advanced plasma sources, and beamline diagnostics and beam
transport.

The repetition rate requirement for the laser driver for EuPRAXIA is 10 Hz as a
minimum, but ideally, it requires a 100 Hz repetition rate and beyond. Diode-pumped
solid-state laser (DPSSL) technology is ideal for this task since it aims at delivering
unprecedented high peak power (>1 kW) with high repetition rates (10 Hz—1kHz)
and high overall efficiencies (>20%). This is an area in which the UK is currently
world leading; the DPSSL technology developed at the CLF (DiPOLE) can already
produce 100 J pump lasers that can drive petawatt lasers at 10 Hz, with the final
goal of achieving 100 TW, 100 Hz lasers.

For PWFA, linear accelerators such as LCLS, PAL XFEL, and SwissFEL are used
to drive FELs at rates between 60 and 120 Hz. The technical challenges associated
with operating these precision accelerators at such high rates compared to more typi-
cal 5 to 10 Hz accelerators are very significant. The CLARA accelerator is designed to
operate at 400 Hz, making it ideally placed to further develop and test EuPRAXIA-
related equipment on the quest towards up to 100 Hz plasma-driven systems in the
future.

To guarantee the efficient use of beams at such a high repetition rate, signifi-
cant and fundamental developments in the technology of secondary sources, their
characterisation, and their applications have to be pursued hand-in-hand with the
development of the accelerator itself. It is necessary to ensure that beam transport
and handling lines, beam diagnostics, and detectors are developed to work at match-
ing repetition rates, handling high-flux beams without deteriorating their unique
properties, such as the femtosecond, if not attosecond, duration. This applies to the
main electron beam as well as to the positron beam and X-ray / gamma ray end
stations.
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Such high repetition rates also require handling a large amount of data and fast
active feedback on the machine. EUPRAXIA can take advantage of the experience
available at UK facilities such as the Diamond Light Source and of the active interdis-
ciplinary approach at national facilities for the development of high-repetition-rate
technology. Likewise, the handling of big data sets is a UK STFC strength as it is
crucial for existing programmes. Finally, there is a wealth of experience in applying
machine-learning techniques for beam control and dynamic accelerator control. UK
Centres for Doctoral Training had a focus on this technique for several years and are
leading in this area.

The EuPRAXIA Consortium has identified the following pilot applications: free-
electron laser (FEL), high-energy (GeV) and low-energy (sub-MeV) positron beam-
lines, a Compton source of MeV gamma-ray beams, and betatron X-ray sources. Sev-
eral other applications can be envisaged, but these end stations are the ones that
allow pursuing specific electron beam parameters that are thought to accommodate
the widest range of future applications. The laser-driven construction site will have
three laser-driven beamlines: FEL, X-ray medical imaging, and a low-energy positron
beamline. Future developments will include accelerator R&D as well as high-field
physics experiments. The beam-driven construction site — LNF is a candidate — will
host three beam-driven beamlines: FEL, a high-energy positron beamline (including
capability for testing novel accelerator technologies and high-energy physics detec-
tors), and a Compton scattering photon source.

In comparison to the state of the art of plasma accelerators today, EuPRAXIA
accelerators shall enable a paradigm shift: from R&D accelerators operating usu-
ally for a few weeks at a repetition rate often well below 1Hz to accelerators with
industrial beam quality operating 24/7 with a repetition rate of 20 Hz and growing
over time to 100 Hz and higher. Given the UK’s world- leading expertise in developing
high-repetition-rate, high-quality plasma-accelerator technology and applications, we
propose that the UK build prototypes, develop all beamlines, and play a major role
in their delivery.

Summary

The conjunction of nationally coordinated world-class expertise, matching funds to
upgrade already competitive national and university-scale facilities, and existing pro-
grammes in similar areas makes the UK the ideal partner in EuPRAXIA to prototype
and develop all beamlines and to play a major role in delivering them.

3.6.5 ELI Beamlines: Incubator for the Application of Novel Accelerator Technology to
Laser Science Users

The Czech Republic has a long and remarkably impressive history of research and
development in the field of high-power short-pulse lasers. As a reflection of this, the
European Strategy Forum for Research Infrastructures (ESFRI) supported the loca-
tion of one pillar of the pan-European Extreme Light Infrastructure (ELI) project,
ELI Beamlines, in Dolni Brezany, south of Prague, under the auspices of the Insti-
tute of Physics of the Czech Academy of Science. The building for this new facility
has been completed, and the envisaged high-repetition-rate lasers with unprecedented
opportunities are under development at ELI Beamlines to drive advanced short-pulse
optical, IR, X-ray, and particle beams (secondary sources) beyond the state of the art
by controlling and extending the parameters of lasers and secondary sources, mainly
their intensities, stability, synchronisation, quality, energy range, and repetition rates.
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Fig. 3.12. ELI Beamlines facility in Dolni Brezany (image credit: ELI Beamlines).

It allows the performance of new investigations spanning the range from fundamen-
tal to applied sciences and medicine, ultimately leading to a better understanding of
nature and providing future societal benefits. The ELI Beamlines development, as a
part of the pan-European ELI project, has two major aspects: enhancing the capa-
bilities and versatility of the laser systems and subsequently using these improved
lasers for new experimental possibilities, leading to the interconnectivity / interdepen-
dence of lasers and experimental applications. The ELI Beamlines project is a unique
endeavour in the field of photonic-based research worldwide and the first large-scale
facility in this domain. ELI Beamlines has to innovate in parallel to construction and
commissioning to be an incubator for new coming projects, which will be initiated
by the prospective user community. The specific nature of the ELI Beamlines user
facility is its multi-disciplinary features, opening extremely wide opportunities for the
worldwide user community to develop new secondary radiation and particle sources,
thus, as a consequence, improving user capabilities at new end stations, creating new
paths of applied and fundamental research, pushing the boundaries of science and
technology. After the commissioning phase, ELI Beamlines will be able to produce
ultra-short laser pulses of a few femtoseconds (<30 fs) duration at the peak power
of up to 10 PW. The PW-class laser systems of ELI Beamlines aim to increase the
repetition rate to up to 50 Hz in the nearest future. It will lead to the development of
new techniques for time-resolved spectroscopy, scattering and diffraction techniques,
medical imaging, medical diagnostics, and radiotherapy, including new tools for the
design, development, and testing of new materials, as well as improvements in X-ray
optics.

Apart from the facility construction and technology development, ELI Beamlines
leads the following research activities (research programs):

RP1 (Lasers): development of the short-pulse laser systems for all research pro-
grams at ELI Beamlines, including the development, implementation, and optimi-
sation of the laser systems, their components and subsystems. Short-term activ-
ities: development and implementation of four main laser systems of the ELI
Beamlines facility. Long-term activities: development of the laser systems to reach
world-leading intensities and pulse parameters at high repetition rates.

RP2 (X-ray sources, driven by ultra-short laser pulses): development of a
new generation of laser-driven secondary light sources from the “vacuum-UV”
to the “gamma-ray” energy range. Short-term activities: provide the interna-
tional user community access to ultrashort secondary light sources for applications
in molecular, biomedical, and material science. Long-term activities: continuous
development of the radiation sources, including the development of a laser-driven
coherent X-ray.



EuPRAXIA Conceptual Design Report 3771

RP3 (Particle acceleration by lasers): development of versatile and stable
sources of high-energy electrons, protons, and ions, driven by various laser-
acceleration mechanisms. Short-term activities: development of laser-driven ion
and electron sources with world-leading beam parameters. Long-term activities:
development of an ion source as a compact and low-cost laser-driven proton/ion
source for cancer therapy. Laser-driven electron acceleration is aimed to develop
a laser-driven X-ray FEL.

RP4 (Applications in molecular, biomedical, and material sciences):
development of setups for time-resolved experiments using high-power lasers,
secondary light sources, and a comprehensive set of pump beams for both
fundamental and applied research. Short-term activities: implement capabilities
in the VUV and soft X-ray range for time-resolved material science, coherent
diffraction imaging for atomic molecular, and optical science; implement X-ray
instruments for time-resolved scattering, diffraction, absorption spectroscopy,
phase-contrast imaging, and pulse radiolysis; use high-intensity lasers directly
for advanced optical spectroscopy applications, such as “fsec”-stimulated Raman
scattering and 2D spectroscopy. Long-term activities: combine all of these
methods with perfect synchronisation for complete investigations of complex
phenomena.

RP5 (Plasma and high-energy density physics): explore both fundamental
science and possible applications in the field of high-energy and high-intensity
laser-plasma interaction. Research activities concentrate on ultra-high-intensity
laboratory astrophysics, warm dense matter, and plasma optics.

RP6 (Exotic physics and theory / simulation): explore theoretical and exper-
imental aspects of the exotic physics expected in the so-called ultra-relativistic
regime (above 1 x 1022 W em~2) of laser-matter interaction. Short-term activ-
ities: simulation support for experimental programs in high-energy and high-
intensity laser—matter interaction. Long-term activities: explore new horizons in
the physics of laser—matter interactions under extreme conditions.

ELI Beamlines has currently over 250 scientific-technical employees, and all of them
participate in the development and implementation of the ELI Beamlines systems.
All ELI Beamlines achievements will provide input and guidance on key components
for the high-repetition-rate laser-driven FEL community, including the worldwide X-
ray user community. ELI Beamlines is a platform for the development of new laser
technology, the improvement of radiation sources, and the acceleration of particles
(protons and electrons) as well as a platform for educating a new generation of
scientists and engineers.

3.6.6 DESY — Germany: Excellence Centre for Plasma Accelerators and
High-Repetition-Rate Developments

DESY has been building up capabilities for plasma-accelerator R&D in the past
decade and is currently further expanding these activities. It is executing an ambi-
tious development program in beam-driven and laser-driven plasma accelerators, tar-
geted to high electron beam quality, high average power and first applications. In the
context, of the EuPRAXIA initiative, DESY is planning to bring in its unique capa-
bilities and research interests as an ‘excellence centre for plasma acceleration and
high-repetition-rate developments’. The DESY capabilities are concisely summarised
in the following paragraphs.

Particle beam drivers enable high-repetition-rate and high-average-power oper-
ation of plasma wakefield accelerators using the high-power accelerator technology
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available today. DESY, as the leading laboratory in the development of supercon-
ducting radiofrequency resonators, which power many of the world’s most advanced
particle accelerators, utilises high-average-power technology to enable plasma wake-
field accelerators with above 10 kW electron beams at MHz repetition rates in the
FLASHForward facility. In particular, FLASHForward aims at realising a plasma
booster module in the GeV range that operates at high efficiency, supporting FEL
beam quality. To achieve this, research at FLASHForward seeks to demonstrate
beam-quality preservation in emittance and energy spread, relying on fine control of
the beam properties before plasma interaction and advanced diagnostic capabilities
post-plasma. As part of the FLASH FEL user facility, FLASHForward benefits from
advanced accelerator controls as well as feedback and feedforward systems that enable
high stability and precise tunability for precision experiments. With these capabil-
ities, FLASHForward will become the world’s premier plasma wakefield accelerator
for the development of high-average-power plasma technology, ultimately opening an
avenue for future high-average-power applications.

These developments are synergistically complemented by KALDERA, the high-
average-power, high-peak-power laser initiative at DESY. Starting in 2019, it will
develop and commission by 2024 a laser system delivering 100 TW peak power at a
1kHz repetition rate to drive a laser-plasma accelerator generating GeV-level electron
beams. DESY has identified a kW average-power laser system as mission critical
for the development of laser-plasma acceleration. The leap in repetition rate from
today’s few Hz to akHz level will provide electron beams at a level of average power
comparable to modern radiofrequency accelerator technology while enabling feedback
loops and the active stabilisation of electron beam parameters. It represents a major
step for advancing laser-plasma acceleration from a concept to a technology.

To host KALDERA, DESY is currently building a 400 m? clean room inside the
SINBAD facility. It also prepares an 80 m long radiation-shielded area close by for the
installation of a kHz plasma electron target. DESY strongly supports the KALDERA
initiative with specialised and user-facility trained technical support personnel for the
development of controls, data acquisition, machine protection, safety installations,
and technical infrastructure.

The KALDERA system will provide the laser pulses required for the Helmholtz
large investment project ATHENA. The ATHENA project builds up infrastructure
for implementing a laser-driven electron plasma accelerator flagship at DESY. Inside
the SINBAD facility, the capabilities of the high-repetition-rate KALDERA laser
system are complemented by the S-band linear accelerator ARES. The ARES linac
with beam energy up to 150 MeV is located in the direct vicinity of KALDERA and
is presently under commissioning. ARES will provide access to ultra-short electron
bunches with a 50 Hz repetition rate and advanced beam diagnostics. Coupling the
capabilities of KALDERA and ARES will enable R&D on a compact laser-plasma
booster with high-quality electron bunches at beam energies up to 1GeV, repeti-
tion rates of initially up to 50 Hz, and advanced stabilisation systems as developed
at DESY. The perspective for such a coupled KALDERA/ARES/ATHENA system
aims at the development of a compact free-electron laser at 1 GeV with high beam
quality and a repetition rate of 50 Hz initially and later towards the kHz regime.

In summary, the present and future DESY capabilities relevant for EuPRAXIA
and partially supported in the Helmholtz ATHENA project include a MHz elec-
tron beam driver at FLASHForward, high-average-power laser pulses towards kHz
at KALDERA, ultra-short electron bunches at up to 150 MeV from the S-Band
linac ARES, advanced plasma and beam diagnostics, ultra-fast feedback systems,
plasma accelerator components, as well as experimental plasma acceleration setups.
In the context of these capabilities, investments, and research interests, DESY has
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been defined as EuPRAXIA’s “excellence centre for plasma acceleration and high-
repetition-rate developments”.

3.6.7 Possible Candidate Sites for the Laser-Driven Plasma Acceleration Construction
Site

Given the strong competition of the laser-plasma accelerator field in Europe, sev-
eral laboratories are examining the opportunity of hosting the laser-driven plasma
acceleration construction site of EuPRAXIA. Developments in the European research
and funding landscape are having a direct impact on possible options for EuPRAXTA
implementation as boundary conditions are changing. Discussions are ongoing, and
a final site concept will need to be worked out during the preparatory and technical
design phases of EuPRAXIA. The following section describes some of the present
ideas and concepts on specific site proposals. The final concept for EuPRAXIA must
also involve additional detailed discussions with decision makers and funding agencies
at the national and European level during later phases, as mentioned above.

General characteristics and requirements

The final construction site for the laser-driven part of EuPRAXIA shall fulfil a few
basic requirements:

— The site shall be at a laboratory with existing infrastructures in one or several of
the following areas: RF accelerators, laser installations, user access.

— The site shall have existing groups in place to address all safety requirements
(laser, radio-protection, access control) and rules.

— The site shall provide a space of about 175 m in length and 35 m in width (details
depending on the choices during the preparatory and technical design phases).

— The site shall provide the required services and facilities for the support of external
users.

UK: EPAC

The possibility of hosting the laser-driven arm of EuPRAXIA in the UK is now
stronger than ever before. The UK has played an internationally leading role in laser
wakefield research for many years. The Central Laser Facility at the STFC Rutherford
Appleton Laboratory (RAL) has been a major resource for research in this field
and a pioneer of European collaboration, with currently 30% European users. It
currently hosts Gemini, one of the pre-eminent centres for laser-driven accelerators.
Research in CLF is augmented by recent centres, such as SCAPA, and university
labs in Queen’s University Belfast, Imperial College London, and Oxford as well as
the UK accelerator institutes — the Cockcroft and John Adams Institutes — that
develop both conventional and novel accelerator technology. This environment is
complemented by STFC’s Daresbury laboratory, which develops the underpinning
accelerator and radiation source technology, with a strong track record in delivering
key building blocks across the UK and EU, and contributing tailored solutions for
plasma wakefield acceleration at CLARA.

The UK government has just invested £81.2 M in a new laser centre at CLF —
the Extreme Photonics Applications Centre (EPAC) — in order to exploit the appli-
cations of laser-driven novel accelerators in industry and medicine. This facility will
host a 10 Hz petawatt laser, pumped by CLF’s world-leading, EU-grown DiPOLE
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Fig. 3.13. Left: The EPAC facility under development in the UK. Right: Areal view of the
EPAC site with space for a potential EuPRAXIA facility next to it (image credits: UKRI,
right image adapted from Google Maps).

technology, which will be used for driving plasma accelerators. EPAC will help to
develop novel particle and radiation beams for applications in industry, medicine,
and security, for example by providing new ways to inspect critical industrial com-
ponents.

Linking EPAC with EuPRAXIA presents an ideal opportunity to exploit the
UK government’s investment in this area. EPAC will be a user facility that will
be online in 2024, coinciding with the potential construction phase of EuPRAXIA.
Initially, EPAC will deliver the 10 Hz petawatt laser to two heavily radiologically
shielded target areas for enabling experiments on fundamental and technological
aspects of plasma accelerators as well as the development of novel applications: a
40 m-long target area dedicated to LWFA and hybrid LWFA=PWFA as well as a
multi-purpose target area with the capability for LWFA and solid target interactions.
As currently planned, the EPAC building has a third, additional shielded area, which
can host a dedicated beamline for programmes including EuPRAXIA. In addition,
it would be possible to build an entirely new building for EuPRAXIA next to EPAC
as there is a significant scope for expansion in the construction site with shared basic
infrastructure.

In addition to this, as part of a Horizon 2020 programme, the CLF is currently
developing the technology for a 100 Hz pump laser for a petawatt-class driver for
high-repetition-rate laser wakefield accelerators. With EuPRAXIA funding, it would
be possible to deliver a similar laser within the existing EPAC building or in any
subsequent expansions to it.

It is clear that the missions of EPAC, CLF, and the UK plasma accelerator groups
and university centres align very strongly with EuPRAXIA and its timescales. For
example, the existing capabilities in EPAC (10 Hz petawatt laser driving wakefield
accelerators for applications) will de-risk EuPRAXIA significantly and it is possi-
ble to have dedicated experimental R&D programmes for testing and prototyping
EuPRAXIA concepts in EPAC and SCAPA. Further, EPAC will have the capac-
ity for delivering additional laser sources (e.g. a 100 Hz PW-class laser) and a third
target area at a later point, once the primary beamlines are commissioned. When
additional funding opportunities, such as EuPRAXIA, materialise, EPAC will also
have the capacity to expand its capabilities and its applications further, including
via additional dedicated, radiologically shielded areas.

As mentioned above, the plasma wakefield acceleration community in the UK
has formed a consortium — the Plasma Wakefield Acceleration Steering Committee
(PWASC) - to coordinate major activities in this area in the UK, and to amalgamate
organisational leadership of research centres and universities. The PWASC has just
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published a roadmap that identifies the major research themes and milestones in
this area for the next two decades. A clear theme is generating high-energy, high-6D-
brightness electron beams that can drive an X-ray FEL (XFEL), ultimately based on
compact and high-efficiency laser-plasma wakefield acceleration. While an ecosystem
of linked conceptual recipes for this grand challenge exist, and remarkable experi-
mental progress has been demonstrated over the past years through UK-EU-US col-
laborations, as reported to EuPRAXIA, further R&D, technology development, and
implementation require high-energy, high-repetition-rate laser systems that would be
available at EuPRAXTAQEPAC. A EuPRAXIA-led, collaborative technology devel-
opment programme towards this in the UK with a focus on XFEL-ready beams
will fully align with the EuPRAXIA goals and complement the efforts from other
EuPRAXIA partners and centres of excellence.

This two-pronged proposal from the UK provides EuPRAXIA with a significant
de-risking opportunity as well as a future-proofing pathway. The specifications of
EPAC are very close to the EuPRAXIA baseline, and basing EuPRAXIA in EPAC
will de-risk a key milestone of EuPRAXIA — having a user facility based on LWFA
— and tick off its early goals. The ambitious technology development programme
towards XFEL-ready beams will ensure that the technology for the upgrade paths of
EuPRAXITA is simultaneously developed, making it a very attractive proposition to
host EuPRAXIA in the UK.

Czech Republic: ELI Beamlines

The construction of the ELI Beamlines (ELI-BL) building in Dolni Brezany (near
Prague) was finished in 2016. The site area is 65000 m?, including the building area
of 28645 m?. The footprint of the experimental building area is 60x100 m?2. The
experimental building has three floors (from top to bottom): the service floor, the
laser floor, and the experimental floor, which has six experimental halls. The L3
“HAPLS” laser beam transport from the laser hall to different experimental halls is
under preparation now at ELI Beamlines. From November 2019, the L3 “HAPLS”
laser beam (see Fig. 3.14), which is the highest repetition-rate PW system worldwide,
will be available in the ELI Beamlines experimental areas, starting from the E3 and
E4 halls. From the middle of 2020, the L3 “HAPLS” laser beam will be delivered into
the E5 experimental hall, dedicated to electron acceleration using a laser wakefield. In
addition, the L2 “Amos” laser system of ELI Beamlines, which is under development
for the ELI-BL “laser-driven” FEL program (the LUIS project), will be available in
the E5 experimental hall starting from the middle of 2021. It will allow to perform
LFWA electron acceleration with a repetition rate of up to 25 Hz using an output
pulse energy of 10 J with pulse compression down to 30 fs. The LUIS setup is under
preparation now in the E5 experimental hall, which is a low-vibration area with a
length of 60 m. To accommodate both electron beam and photon beam transport
for the laser-driven FEL project, the E5 experimental area can be extended using
the existing E6 experimental hall. In this case, the total length of the area, up to
100 m, will be available for the “laser-driven” FEL development at ELI Beamlines,
with a possible upgrade in the future of up to 150 m, with a minimal width of 4 m
and a height of 5 m (see Fig. 3.14). For this, high thermal stability (+0.5°C) will be
provided to avoid changing the undulator properties in the case of the “Swiss-FEL”
type of undulator.

The E5 experimental hall, which has a clean room of ISO Class 7, has fully
operating HVAC, lightning, and service distributions. The interlock system will be
implemented during the first half of 2020. The floor in the E5 experimental area
has superior vibration stability. The rails in the floor are implemented in the E5



3776 The European Physical Journal Special Topics

Fig. 8.14. The L3 “HAPLS” laser system at the ELI Beamlines laser hall (image credit:
CTK).

ES experimental hall

Fig. 3.15. Possible allocation of the “laser-driven” FEL elements (both the electron beam
transport and the photon beam transport) in the ELI Beamlines experimental areas E5 and
E6, with the control room above the experimental area (image credit: ELI Beamlines).

hall, allowing the flexible installation of beamline technologies. The estimated time
to complete the E5—E6 merging is 6-12 months.

Taking into account the current status of the ELI Beamlines development (in
particular, the readiness of the infrastructure, high-power lasers, and experimental
halls), this centre can be considered as a possible option for the laser-driven plasma
accelerator construction site and realisation of the EuPRAXIA project.

Italy: CNR-INO

CNR-INO is located inside the CNR, Campus in Pisa (Fig. 3.16) and is currently host-
ing a sub-PW laser laboratory (the Intense Laser Irradiation Laboratory, ILIL [168])
with a fully equipped experimental area (Figs. 3.17 and 3.18) dedicated primarily
to laser-plasma acceleration research. The ILIL Laboratory is a founding partner of
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Fig. 3.16. Map (left) and aerial view (right) of the entire CNR campus in Pisa, with the
red arrow indicating the Intense Laser Irradiation Laboratory of the National Institute of
Optics (http://wuw.area.pi.cnr.it/).
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Fig. 3.17. A view of the actual layout of the Intense Laser Irradiation Laboratory at
CNR-INO in Pisa (http://ilil.ino.cnr.it/).

EuPRAXITA and is the first laboratory in Italy where laser-plasma acceleration was
demonstrated experimentally in 2007 [169].

The laboratory is also a leading node of the Italian network on the Extreme
Light Infrastructure with a focused research programme on medical applications
of laser-driven plasma acceleration for advanced radiotherapy and X-ray diagnostic
developments. Moreover, ILIL is the proposing institute of the Resonant Multi-Pulse
Tonisation Injection scheme (ReMPI) [170] for the generation and acceleration of high-
quality electron beams. The ReMPI scheme is one of the priority solutions within
the EuPRAXIA model for the 150 MeV injector and represents an effective compact
solution as a GeV-scale, fully laser-driven accelerator scheme. The implementation of
such a scheme for the 150 MeV injector is already being pursued at the ILIL-PW lab
based on the existing 250 m? infrastructure and national funding.

At the same time, CNR-INO is also pursuing a fairly large programme for the
development of novel high-average-power laser technologies that will be carried out
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Fig. 3.18. The interaction target chamber (left) and a section of the control room (right)
at the Intense Laser Irradiation Laboratory (http://ilil.ino.cnr.it/).
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Fig. 3.19. Map of the CNR campus showing the INO laboratories, including the existing
Intense Laser Irradiation Laboratory, compatible with the EuPRAXIA laser-driven acceler-
ator construction site.

in the 2020-2022 timeframe and, eventually, could be part of the final EuPRAXIA
layout. In view of these activities, additional upgrades of the laboratory are in order,
including a 50 m? extension of the shielded target area — an option in the current
layout — and the construction of a new 100+100 m? clean room to host laser devel-
opments, all using already available building space.

From the point of view of local support infrastructures, CNR-INO is located inside
the Pisa CNR campus (Area della Ricerca di Pisa), a large multi-disciplinary research
site hosting 1,200 staff and unique research capabilities, with established high-quality
support facilities and all necessary utilities (engineering, gas supplies, water cooling,
UPS, electricity, etc.). The campus also hosts a major medical activity and is the site
of the “.it” registration authority.

In view of the above, CNR-INO is an ideal candidate to host the construction of
the laser + accelerator + beam transport to establish the EuPRAXIA electron beam


http://ilil.ino.cnr.it/

EuPRAXIA Conceptual Design Report 3779

specifications required at the entrance of the undulator for FEL operation. This rep-
resents the most challenging milestone of EuPRAXIA and could justify a dedicated,
focused effort. Significant additional room would be needed to host the undulator
and user beamlines planned for the full EuPRAXIA laser-driven facility and could
be available subject to approved construction. Alternatively, the commissioned high-
quality accelerator could finally be integrated as an option to drive the undulator at
the EuPRAXTA@SPARCLab in Frascati.

The convergence of the ILIL-PW research objectives and the EuPRAXIA main
goals is clearly an opportunity for both parties. Further discussion will be needed to
finalise the plan of EuPRAXIA at CNR-INO in Pisa and to secure funding for the
needed additional dedicated infrastructure and instrumentation developments.

Italy: INFN-LNF

The EuPRAXTAQSPARC LAB project [162,163] of the Italian “Istituto Nazionale
di Fisica Nucleare” (INFN) has been described in Section 3.6.1 as the candidate
to host the beam-driven plasma acceleration (PWFA) construction site. Neverthe-
less, in the same infrastructure, the laser-driven plasma acceleration (LWFA) option
can be also accommodated, in principle in any configuration resulting from the
EuPRAXIA Design Study [171]. Among all the possible LWFA configurations, the
EuPRAXTA@QSPARC LAB project has been investigated in detail by INFN to fulfil
the 1-5 GeV EuPRAXIA parameters in the LWFA scheme with the external injection
of an electron bunch [162]. This configuration is of particular interest for its promis-
ing capability to produce high-quality electron beams and would be very suitable for
the INFN site, where a 0.5-1 GeV X-band RF linac is already foreseen to drive the
PWFA scheme. To this end, a wide room (32x12 m?, light blue in Fig. 3.10) will be
devoted to the laser sources, including the 0.5-1 PW upgrade of the existing 300 TW
FLAME laser system [165], which will operate at a 5-10 Hz repetition rate and will
be synchronised to the RF linac at the fs level.

In the LWFA scenario with external injection, a low-charge (30 pC) electron
bunch is accelerated to up to 0.5-1GeV by the RF linac and then injected into the
plasma module that will consist of a 0.5 m long, 0.6 mm diameter capillary tube,
in which the plasma is produced by a high-voltage discharge in hydrogen. With a
plasma density of 1 x 1017 cm =2 (quasi-linear regime) and on-target laser parameters
of 25 Jin a 112 fs (FWHM) long pulse with a 70 pm (RMS) spot size (corresponding
to a0~1.3), the accelerating gradient is expected to be of the order of 10 GV /m.
Start-to-end simulations show that the accelerated electron beam at 5 GeV keeps a
high quality profile with an RMS normalised slice emittance of 0.35 pm, an RMS
energy spread of 1 x 1073, and a peak current of 2 kA [172], thus being able to drive
a short-wavelength SASE FEL as foreseen for the EuPRAXIA project.

3.7 Long-Term Scientific Programme

Considering the challenging nature of the EuPRAXIA project based on its use of
novel technologies, most of the design study and consequently this report focus on
the baseline design of the proposed EuPRAXIA research infrastructure. However,
looking at the long-term sustainability of such a facility, with research infrastructures
typically expected to run for several decades, it is also important to keep in view
potential future developments and directions of the science at EuPRAXIA.

This section thus presents the first version of a long-term scientific programme.
Defining such a strategy relatively early on will allow, on the one hand, the design
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Fig. 3.20. The five main pillars of the EuPRAXIA long-term science programme and spe-
cific activities towards these topics. Key features that would be targeted in future upgrades
are a further reduction in facility size as well as improvements in the machine performance
and output beam properties.

and building of the infrastructure with future upgrades in mind. On the other hand,
it will also make it possible to already integrate parts of the necessary R&D for these
developments very effectively into the technical design phase of the facility.

As Figure 3.20 shows, the proposed long-term programme is built on five main pil-
lars, each of which is foreseen to (1) improve the impact of the EuPRAXIA research
infrastructure, (2) ensure that it remains competitive as a facility in the overall

research landscape, and (3) open up new possible experimental opportunities at
EuPRAXIA:

Reduced facility footprint: An important factor limiting a reduction in facility
size for the baseline design is the use of many well-tested but relatively large
technologies for transport lines, diagnostics, and other parts of the machine. This
is a risk-mitigation strategy to ensure that the main R&D efforts can flow into
more critical sub-systems, such as the high-power laser and plasma stages. Once
robust performance has been achieved for these essential parts, though, a further
miniaturisation of the entire machine should be pursued in a stepwise approach,
aiming for a size reduction of the accelerator by a factor of 10 or more in the long-
term. A promising spin-off of this strategy could also be the development of ultra-
compact, self-contained accelerator systems based on EuPRAXIA technologies
and suitable for testing with collaborating institutes or companies.

High power laser technology: The EuPRAXIA laser system is developed to
achieve the requirements set by the EuPRAXIA design aims but with technolo-
gies at a high technical readiness level to ensure robust and stable performance
from the beginning of the facility operation. With this trade-off in mind, future
improvements of the high-power laser system will be essential for the competitive-
ness of EuPRAXIA. Technical challenges of particular interest will, for example,
be upgrades to kHz repetition rates and higher efficiency, strategies for which are
being developed now (see Sect. 10.2.7).

Accelerator technology: A variety of different technological approaches has been
investigated as part of the EuPRAXIA conceptual design study, some of which
have shown great potential, but are still at a low technical readiness level. By
developing these concepts, such as the hybrid plasma acceleration scheme (see
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also Chap. 26), further in parallel to the baseline design, a future implementation
can be considered to improve the machine properties EuPRAXIA can offer to
users with time. Other aspects of accelerator technology, such as beam control
and multi-stage acceleration, may not have specific future innovation strategies
beyond the baseline yet; nonetheless, it will be important to upgrade these as
well, as the overall EuPRAXIA facility develops.

Plasma-based FEL: With plasma-based free-electron lasers (FELS) requiring sig-
nificant research and development to become ready for user operation, the
EuPRAXIA FEL design is aimed at achieving an acceptable but in particular also
robust performance for this application. Once more experience has been gathered
with this new type of radiation source, especially in user experiments, the next
natural goal will thus be to improve the properties of the FEL both through opti-
misation of the beamline and through the integration of more advanced concepts.

Method improvement for applications: EuPRAXIA will be an ideal test bed
for the secondary beam applications that plasma accelerators can provide based
on their specific properties. The user experience gained over time will help to
find new ways for improving these imaging and analysis tools at EuPRAXIA in
terms of beam properties, reliability, and user-friendliness. Equivalently to the
pursued accelerator footprint improvements, an interesting side effect of these
developments could also be the prototyping of independent, more specialised, and
highly compact accelerator application systems in collaboration with academic or
industrial partners.

4 Preliminary Resource and Financial Plan

4.1 Cost Model and Definitions

EuPRAXIA is, at full scale, a 320 million euro investment into European
compact accelerator innovation and scientific applications, including a 70 mil-
lion euro investment into laser technology. Depending on budget availability
minimal scenarios include options for a 60 million euro beam-driven and a
75 million euro laser-driven accelerator site (without R&D costs).

The budget estimate listed in this report is a preliminary estimate that is based on
data collected from the consortium on the different required cost items. Here, we
explain the categories of spending:

Category Preparation Costs: These are costs spent by the laboratories on
preparing the sites and centres before the approval of the EuPRAXIA TDR and
construction projects. These are costs that are pre-invested by the laboratories in
ongoing projects and with the view of preparing the EuPRAXIA site. This cate-
gory is not included in the EuPRAXIA cost estimate but might become relevant
as in-kind contribution.

Category Investment Costs (R&D and construction): These are costs spent
on hardware, contracts with industry, access to facilities, contractual labor, and
other smaller items. These costs are given in 2019 terms in millions of euro.

Category Personnel Costs (R&D and construction): This category specifies
the labor at collaborating institutes for performing the required tasks in the
technical design and construction of EuPRAXIA. These costs are given in full-
term equivalents (FTE). One FTE means that one person works full time for the
EuPRAXIA project during one year.
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Category Operational Costs: These are the costs related to hardware commis-
sioning, beam commissioning, and the operation of the proposed facility after
the completion of construction.

The major EuPRAXIA costs will incur during the following two phases of the
project.

Costs during Technical Design: The technical design phase follows the concep-
tual design that we report on in this document. During the technical design phase,
the detailed technical solutions are developed, prototypes will be constructed and
tested, components will be industrialised, critical proof-of-principle experiments
will be carried out and the construction will be prepared. At the end of this phase,
a technical design report (TDR) will describe the detailed facility design.

Costs during Construction: This describes the costs that are required for con-
structing the facilities at the proposed sites as defined in this report. Of particular
interest are the two flagship construction projects that realise the complementary
technological paths of (1) laser-driven plasma acceleration (LWFA) and (2) beam-
driven plasma acceleration (PWFA).

The sections below specify the total cost of the facility and the breakdown into
the two main technologies (beam-driven and laser-driven plasma accelerators) as well
as the breakdown into major technical systems. Both investments and person-power
needs have been estimated from the project participants and are presented. At the
end of this chapter, minimal systems are discussed that do not offer the benefits of
a European research infrastructure but could be starting blocks for a EuPRAXIA
facility. Also, these minimal systems give a first indication of a possible system cost
after a successful EuPRAXTIA project. For example, the final prize tag of a 5GeV
plasma accelerator after EuPRAXIA will be much lower than the cost of EuPRAXIA
as R&D costs will not have to be paid again and central components will be available
from the industrial partners of EuPRAXIA.

4.2 Summary of Total Costs

The estimated total resources required for the realisation of the EuPRAXIA facility
are listed in Table 4.1. The table specifies the integrated investment costs, the per-
sonnel needs, and the project duration for the phases of TDR and construction. We
note that the project durations for the beam-driven site (8 years) and the laser-driven
sites (10 years) are unequal because of the technical readiness level associated with
the respective technologies of X-band RF and high-peak-power lasers at 20-100 Hz.
More details on the schedule can be found in Section 5.1.

The total costs in Table 4.1 are split into parts related to the site with beam-
driven plasma acceleration and laser-driven plasma acceleration. It is seen that the
laser-driven leg of EuPRAXIA is more expensive than the beam-driven leg. This is a
result of the laser R&D required for realising the more powerful lasers in EuPRAXIA,
the cost of laser procurement, and the undulator cost for the 5 GeV FEL user area.
This will be explained and discussed in a subsequent section in more detail.

From the data in Table 4.1, a spending profile with yearly tranches of investment
budget was estimated. This is shown in Figure 4.1. It is seen that the yearly invest-
ment budget would increase over eight years to 55 M€ and then drop in the last
two years of the project. The average yearly spending would amount to 32 M€ over
the full project duration.

The corresponding person-power effort during the project duration is shown in
Figure 4.2. It is seen that this Europe-wide project would require the support of
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Table 4.1. The estimated integrated costs of the TDR phase and construction are given
(a) for the total project, (b) for the parts connected to the beam-driven plasma accelerator
site (PWFA) and (c) for the parts connected to the laser-driven plasma accelerator sites.

[ TDR phase [ Construction phase [ Sum
Invest
Total 119 M€ 204 M€ 323 M€
Beam-driven 34 M€ 85 M€ 119 M€
Laser-driven 85 M€ 119 M€ 204 M€
Personpower
Total 981 FTE 854 FTE | 1835 FTE
Beam-driven 294 FTE 283 FTE 577 FTE
Laser-driven 687 FTE 571 FTE | 1258 FTE
Duration
Total 6 years 4 years 10 years
Beam-driven 4 years 4 years 8 years
Laser-driven 6 years 4 years 10 years
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Fig. 4.1. The yearly tranches of the required investment costs are shown versus the duration
of the project for the total and split by construction site.
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184 persons (average) and about 230 persons (peak) for its realisation. This personnel
could, in some cases, be contributed by partners in kind and, in other cases, would
require funding support from national or European funding agencies. During the
EuPRAXITA conceptual design work, about 250 persons have been involved in the
work, while an estimated 40 FTE have been invested per year at maximum. The
FTE available to EuPRAXIA would therefore need to roughly grow by a factor of
6 in the project realisation phase. The high number of persons associated with this
project shows that the required persons and resources in principle exist in the field
and in the connected institutions.

It is noted that a final budget planning will be part of the project preparatory
phase, which must be performed in parallel to the TDR phase. During the preparatory
phase, all budget numbers will be updated, a detailed cost-benefit analysis will be
performed, and funding models will be defined. During the CDR phase, we have
performed a first study of a possible budget distribution over Europe, grouping the
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Fig. 4.2. The yearly tranches of the required person power are shown versus the duration
of the project for the total and split by construction site.

funding by country of the institutes. The result is shown in Figure 4.3, integrating
over investment and personnel costs. Here, it is assumed that one FTE costs 100 k€.

It is seen in Figure 4.3 that the project could be implemented with Italy, France,
Germany, and the UK as major stakeholders at the 18% to 25% level of share in the
total resources. Portugal could share at the 2% level given the mainly theoretical and
numerical expertise that the connected institute would bring in. An additional 5%
share, including general infrastructure and construction costs, would go to whichever
country would host the construction site for laser-driven plasma acceleration. We
conclude from this preliminary study that existing groups and facilities in Italy,
France, Germany, the UK, Portugal, and other countries have the critical capabilities
to support such a EuPRAXIA project if common resources and funding would be
made available by the various funding agencies.

4.3 Breakdown of Investment Costs Related to the Beam-Driven Plasma
Accelerator Site

The overall project costs listed above include a variety of cost items that enable a
truly European effort. We first consider the site with the beam-driven plasma acceler-
ator facility (PWFA). The total PWFA cost includes not only the resources required
for the construction of the local accelerator facility and the FEL beamline but also
prototyping and personnel costs around Europe. These additional resources will sup-
port the local construction by prototyping devices, testing them, and then delivering
them to the PWFA site. While the cost of the final device should be included in the
accelerator construction cost, the prototyping and testing at outside facilities can
also be considered separately. The same applies to application beamlines, for exam-
ple, for positron generation. The positron beamline will be developed, prototyped,
and tested in excellence centres in another country with the final beamline delivered
to the PWFA construction site.

Table 4.2 provides the breakdown of the PWFA costs into various categories,
explained in the caption of the table. We can see, for example, that the PWFA
accelerator plus FEL facility would cost ~68 M€, which is about half of the total
cost. The other half of the total cost funds prototyping and testing activities around
Europe, provides the additional application beamlines from non-local partners (thus



EuPRAXIA Conceptual Design Report 3785

Portugal Other
2% 4%

‘ LWFA

\ Construction
Frar;ce Site (General)
18% 5%

Fig. 4.3. A possible share of EuPRAXIA resources (investment plus personnel) over exist-
ing groups and facilities in connected European countries is given. General costs for the
construction site for laser-driven plasma acceleration (LWFA) are listed separately as their
allocation would depend on the location of the site.

Table 4.2. The costs of the beam-driven plasma accelerator site are broken down into
construction costs of the accelerator (costs of all infrastructure and installed equipment at
the construction site), into FEL construction costs (undulators plus user area), into costs
for the construction of lines and user areas for other applications (see description in the
relevant section), into costs of testing and prototyping at all European partners, and into
costs for other innovation parts (for example alternative radiation sources).

Category Invest | Person-power
Accelerator construction | 52 M€ 162 FTE
FEL construction 16 M€ 22 FTE
Other applications 17 M€ 91 FTE
Prototyping EU wide 33 M€ 285 FTE
Other innovation paths 1 M€ 17 FTE

amplifying the scientific impact of the EuPRAXIA PWFA site), and prepares addi-
tional innovation paths.

As noted before, the presented numbers are preliminary estimates that must be
detailed and adapted in a preparatory phase of EuPRAXIA. The final numbers will
depend on available funding support, the final partners, and implementation details.

It is interesting to consider the breakdown of investment costs also by technical
system. Such a breakdown is shown in Figure 4.4. As this concerns the beam-driven
plasma accelerator facility, it is seen that, as expected, the main cost drivers are the
cost of the linear RF accelerator, infrastructure, and applications.
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Fig. 4.4. The total investment cost related to the beam-driven plasma accelerator facility
is broken down into the various major technical systems. Diagnostics and controls costs are
contained in the linac and plasma system costs. The listed investment costs include R&D,
prototyping, and construction.
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Fig. 4.5. The total investment cost related to the laser-driven plasma accelerator facility
is broken down into the various major technical systems. Diagnostics and controls costs are
contained in the linac and plasma system costs. The listed investment costs include R&D,
prototyping, and construction.

4.4 Breakdown of Investment Costs Related to the Laser-Driven Plasma
Accelerator Site

The breakdown of investment costs by technical systems is shown in Figure 4.5. It is
seen that, as expected, the main cost drivers for the laser-driven leg of EuPRAXIA are
the costs of the laser systems and of the science applications. The same breakdowns
as explained above for the beam-driven plasma accelerator site have been done for the
costs related to the laser-driven construction site. Table 4.3 gives the breakdown of
the total costs per categories. We can see that the investment cost of the 5 GeV laser-
plasma accelerator facility plus the FEL user area amounts to a total of ~110 M€,
which, again, is about half of the total investment cost. The other half of the cost,
similar to the case of the beam-driven plasma accelerator facility, is in part related
to the development, prototyping, and testing in European research institutes and
in close collaboration with the European laser industry. The laser investment will
fertilise technological advances in laser technology and in the laser industry, required
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Table 4.3. The costs of the laser-driven plasma accelerator site are broken down into
construction costs of the accelerator (costs of all infrastructure and installed equipment at
the construction site), into FEL construction costs (undulators plus user area), into costs
for the construction of lines and user areas for other applications (see description in the
relevant section), into costs of testing and prototyping at all European partners, and into
costs for other innovation parts (for example alternative radiation sources).

Category Invest | Person-power
Accelerator construction | 86 M€ 461 FTE
FEL construction 24 M€ 27 FTE
Other applications 9 M€ 75 FTE
Prototyping EU wide 84 M€ 678 FTE
Other innovation paths 1 M€ 17 FTE

for delivering the needed components but also allowing the European laser industry
to maintain its world-leading capabilities. Other parts of the additional costs from
collaborating institutes around Europe concern additional application beamlines that
will again amplify and enhance the scientific potential of the constructed facility. Here,
we list the positron-based imaging of materials as an example.

As noted before, the presented numbers are preliminary estimates that must be
detailed and adapted in a preparatory phase of EuPRAXIA. The final numbers will
depend on available funding support, the final partners, and implementation details.

4.5 In-Kind Contributions

There have been major investments in the infrastructures at the EuPRAXIA insti-
tutes in the past. As the EuPRAXIA sites will be located at existing sites, the
installed facilities and equipment will be brought into the EuPRAXIA project, and
its usage will be considered as in-kind contribution. In addition, new projects on the
scale of 20 M€ to 90 M€ are ongoing that enhance the existing investments and
possible in-kind contributions even further.

It is immediately clear that the selection of final sites will have an impact on the
total costs. For example, if a required laser will be available locally as in kind, the
construction cost will be reduced. We assume in this CDR that the required buildings
are available and can be adapted to the needs of one of the EuPRAXIA sites. The
costs for adaption are included, the building is considered in kind. The INFN/LNF
laboratory in Frascati, Italy, is planning to provide the infrastructure (building, air-
conditioning, etc.) as an in-kind contribution as a host of the beam-driven plasma
accelerator site. A detailed list of in-kind commitments and final budget adjustments
must again be performed during the preparatory phase after the CDR.

4.6 Operational Costs

Operational costs require a detailed analysis and study that could not be performed
during this CDR. Based on past experience with accelerator-based facilities, a very
rough operational cost (material plus operational personnel) can be estimated for the
two construction sites:

Operational cost of the beam-driven plasma accelerator facility:
Estimate: ~ 6 M€ per year

Operational cost of the laser-driven plasma accelerator facility: Estimate:
~ 12 M€ per year
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It is again stressed that the operational costs listed above are very rough estimates
with large errors of uncertainty. The higher operating costs of the laser-driven facility
can be assigned to a few arguments:

— The lifetime and mean time to failure of RF modulators and klystrons has been
optimised over many decades, and maintenance costs are therefore optimised. On
the other side, lasers are a revolutionary and rapidly developing technology that
still must be optimised for the lifetime of pump diodes, for example.

— The laser-driven plasma accelerator site of EuPRAXIA includes laser power
drivers and undulator length for a beam energy of 5 GeV. The beam-driven leg of
EuPRAXIA includes undulators for a beam energy of 1 GeV. Both approaches and
sites will profit strongly from new types of innovative and small-size undulators.
Strong R&D is supported.

The distribution and financing of the operational costs would need to be defined with
the funding agencies during the preparatory phase.

4.7 Alternative Minimal Systems

The EuPRAXIA project has aimed at a risk-minimised approach with a max-
imised scientific output. Risk minimisation is important as up to today, no plasma-
accelerated electron beam has been brought into FEL lasing. Also, the available
quality of electron beams from plasma accelerators is still quite limited, with up to
an order of magnitude improvement required for certain applications, like highest-
brilliance FELs. Another area of concern is the achieved repetition rate in plasma
accelerators, with 0.5 Hz regularly maintained as average and peak rates of 5Hz.
Risk-mitigation measures are achieved in the EuPRAXIA concept by providing the
infrastructure for various approaches of producing high-quality electron beams in
a plasma accelerator. Examples include optimised plasma injectors in the bubble
regime, plasma sources relying on the new resonance multi-pulse ionisation injec-
tion method, the injection of electrons from RF-based photo-cathodes, and novel
two-stage acceleration schemes with intermediate phase space rotation.

Mazimised scientific output is achieved by including various highly promising sci-
entific applications that offer advantages compared to existing facilities. EuPRAXIA
does not only include the FEL application but also includes, for example, positron-
based imaging, positron beam acceleration, ICS and betatron sources for material
and medical applications, etc.

Last but not least, EuPRAXIA brings together institutes and experts from around
Europe, with close connections also to partners in Asia, Russia, and the United States.
The collaborational and knowledge-building aspect of EuPRAXIA is not cost-neutral,
but it provides the capabilities to advance faster with such broad support from around
Europe. This strengthens the competitive position of Europe in this rapidly advancing
technological field but also generates important socio-economic benefits for society.
Examples can be the building of European connections, the training of young techni-
cians and scientists in a technically challenging international environment, and last
but not least, new jobs for well-trained young people in science and industry.

Given the above features and benefits of EuPRAXIA, it is clear that these come at
a cost. We strongly believe that these investments into risk mitigation, science output,
and more general socio-economic benefits in the European landscape of high-tech
endeavours are well worth the costs. It is, however, interesting to consider minimal
scenarios where a local facility targeted to one application only is considered. Cost
estimates for a few reduced and minimal cases are summarised in Table 4.4.



EuPRAXIA Conceptual Design Report 3789

Table 4.4. The investment costs for the full EuPRAXIA case are compared to estimates of
minimal systems. For the beam-driven cases, the applications are reduced to only include the
FEL. For the laser-driven cases, the applications in the first scenario are reduced to only
include the FEL. In the second step, the mitigation measures on beam quality (multiple
laser, RF injector, novel concepts) are reduced to a minimal one-laser, one-stage system.
In both cases, the costs of European-wide R&D and prototyping are not included for the
reduced scenarios.

Scenario Invest
Beam-driven plasma accelerator facility

Full EuPRAXTA proposal 119 M€
Plasma accelerator facility with FEL 68 M€
Laser-driven plasma accelerator facility

Full EuPRAXTA proposal 204 M€
Plasma accelerator facility with FEL 110 M€
Minimal laser plasma accelerator with FEL 75 M€

5 Preliminary Project Organisation and Implementation
5.1 Project Schedule

A preliminary timeline for the project has been developed, as shown in Figure 5.2.
It assumes that the project technical design, implementation and start of operations
can be achieved within 10 years. This estimate as well as the proposed completion
date depend strongly on the available financial resources throughout the project
development, all of which are currently not clearly foreseeable yet. A certain amount
of uncertainty thus needs to be expected from this schedule.

Conceptually, the development of EuPRAXIA as a multi-site infrastructure is
divided into two separate yet related timelines. The design and implementation of
the five excellence centres is scheduled within the “Technical Design Phase” over the
next four to six years, whereas the two user machine sites will begin their technical
design and construction at a later point and aim to reach completion at the end of the
“Implementation & Construction Phase”. Between the construction sites, the facility
based on beam-driven plasma acceleration is expected to require only a four-year
technical design compared to six years of R&D and prototyping for the case of the
site focused on laser-driven plasma acceleration. This means that the PWFA-based
construction site could already be completed after an eight-year period, while the
entire research infrastructure, including the LWFA construction site, would be ready
by the ten-year mark. The reasons for this temporal separation in the development
of the different sites are clear:

1. The excellence centres are smaller setups based strongly on existing infrastruc-
tures, thus requiring less design and construction time. Additionally, they are
meant as advanced R&D facilities to mature the technologies to be implemented
at the user sites, from the plasma-accelerator beamline and feedback systems to
the FEL and other applications. They therefore need to be ready for use much
earlier than the main machine sites, but not for performance as external user
facilities. Figure 5.1 highlights some of the main technical milestones that will
need to be achieved either as activities at the EuPRAXIA support facilities or
even earlier as R&D at some of the EuPRAXIA Consortium facilities available
for smaller testing and prototyping experiments (see Part 5 for more details).

2. The implementation of the laser-driven plasma accelerator construction
site is largely dependent on the development of the required high-power,
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Fig. 5.1. Main technical milestones to achieve during the EuPRAXIA technical design
phase.

high-repetition-rate laser sources as a significant advance from the current state
of the art. This endeavour is expected to require considerable R&D and prototyp-
ing efforts. The X-band technology forming the basis of the second construction
site for beam-driven plasma acceleration, on the other hand, is, while also a clear
extension from the current state, already at a higher technical readiness and sup-
ported by long-lasting expertise developed in RF accelerator technology.

Furthermore, given the high degree of novelty in many of the technologies planned
for EuPRAXITA as well as in view of funding uncertainties, a phased approach is also
foreseen for the implementation and operation of each of the two user machine sites,
as indicated briefly in Figure 5.2. With a detailed schedule to be defined during the
technical design phase, first ideas for sensible phasing milestones include

— a staggered construction and operation of beamlines and user areas;

— an initial machine operation with 1 GeV electron energy with a later increase to
5GeV; and

— an initial machine operation at a 20 Hz repetition rate, with a later increase to
100 Hz.

Particularly with regard to user operation, an approximately two-year-long pilot
user phase will be extremely beneficial to develop a better understanding of the
user and operation needs and challenges of EuPRAXIA as a novel type of plasma-
accelerator—based facility. This will be followed by the main user operation phase,
with a gradual ramp-up in operation hours, as the stability and performance of the
machine is optimised and more beamlines / user areas become available.

Finally, for the long-term operation of the EuPRAXIA infrastructure, future
machine upgrades will need to be developed and implemented over time, such as
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Fig. 5.2. Preliminary timeline for the design, implementation, and operation of EuPRAXIA,

including several milestones marked by crosses in the Gantt chart.

ments or machine upgrades will be prepared and optimised at the continuous testing

high-repetition-rate operation and other topics of interest. These component improve-
areas of the four EuPRAXIA support facilities with a staggered transfer of technology

to the user sites. In this way, the operation disruptions at all facilities are minimised,

while a close technological and organisational connection between the many sites

remains ensured.
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Fig. 5.3. Implementation and re-evaluation process for the EuPRAXIA project structure.
With the end of the current consortium agreement for the conceptual design study, a new
agreement will be set up, which should be updated and revised as necessary throughout the
different phases of EuPRAXIA.
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Fig. 5.4. Planned management structure for the EuPRAXIA Consortium for future project
phases. The listed bodies will be integrated as the “project management” within the wider
EuPRAXIA infrastructure concept shown in Figure 3.1. Note that the features shown in
grey are planned to be implemented only during the construction and operation of the
EuPRAXIA facility.

5.2 Structure and Governing Model

The following legal and governance model described for EuPRAXIA represents the
most suitable option, as foreseeable at this current project stage. Over the course of
the design and implementation of the EuPRAXIA research infrastructure, it should
be re-examined and possibly revised regularly, as varying external or internal condi-
tions, but also, evolving perspectives within the collaboration may make changes in
governance bodies as well as legal structure desirable over time. Figure 5.3 visualises
how this continuous implementation and evaluation process for the collaboration
structure could work.
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The EuPRAXIA collaboration will, for the coming project phases, be structured
through a consortium agreement. Following a survey of various international and
national legal structures, the decision aligns well with the collaboration’s priority to
retain a high level of flexibility necessary to accommodate the current uncertainties in
terms of funding, schedules, and the implementation of novel technologies still to be
validated in the technical design phase. In addition, a consortium agreement will also
easily retain the current collaboration constitution, including international partners
and many smaller European institutes, without the need to organise the project at
a higher, country-based level. Finally, with EuPRAXITA in a relatively early stage of
development, the administrative effort associated with the collaboration governance
can remain comparably small to develop and expand proportionately as the research
infrastructure evolves.

The consortium’s governance model is shown in Figure 5.4. It has been largely
modelled after the collaboration structure during the conceptual design phase and
will consist, among others, of the following bodies:

— The Collaboration Board (CB) is the highest decision-making body of the consor-
tium. It is composed of one representative of each consortium member and can
host observers. Its main function is to make proposals and decisions on aspects,
such as changes to the consortium plan, finances, and intellectual property rights,
changes to the consortium composition through withdrawal, default, or entry of a
member, suspension or termination of the project, and appointment of positions
in the other governance bodies.

— The Steering Committee (SC) is reponsible for supervising the execution of the
project. Similarly to the Collaboration Board, it consists of representatives of
the consortium members as well as the Project Coordinator. Its tasks focus on
executing and implementing decisions from the Collaboration Board as well as,
more generally, overseeing the project progress.

— The bulk of the work carried out within the project is organised via ten work
clusters, each focusing on a specific technical aspect of the project. Each cluster
consists of multiple partner institutes and has a defined set of tasks to be achieved
throughout the duration of the project.

— A range of advisory bodies will be set up to oversee the project, such as the
Scientific Advisory Committee (advising on scientific matters), the Open Innova-
tion Forum (connecting EuPRAXIA with industry), and the Quality Insurance
Panel (overseeing quality control). The Resource Review Panel will represent the
organisations and ministries funding EuPRAXIA to advise and oversee the project
development. As such, it should be set up, once a funding path for implementation
and operation is developed.

During the implementation and operation phases, further governance bodies should
be installed, in particular the Audit Committee for monitoring consortium finances
and the Ethical Advisory Board, overseeing the ethics of user experiments at
EuPRAXTA. Moreover, the host institutions of the six EuPRAXIA sites will, of
course, be integrated more strongly into the facility governance.

5.3 Operational Model

A detailed operational model for the future EuPRAXIA infrastructure will need to be
developed, once the facility design, particularly the technical layout and the funding
model, has been defined. As a first step, however, several more general arguments
can be made regarding the facility operation:

— Both EuPRAXIA construction sites will be opened for user operation in the long
term after commissioning and test operation periods are completed. The other
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five excellence centres within the infrastructure, however, will be dedicated to
research and development instead.

— The entire infrastructure will be coordinated by a lean overarching project man-
agement structure, as described in Section 5.2, while much of the day-to-day
organisation during operation will be carried out by the host institutions of the
individual sites.

— The necessary support structures for user operation — including IT systems, user
support, and machine maintenance — will be provided by the host institutions
of the construction sites to integrate these services directly into the institutions’
existing operational infrastructure.

— It is assumed that the interdependencies between centres will be minimal as the
targeted applications for both construction sites are complementary and most
users will be interested in only one of the two machines.

— The interdependencies between individual beamlines, on the other hand, need to
be examined more carefully during the technical design. For now, it is assumed
that, at least during the beginning of the operational phase, each laser system
(for the LPA-based site) and each RF accelerator (for the BPA-based site) will
only feed one beamline and one user area at a time.

— To fully demonstrate the suitability of plasma acceleration for user experiments,
the EuPRAXIA construction sites will aim to operate continuously for several
days at a time (24/7), at least during a fraction of the year.

5.4 User Access
5.4.1 Types of User Access

The proposed EuPRAXIA research infrastructure is not a traditional user facility,
but rather a demonstrator for future user infrastructures based on plasma wake-
field acceleration. As such, a key goal of the project is the demonstration of high-
quality machine performance required for different applications. Once this and other
demonstration goals of EuPRAXIA have been achieved, the operation of pilot user
experiments is envisaged.

An initial assessment of this potential user community for EuPRAXIA concluded
that three main types of user groups can be expected, as Figure 5.5 highlights. Based
on this evaluation, some considerations for a possible user access model are described
in the following; these will need to be revised and developed in further detail during
the preparatory phase of the project.

Beam users — especially in the beginning of the operation phase, a very small user
group — correspond to those interested only in the properties of the beams offered
at EuPRAXIA. The service that is most relevant for them is beam access, with the
technical support of the EuPRAXIA technical staff. What distinguishes this cate-
gory of users from others in particular is that they are not interested in the use of
plasma-accelerator technology. In contrast, the category of users termed co-developers
corresponds to those interested in developing and testing novel technologies related
to plasma accelerators. EuPRAXIA will be the first user facility where such tech-
nologies are in operational use. It is therefore expected to be a reference facility, if
not the only facility, where said technologies can be further developed and tested
in real conditions. The third category of users is composed of trainees of different
origins. As a demonstrator of more compact and economical accelerator technolo-
gies, EuPRAXIA is expected to attract (1) accelerator facility staff unexperienced
with the new technologies in use at EuPRAXTA, (2) accelerator facility as well as
company staff contemplating the adoption of new accelerator technologies in use at
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Fig. 5.5. Main user categories expected at EuPRAXTIA. The access model should be adapted
to cater to the different needs of these types of users.

EuPRAXIA, and (3) staff from research and academic institutions with no acceler-
ator facility but interested in developing the theoretical and practical knowledge in
view of carrying out experiments in different accelerator facilities. All three of these
categories may contain academic as well as industrial users.

Because of their varying objectives for using the EuPRAXIA infrastructure, each
user category will have their individual needs in terms of support, duration of beam
time, user area setup, etc. To properly accommodate all, it is thus proposed to
split access among these groups, offering each more individual services. While co-
developers may be interested, for example, in longer experimental periods and more
direct access to the accelerator beamline, beam users will be content with being
placed in the end user areas, but will expect a reliable, continuously available beam.
By assigning specific experimental periods throughout the year to each type of user
activity, operation times could thus be optimised and longer maintenance periods in
between utilised to adapt the machine setup accordingly.

For the initial period of pilot user operation, a stronger focus on co-developer
experiments could be useful as a way to optimise the beamline performance without
hindering experiments that are very reliant on strong beam performance or a high
number of beam hours.

5.4.2 User Facility Modes

Based on the above categorisation of the expected EuPRAXIA user community, a
simple access model can be envisaged encompassing five access modes, as summarised
in Figure 5.6 and explained in the following. Note that wide access refers entirely to
data and, as such, is discussed in Section 3.5.

It is considered that all access to EuPRAXIA could be organised in three steps: a
feasibility review, an evaluation, and scheduling. The feasibility review would be com-
mon to all proposals and would be carried out by the EuPRAXIA support staff with
the support of EuPRAXIA researchers, if needed. The evaluation step would depend
on the access mode and be carried out by external panels. Finally, the scheduling
would consist of accommodating all selected proposals within a timeframe compatible
with the availability of beamlines, equipment, and other boundary conditions.



3796 The European Physical Journal Special Topics

Excellence-driven - . Evaluation & proposal
Feasibility Review
access acceptance

Quota-based Feasibility Review | Evaluation & proposal |
access acceptance
SR Feasibility Review
access

Training access Feasibility Review H Long- or short-term agreement ]—

Scheduling

PRA iA

Wide access (i.e. access to data)

Fig. 5.6. Summary of the proposed access modes and procedures for users at EuPRAXIA.

In the excellence-driven access mode, beam time is foreseen to be granted after
an assessment of the quality of all experiment proposals by the Research Program
Advisory Committee. The acceptance of proposals will be based largely on their sci-
entific excellence, although other criteria featuring into the evaluation could include,
for example, consistence with the mission of EuPRAXIA societal impact, the appli-
cants’ track record, or the diversity of the applicant group. Quota-based access could
be handled very similarly but with only proposals endorsed by one or several mem-
bers of the EuPRAXIA Collaboration Board to be considered. This access mode thus
ensures clear benefits for institutions and funding bodies to invest time and resources
into EuPRAXIA while, at the same time, preserving the scientific excellence of exper-
iments carried out.

Third, the concept of market-based access is designed specifically for industrial
users in respect of the provisions of the General Block Exemption Rules 2014 applying
to Research & Development & Innovation and the commission guidelines from the
Framework for State Aid for Research and Development and Innovation. As the
proposed activities at EuPRAXIA may vary significantly among users in this mode,
access should be negotiated individually on a case-by-case basis from the initation of
a non-disclosure agreement and the feasibility review to assessing potential ethical
concerns and negotiating a contract with the users. Finally, training at EuPRAXIA
could be delivered to industrial users, students, accelerator facility operators, or any
other type of users, so again, it makes sense to handle proposals in a customised
way. Two main routes, however, could be foreseen: training access through a long-
term agreement or through an ad hoc, one-off request. In both cases, a feasibility
assessment will be necessary, considering, for example, available resources as well as
the proposal’s relevance for EUPRAXIA. Once successful, this can be followed by the
definition of a training curriculum, contract negotiation, and training scheduling.

5.4.3 User Support

Beyond the actual machine time, further services and support measures will need to
be considered and designed for user operation at EuPRAXIA before implementation.
These will include, among others, the organisation of user meetings and workshops,
a process that has been started already for potential users during the EuPRAXIA
conceptual design phase, but should be continued and extended throughout the devel-
opment of the EuPRAXIA infrastructure. For the operational phase in particular,
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the setup of a team of local contacts and machine staff will be essential, who will
be responsible for user support before, during, and after experiments as well as for
feasibility reviews and scheduling. Furthermore, supporting laboratories and work-
shops at the construction sites will need to be set up or organised within existing
infrastructures, and adequate options for accommodation and catering on site must
be ensured.

While most of these measures should likely be integrated into the host institute’s
existing infrastructure, especially for those institutions that host already other user
facilities, details still need to be devised.

5.5 Quality Assurance

For EuPRAXITA, an ambitious, innovative project bringing together more than forty
institutions across the world, quality assurance is extremely important and will be
tackled through a number of dimensions:

— Governance structures: EuPRAXIA’s proposed governance model (see
Sect. 5.2) foresees a number of bodies dedicated to oversight and quality con-
trol, most importantly the Quality Insurance Panel. For the implementation and
operation phases, the Audit Committee and Ethical Advisory Committee will
additionally come into play to ensure adherence to proper spending and ethical
principles. On a scientific level, the planned network of technical clusters (see
Sect. 3.3.1) will structure the collaboration’s research activities and help to avoid
inconsistencies or unintentional repetitions among partners.

— Performance indicators: As Sections 3.3.1 and 5.1 show, major milestones and
deliverables have been defined for the next project phases. This will be extended
with a detailed work breakdown structure, schedule, and list of responsibilities
for each consortium partner to better measure project progress. Key Performance
Indicators as suitable measures for continuous performance will be defined for
EuPRAXIA’s operational phase.

— Standards and procedures: While this design report acts as a comprehensive
summary of the design decisions, layout considerations, and project planning to
date, more common standards and procedures will need to be defined during the
technical design phase in the form of a quality assurance plan. This will include,
among others, technical design requirements, procedures for procurement and
component testing, employee and user training decisions, and safety regulations
(coordinated with the safety organisation described in Chap. 27.1). It will be
essential to build on the expertise and existing structures at the project’s partner
institutions in this context.

— Validation of scientific results: A large fraction of the technical design phase
will be dedicated to validating the results and concepts proposed in this concep-
tual design report. Through test experiments, prototyping and further compu-
tational studies, a robust comparison between different codes, simulations and
experiment results as well as design parameters with fabricated components will
become possible.

5.6 OQutreach and Communication
The EuPRAXIA Outreach and Liaison Group based at the University of Liver-

pool/Cockeroft Institute will continue to work closely with the Management Support
Team and project partners to communicate project results and events internationally.
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Activities
Existing External and Internal Communication Platforms

The project website www.eupraxia-project.eu will be maintained by the Outreach
and Liaison Group as the main portal of information of EuPRAXIA for the exter-
nal world. Relevant news about EuPRAXIA will be promoted via established social
media channels. The University of Liverpool’s Sharepoint system will continue to be
used to facilitate the exchange of documents among the project partners. The group
will also continue to showcase EuPRAXIA achievements at workshops and confer-
ences around the world and continue to publish the EuPRAXIA files newsletter three
times per year. Existing dissemination material (leaflets, brochures) will be updated
on a regular basis and reflect project progress.

Education and Engagement

The computer game Surfatron will be developed into an online version that can be
accessed via the project website. Liverpool’s pioneering augmented reality applica-
tion, AcceleratAR (http://acceleratar.uk/), which allows building an accelerator
by placing paper cubes on a tabletop and then bringing them to life using the app,
will be expanded to also include plasma acceleration. This will allow for engaging
with primary and secondary schools in a novel and interactive way. Furthermore
educational material on the basis of the 2018 Symposium will be developed further
and promoted through learning and teaching conferences, as well as publications in
journals on education and teaching.

Outreach

The group, in close collaboration with EuPRAXIA partners, will continue to com-
municate the specific research challenges and opportunities of plasma accelerators to
a range of audiences with the aim to further increase the attractiveness of the field
overall. This will include policy makers and funding councils.

The website (https://marie-curie-day-2017.org/) that was developed for
Marie Curie Day 2017 will be extended to include information about female
researchers in accelerator science and technology. There is a number of female
researchers in EUuPRAXIA at various career stages, and they will be amongst the first
to be included. The aim is to establish the website as a careers portal for researchers
whilst continuing to promote the posters and talks from the 2017 event.

Another Physics of Star Wars event will be held in November 2019 at the Uni-
versity of Liverpool. Using unique Star Wars concepts (hyperspace, the lightsaber,
the Force, etc.), the physics and technology of EuPRAXIA will be explained and
communicated via media internationally. Communication will benefit from the links
that were established in the past and target an even larger audience. Educational
material shall be made available for use by schools and university groups.

EuPRAXIA partners will be encouraged to hold public events showcasing the
achievements in plasma acceleration, with supporting material and demo setups pro-
vided by the Outreach and Liaison Group. Based on experiences gained in past
pan-European events using social media campaigns and video live-streams, emphasis
will be placed on events involving more than one institution at a time.


www.eupraxia-project.eu
http://acceleratar.uk/
https://marie-curie-day-2017.org/

EuPRAXIA Conceptual Design Report 3799

5.7 Project Risk Assessment

EuPRAXTA needs to consider two different types of risks as part of the project:
general project risks and technical risks for specific sub-systems of the machine.
While a comprehensive risk assessment for the technical design, implementation, and
operation phases of the project is ongoing, this chapter will highlight some of the
most important examples.

5.7.1 General Project Risks

The general project risks that need to be considered for EuPRAXIA are largely
financial, schedule related, or organisational in nature. Table 5.1 shows a few relevant
example risks together with possible mitigation strategies. Also listed in each case is
a rough assessment of each risk’s probability and impact.

5.7.2 Technical Risks

With EuPRAXIA as a complex, high-performance machine, the technical risks con-
tained in the project have been analysed carefully. Generally speaking, two particular
issues could arise for components of the facility: (1) unforeseen technical problems
could occur that limit the final performance of a sub-system, and (2) the expected
performance of a component, currently based in many cases on simulations, could be
overestimated compared to the experimental output because of computational limi-
tations, new physics processes, or unavoidable imperfections. With these in mind, a
set of risk-reduction actions has been defined as a roadmap for the next phases of
the project:

1. The EuPRAXIA design is based, as far as possible, on proven concepts and solu-
tions. The baseline for all machine sub-systems is thus either already at a high
technical readiness level or an extrapolation of existing technology, particularly
for critical components, such as the laser system and the free-electron laser.

2. Test experiments are planned for all machine components, and for the most critical
sub-systems, full-scale prototypes will be developed and checked. Further details
on the planned prototyping are described in Part 5.

3. The EuPRAXIA accelerators are designed to be very well-characterised machines
with a high level of control. Extensive diagnostics, feedback, and correction sys-
tems are foreseen to be implemented.

4. Backup options are defined for the most critical sub-systems and will be included
in the planning for R&D and prototyping to ensure that they could, if necessary,
be implemented with as few changes in cost, schedule, and scope as possible.

5. A wide range of applications with varying levels of complexity and possible step-
wise optimisation strategies were defined. This will allow one to fall back initially
on less complex user applications, in case of problems with the technical machine
performance.

A more detailed risk analysis for each sub-system of EuPRAXIA is provided in the
following, with major risks summarised in Figure 5.7. It also shows an estimate of
the current technical readiness levels of the components and techniques foreseen for
each machine part.
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Table 5.1. A list of the some of the most relevant general risks for the EuPRAXIA project
during its technical design, implementation, and operation phases. Considering the proposed
mitigation strategies, in each case, the risk probability and impact is shown on a qualitative

scale.
Risk Description Mitigation Strategy Probability | Impact
Failure, E.g. due to political Development of a strong Very low High
bankruptcy or circumstances consortium agreement
withdrawal of defining clearly the benefits for
one of the host partners;
partners early discussions / negotiations
Failure, with institution higher Low Medium
bankruptcy or managements and national
withdrawal of }ninistries; distributed .
one of the mfrastrpc_tpr‘e concept with
non-host partners responsibilities spread between
partners
Delays, E.g. due to limited facility Setup of a strong management Low Medium
difficulties in access for simulations / test structure for the technical design
finalising the experiments or failure to phase; efforts to secure common
research coordinate individual partners’ | consortium funding for R&D
infrastructure work activities; continuation of current
(RI) technical work on prototyping and test
design experiment coordination through a
dedicated panel
Failure to obtain | Assuming the completion of a | Application to ESFRI roadmap; Very low Very high
funding for convincing technical design planned discussion with EU
infrastructure representatives and institute
implementation management of EuPRAXIA
partners on possible opportunities
Failure to obtain | Assuming completion of a Early negotiation with host Very low Very high
funding or convincing technical design institutions / funding bodies
sufficient and success in obtaining
guarantees for implementation funding
funding of
operational phase
Failure to acquire | Workforce too small to carry Timely start of recruitment; Low Medium
sufficient out all tasks and deal with all |inclusion of all current EuPRAXIA
qualified human |issues for technical design partners to carry out design work;
resources leading to possible project wide advertisement of positions
delays using also close connections of
EuPRAXIA partners and
associated labs to university PhD
programs
Failure to timely | Possibly due to inaccurate Inclusion of contingencies in cost Low High
complete schedule estimation or and schedule planning; building on
construction communication / coordination |expertise of collaboration for
issues between partners realistically assessing construction
schedule and progress; definition of
clear responsibilities during
construction
Failure to timely | Possibly due to delays from Building on expertise of the many | Low Medium
procure external suppliers, experts in the collaboration in
equipment underestimation of time handling procurement
requirements for procurement
(e.g. through publicly funded
procurement processes),
failure of supply chain because
of economic conditions
limited suppliers or flaws in
procured equipment and need
for re-procurement
Increase in More likely for newly designed | Establishment of an expert Low Medium
equipment cost equipment committee on accelerator and laser
(or costing to provide best knowledge
underestimation estimates based on extensive
of costs) project experience; inquiry of price
estimates from industry
Need for changes | Possibly due to mistakes in Thorough validation of Low Medium
/ rework of the final technical design or components, design and layout
research due to required changes in the | during technical design;
infrastructure project scope (based on contingencies in both cost and
design changes in user needs, schedule
scientific program, etc.)
Shift in an Leading to changing interest / | Discussion and collaboration with | Low Medium
industrial investments in essential companies in relevant industries
partner’s technologies early on since conceptual design
priorities study
Insufficient user Early start to user demand Very low High

base or failure to
attract users
(academic &
industrial)

analysis through discussions with
potential users to align their needs
with the design and inform about
EuPRAXIA; plans for user /
industry workshops during
technical design and beyond;
development of multiple
complementary applications within
the RI concept
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Laser System

For the laser system, as one of the most challenging components of the EuPRAXTA
machine, a whole range of testing and prototyping exercises is foreseen, as described
in more detail in Chapter 10. Three high-level risks, in particular, are being targeted
by these activities and need to be considered for backup solutions in case the tech-
nical design R&D discovers fundamental performance limitations. First, there is a
possibility, although highly unlikely, that the laser stability requirements for a reli-
able plasma-accelerator operation cannot be fulfilled. In this scenario, a reduction in
the plasma density in the LPI and LPAS components would be possible to relax the
operational requirements yet at the cost of a lower accelerating gradient and hence
larger machine size. A second risk related to the laser stability lies in the possibility
that the final focus laser beam handling is insufficient for the staging of multiple
plasma targets. While experimental staging tests should provide a clear confirmation
of the performance requirements, a final mitigation strategy in case of fundamen-
tal issues could foresee the design of an alternative single-stage plasma accelerator.
Third, the thermal management of the laser components is a significant challenge
and risk to high-repetition-rate operation. As a consequence, the laser design is set
up in a stepwise approach with a baseline at 20 Hz, ideal performance at 100 Hz, and
a future development option to thekHz level. If the planned R&D activities reveal
any physical constraints in this respect, operation at lower repetition rate will thus
still be possible, or a redesign of the laser system based on alternative technologies
could be considered.

Plasma Components

Although in general, plasma targets can be produced by now in quite a standardised
manner, EuPRAXIA will add some additional challenges to the design and fabri-
cation of components by requiring, on the one hand, particularly long plasma cells
with laser guiding capabilities and, on the other hand, components that can withstand
significantly higher repetition rates than is usually the case in plasma acceleration
experiments. To overcome both of these issues for the target design, several possible
technological options have been explored conceptually, as described in Chapters 13
and 16, and will be tested extensively in the coming technical design phase. This
strategy will also help to reduce the risk of simulation errors that the current com-
putational approach for estimating the machine performance entails. Additional to
experimental testing, the next project phase will focus on cross-checking simulation
results with multiple codes as well as carrying out thorough tolerance studies.

RF Components

The radiofrequency-based sections of the machine layout are some of its more low-
risk components and in themselves are integrated in the design as a risk-mitigation
strategy. Nonetheless, combining RF injectors with plasma acceleration is a relatively
new concept and, as such, brings certain risks with it. It is in particular possible that
the conditions on the electron beam properties and synchronisation required for a
stable plasma acceleration process, as Chapters 14 and 19 highlight, cannot be met.
In this case, again, operation at lower plasma density and hence lower accelerating
gradient would be a backup option if consultations with experts and operational
accelerator facilities outside the project do not result in alternative conventional
accelerator solutions.
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Fig. 5.7. List of the main technical risks associated with each major sub-system of
EuPRAXTA. General and more specific mitigation strategies for each are described in the
main text. Additionally, an estimate of the technical readiness levels (TRL) of the compo-
nents of each sub-system is listed based on the TRL scale from 1 to 9 defined for Horizon

2020 [173].
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Diagnostics

The diagnostics layout for the EuPRAXIA machine should be customised to the
specific properties of the plasma-accelerator-based setup and, as such, involves a
large number of novel diagnostic techniques with a compact size and / or the capa-
bility to take single-shot measurements (e.g. single-shot emittance measurements,
compact cavity BPMs, single-shot coherent radiation-based bunch length measure-
ments). While the testing and prototyping of these devices is planned during the
technical design phase, there is a risk that these diagnostics will not perform as well
as required for machine operation. As a mitigation strategy, the conceptual design
foresees more conventional backup options for the diagnostics sections, which have
been validated through operation in other machines but would result in a less com-
pact and less efficient EuPRAXTA accelerator.

FEL

Lasing with an FEL based on plasma acceleration has not been achieved to date, thus
proving one of the most high-risk aspects of EuPRAXIA. As such, multiple mitigation
strategies are being pursued in parallel. First, several test experiments are currently
ongoing (see Sect. 32.7), with further large-scale prototyping activities planned dur-
ing the technical design phase. As a second point, conventional undulator technology
is chosen as a baseline for the beamline design to minimise risks for this application
as much as possible. Third, specific beamline components designed to compensate
large energy spread, one of the potential issues with plasma acceleration, are being
investigated, such as transverse gradient undulators and decompression chicanes (see
Chap. 18). Both could potentially ease the strict electron beam requirements neces-
sary for FEL operation. Finally, if fundamental show-stoppers should emerge based
on the studies above, the machine design can be altered during the technical design
phase, avoiding, as much as possible, additional costs or schedule delays. For the
beam-driven construction site, for example, a backup option is already integrated as
the X-band accelerator could be extended to 1 GeV, allowing FEL operation without
the need for a plasma acceleration stage.

Other Applications

Similarly to the free-electron laser application, there is a risk that the electron
beam requirements for the other applications foreseen for EuPRAXIA cannot be
fulfilled. Beyond the necessary prototyping and testing to reduce this risk, this possi-
ble problem is also mitigated by selecting the set of highlight applications chosen for
EuPRAXTA based not only on their scientific relevance but also their electron beam
requirements. Hence, technically advanced applications with lower requirements, such
as the betatron source, can be used, if necessary, as a basis for testing and improving
accelerator performance, until it becomes optimised enough for more challenging use
cases.

6 Impact Assessment
6.1 Strategic Significance for European Science and Innovation
Direct Scientific Impact

The proposed EuPRAXIA research infrastructure will make available several types of
particle and radiation beams with capabilities in a number of different scientific fields.
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Fig. 6.1. Map of large-scale user facilities providing access to similar types of particle and
radiation sources as EuPRAXIA will offer (X-rays from free-electron lasers, high-energy
electron test beams, gamma rays, and high-energy positrons). The list of facilities shown
here is not exclusive, but it does provide an overview of the main research infrastructures
of each type.

For many of these, EuPRAXIA will be one of only a few facilities worldwide with
such characteristics. As Figure 6.1 shows, for example, there is only a handful of free-
electron laser infrastructures in the X-ray regime operational today. Similarly, for the
case of electron accelerator R&D, few dedicated user facilities are available in Europe
and worldwide; for plasma-accelerator research or studies with ultra-short electron
beams, there are even less and none with the capabilities expected at EuPRAXIA.
Operational gamma-ray sources for user experiments are almost entirely based on
Compton scattering using the GeV-scale electron beams at synchrotron facilities.
Hence, both for these as well as high-brightness, non-coherent X-ray sources, largely
covered by synchrotrons, EUPRAXIA will be one of the first few compact machines.
Finally, to our knowledge, FACET-II will provide the only other high-energy positron
source (multi-GeV) in the next years, thus making EuPRAXIA an essential addition
to offer similar capabilities within the European research area. It is also important
to consider that EuPRAXIA will not only provide access to all of these types of
sources and beams but also do so in a single infrastructure (at two locations), thus
enabling new types of multi-species experiments which are difficult to coordinate in
the current landscape.

A direct scientific impact is therefore expected from the implementation and
operation of the EuPRAXIA facilities; the overall capacity for user experiments in
photon and accelerator science in Europe will be increased, especially in key scientific
areas of strong competition for facility access, such as X-ray free-electron lasers. In
addition to a rise in scientific output (through papers and patents) from European
research communities, however, these new and increased capabilities of EuPRAXIA
could also be beneficial in broadening the community of users of accelerator-based
technologies. Through providing beam characteristics not available elsewhere, for
example, the entry barrier for accelerator-assisted research can be lowered, allowing
access also to research groups typically not making use of large-scale accelerators.
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Impact on Technological Development Capacity of the European Research Area

Plasma accelerators are a highly demanding technology with requirements close to
technical feasibility limits in several scientific areas. With significant synergy created
from the proposed combination of state-of-the-art plasma acceleration, modern lasers,
latest accelerator technology, top-of-the-line environmental control, and promising
applications, EuPRAXIA will contribute to strengthening the technological develop-
ment capacity and effectiveness of the European Research Area at the frontiers of
these fields. Technological impact can be expected, among others, on the following
topics:

Ultra-fast synchronisation, electronics, and correction loops: The timing
and accuracy requirements of plasma accelerators are in the femtosecond regime,
requiring state-of-the-art synchronisation on the order of single femtoseconds.
EuPRAXIA will foster further progress on this technological frontier. Lasers
that are timed precisely to an external reference and ultra-fast electronics
can be implemented in many technological devices, like laser heaters, laser
vibration monitoring, laser wires, ultra-precise timing reference systems, fem-
tosecond stabilisation loops, etc. We note that mechanical miniaturisation (e.g.
in nanotechnology or plasma structures) leads to much-reduced stabilisation
tolerances and goes hand-in-hand with ultra-fast technologies that must react
before tolerances are violated. Ultra-fast technology will thus contribute to the
successful development of miniaturised technology.

Compact accelerator magnets with high field quality: The need for match-
ing electron beams in and out of plasma channels requires magnetic focusing to
a small beam size in the single micrometre regime. While this has been achieved
in RF accelerators, the conventional schemes have to be adopted for plasma-
accelerator needs. Required are, for example, sufficient flexibility for adapting
to changes in plasma focusing fields and small dimensions. Additionally, chal-
lenges for the chromatic correction of magnetic beam transport will need to be
considered, even with the improved low-energy spread electron beams foreseen
from EuPRAXIA. The project will therefore foster developments towards com-
pact accelerator magnets with high field quality, chromatic correction, and a cer-
tain tuning range. Both permanent magnets as well as electromagnetic magnets
are options that will be considered together with industrial suppliers and accel-
erator labs. We expect that the magnets and lattice solutions from EuPRAXIA
can have many other applications in the 30,000 accelerators around the world.

Stabilised and high-repetition-rate PW-scale laser technology: It has rec-
ently been demonstrated that the 5GeV target energy of EuUPRAXIA can be
achieved with a PW-scale laser [9]. While the peak power in such state-of-the-art
systems is sufficient, there are limitations in efficiency, stability, and, in the long
term, average power. EuPRAXIA will not consider efficiency problems as these
are being addressed in other European efforts. It has, however, investigated laser
stability limits and possible design solutions. For example, it is estimated that
the laser spot transverse jitter at the location of the beam acceleration can be
reduced by optimising the laser transport (e.g. mirror stabilisation) as well as
by optimising the laser itself (see Chap. 10). In a similar context, an increase
in laser repetition rate up to the 100 Hz to kHz level is expected to significantly
improve the feedback capabilities of both the laser system and accelerator-related
processes, thus further enhancing machine shot-to-shot reliability. These devel-
opments will be carried out in close collaboration with manufacturers and laser
institutes, thus opening the path to a broader application of such next-generation
laser systems and placing Europe as a leader in laser technology and stability.
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Plasma cell technology: EuPRAXIA proposes the design of a plasma cell that
can be cascaded and fulfils the required tolerances for user applications. The end
goal is an “industrial” plasma cell design that provides a path to higher energy
by cascading. The in- and out-coupling of the laser is included. EuPRAXIA will
thus provide Europe with a technological solution for plasma cell technology to
be used with lasers from the European and worldwide industry.

Compact FELs: The reduction of length in the acceleration will significantly
reduce the length of FELs. However, the undulator sections require significant
space and in many cases will determine the length required. EuPRAXIA relies
on existing undulator designs for its baseline. However, compact innovative devel-
opments and solutions will be followed in parallel, comparing benefits and dis-
advantages. EuPRAXIA will thus provide Europe with a detailed assessment of
compact FELs and, if adequate, with solutions for length-reduced undulators.

Fast photon science detection technology: The length of electron bunches in
plasma accelerators will necessarily be very short, at around 1 femtosecond, with
similarly short photon pulses produced from these beams. This will open a unique
science reach into ultra-fast processes that can be analysed at the electronic level
without perturbation. The detector technology for ultra-fast photon science has
to be adapted to the plasma beam features. EuPRAXIA will foster progress in
ultra-fast photon science detection technology, allowing Europe to stay at the
leading edge of photon science detectors.

High-energy physics detector technology: EuPRAXIA will provide a dedi-
cated application area for developing and commissioning the latest HEP detector
technology. Detector components can profit from the additional beam time and
the (controllable) high density beam characteristics, either directly in the (colli-
mated) electron beam or after a conversion target. EuPRAXIA will contribute to
the development of state-of-the-art HEP detectors for maximum event rate and
multiplicity.

Medical accelerator technology: Medical applications are included in
EuPRAXIA in the form of medical imaging. Compared to other accelera-
tor uses in medicine, such as radiation therapy, this application will allow for the
development and demonstration of the required stability of plasma accelerators.
This knowledge and these achievements in EuPRAXIA towards stable plasma
accelerators can then be directly applied as a path to wider medical applications
with a long-term perspective to using plasma acceleration as a technology in
hospitals and medical research.

The technical work carried out in EuPRAXIA is thus foreseen to significantly
strengthen the technological development capacity and effectiveness as well as the
scientific performance, efficiency, and attractiveness of the European Research Area.

Impact on International Cooperation

EuPRAXITA will develop a model of international cooperation and a strategic vision
for bringing plasma accelerators to the users and to the market. The R&D on elec-
tron plasma acceleration is carried out in multiple projects in Europe, Asia, and
the United States. The relatively small size and cost of a plasma accelerator has
attracted a large number of excellent university groups, in addition to major accel-
erator labs. Scientific results are published at the highest level of journals, including
Nature, Science, and Physical Review Letters. Scientific highlight results have often
the clear priority over working on already achieved parameters for improving beam
quality and demonstrating user readiness. With EuPRAXIA, a new kind of interna-
tional cooperation has been established in the field of plasma acceleration. The 41
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consortium partners in Europe and abroad will continue to team up with the clear
goal to bring plasma accelerators to user readiness and to the market. It will estab-
lish a common goal for the international field and will give a vision for the funding
and implementation of common projects across different universities, labs, and coun-
tries. We believe that a common European project on electron plasma accelerators
can also contribute to the advancement of the field in other parts of the world. The
EuPRAXIA strategy, results, and design choices will be disseminated and discussed
widely in the community, especially outside of Europe. The activity can contribute
to a global consensus on the best way for bringing plasma accelerators to the users
in photon science, high-energy physics, industry, and medicine. It can be used as a
basis for improving methodologies and developing standards within this relatively
new field within accelerator science. EuPRAXIA will thus foster a new kind of trans-
parent and use-case—oriented international cooperation in the diverse field of plasma
accelerators. It will develop a model for the construction of plasma accelerators in
a fair and distributed open innovation approach beneficial to consortium partners,
industry, as well as researchers beyond the collaboration.

6.2 Socio-Economic Opportunities

The opportunities produced by a project such as EuPRAXIA go beyond its scientific
impact reaching, as Figure 6.2 shows, into economic, societal, and environmental
areas. This is also reflected in the range of societal project goals introduced in the
executive summary (see Part 1).

The role of the project for the European high-tech industry as a source for knowl-
edge transfer and technological spillover, for example, should be mentioned. With
the high-power laser industry as a most direct beneficiary and partner, EuPRAXTA
will help keep Europe’s leading position in this field and will contribute to further
strengthening the European technological capacity in laser- and accelerator-related
industries. European companies will be able to connect to the EuPRAXIA research
infrastructure not only as suppliers but also as users or co-developers. It can be envis-
aged, for example, that industry tests and develops new laser stability measures and
other technologies under the very challenging EuPRAXIA conditions and tolerances.
The high demands will inspire and foster technological progress, keeping European
laser industry at a leading edge. Similar trends can be envisaged also in the area of
accelerator systems and components as well as IT and software development, with
the latter benefiting particularly from efforts and challenges in plasma simulation.

Additionally, EuPRAXTA will contribute to opening new market opportunities
for industry with its concept as an open-innovation platform. The quality improve-
ments, compact size, and cost-effectiveness of plasma accelerators that EuPRAXIA
strives to push forward will, in the long term, make accelerators feasible space-wise
and /or affordable to additional users. Our future vision based directly on the develop-
ments at a future EUPRAXIA research infrastructure includes, for example, compact
plasma-based FELs in the basement of every large university, plasma accelerators for
fast medical imaging in hospitals, and very compact plasma colliders at high-energy
physics laboratories. In many cases, conventional facilities would not be replaced but
complemented, and industry could be involved very closely in these developments.

Another important role of a future EuPRAXIA infrastructure will also lie in
training and education. On the one hand, the EuPRAXIA collaboration provides
an excellent environment for such efforts, with strong cooperation among research
centres, universities, and industrial partners across Europe. On the other hand, the
EuPRAXIA research infrastructure will also represent one of the first test facilities
worldwide with plasma accelerators at its core, thus offering unique expertise with
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Fig. 6.2. Map of areas of impact expected through the implementation and operation of
the EuPRAXIA research infrastructure.

regard to the operation and practical challenges of this technology. Both research
groups new to particle acceleration as well as more experienced parties established in
RF acceleration could therefore benefit from such knowledge. On a more international
scale, training and education programs with developing countries are envisaged as
an additional, very interesting opportunity; ideas in this context will be developed in
further detail as part of the project future stages.

Finally, EuPRAXIA can offer societal opportunities through public engagement
and cultural effects. Thanks to its distributed organisation in various countries and
regions, outreach campaigns can be designed with broad, geographical impact to
inform the general public about plasma accelerators and particle acceleration in gen-
eral. As Chapters 5.6 and 32.4 demonstrate, the EuPRAXIA Consortium has been
very active in this direction already with events at schools, conference centres, and
universities and will aim to expand its public engagement program further in the
future.

6.3 Consistency with the Scientific Strategy of Research Areas

Large accelerator research facilities are at an increasing level encountering practical
limitations in size and cost. Proving performance reach and cost benefits of compact
accelerator technologies, such as plasma acceleration, has started to play a more and
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more visible role in the strategy for future particle accelerators and accelerator appli-
cations. The report of the Particle Physics Project Prioritisation Panel on “Building
for Discovery — Strategic Plan for U.S. Particle Physics in the Global Context”, from
May 2014, for example, states clearly the need for cost-effective particle accelerators:
“There is a critical need for technical breakthroughs that will yield more cost-effective
accelerators” [174].

The Physics Briefing Book (CERN-ESU-004 [175]) summarises the input for the
European Strategy for Particle Physics Update 2020. It lists EuPRAXIA explicitly
as a study “of high interest also for possible future HEP applications” (Chap. 10,
page 176). EuPRAXTA addresses several of the challenges and near-term goals listed
in the briefing book.

LEAPS — the League of European Accelerator-based Photon Sources — is a strate-
gic consortium initiated by the directors of the synchrotron radiation and free-electron
laser (FEL) user facilities in Europe (see https://www.leaps-initiative.eu). Its
primary goal is to actively and constructively ensure and promote the quality and
impact of the fundamental, applied and industrial research carried out at their respec-
tive facilities to the greater benefit of European science and society. The LEAPS
Strategy 2030 [176] lists as one of its future challenges: “A longer-term goal is the
development of compact sources based on plasma wakefield acceleration to make some
of the capabilities of the current Rls available for industrial applications, hospitals
and smaller laboratory environments”.

Plasma acceleration also moved into the focus of national strategies in var-
ious European countries, among others with the ATHENA project in Germany,
the Extreme Photonics Applications Centre in the United Kingdom, and the
EuPRAXTA@SPARCLab project in Italy.

Listed as part of its key goals (see Chap. 2.1), EuPRAXIA aims to assess and
advance beam quality, the compactness, and cost benefits of plasma-accelerator tech-
nology compared to RF-based machines. The proposed long-term strategy towards
high beam quality and miniaturisation is well in line with the strategic demand for a
new cost-effective accelerator technology that offers photon science discovery reach,
medical applications, industrial potential, and a clear perspective for high-energy
physics.

We conclude that the concept and approach of the EuPRAXIA research infras-
tructure are fully consistent with the strategies in accelerator-based photon sci-
ence and high-energy physics. It is noted that plasma acceleration and specifically
EuPRAXIA are also explicitly mentioned in the landscape analysis of the ESFRI
Roadmap 2018.

6.4 Competition and Worldwide Context

Important new projects have started in recent years in Europe and worldwide at a
total approved investment level of well above 150 M€:

1. The international Advanced Wakefield Experiment (AWAKE) at CERN, a col-
laboration of 18 institutes, pursues electron plasma accelerators that are driven
by high-energy proton beams from the CERN-based SPS accelerator. It aims at
very-high-energy electron beams for high-energy physics experiments. AWAKE
is fully complimentary with the goals of EuPRAXIA, which aims at applica-
tions in the several-GeV energy range (AWAKE: A. Caldwell (MPP), M. Wing
(UCL), E. Gschwendtner (CERN), P. Muggli (MMP), K. Lotov (BINP) et al.,
see https://awake.web.cern.ch and [50]).

2. The international ALEGRO study aims at the design of a plasma-based linear
collider, the step beyond EuPRAXIA. The ALEGRO roadmap lists EuPRAXIA
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as an intermediate facility on the route to a plasma linear collider (Advanced
LinEar collider study GROup ALEGRO: An international study group to promote
advanced and novel accelerators for high-energy physics applications; sponsored
by ICFA; B. Cros et al, http://www.lpgp.u-psud.fr/icfaana/alegro, see also
[142]).

3. In the UK, the Plasma Wakefield Accelerator Steering Committee (PWASC) has
defined a national roadmap and has proposed the successful EPAC (Extreme
Photonics Applications Centre) project. PWASC and EPAC are connected to
EuPRAXIA and form part of its consortium (Plasma Wakefield Accelerator Steer-
ing Committee (PWASC) in the UK, coordinated by S. Hooker, B. Hidding et al,
see [145,177]).

4. The multi-institutional laser-plasma acceleration project ATHENA in the
Helmholtz Association brings together all accelerator-related Helmholtz centres
in Germany for the construction of two common flagship plasma accelerators
in Hamburg and Dresden. ATHENA is connected to EuPRAXIA, and most of
the ATHENA partners are a part of the EuPRAXIA Consortium (Accelerator
Technology HEImholtz iNfrAstructure ATHENA, project on laser-driven plasma
acceleration by DESY, FZJ, and GSI with HI Jena, HZB, HZDR, and KIT, see
https://www.athena-helmholtz.de).

5. The ImPACT program in Japan aims at constructing a laser-driven, multi-stage
plasma accelerator that drives a free-electron laser (see Chap. 30 for a more
detailed description). The Japanese research labs have joined EuPRAXIA as asso-
ciated partners.

6. In China, in the key laboratory for laser plasmas at Shanghai Jiao Tong Uni-
versity, the “Synergetic Extreme Condition User Facility” (SECUF) will install a
two-laser-beam system (200 TW + 300 TW) aiming at studies on staged laser
wakefield acceleration, non-linear Thomson scattering, and QED-plasma physics.
In the next ten years, a 30 PW (/15 PW x 2) laser and target system will be built
in the TD Lee Institute in Shanghai. Studies on extreme laboratory astrophysics,
such as radiation reaction, positron, v, and axion generation, will be carried out.
Several Chinese institutes have joined EuPRAXIA as associated partners.

7. In Russia, the “Exawatt Center for Extreme Light Studies” (XCELS) is under
study, aiming to use sources of laser radiation with unprecedented giant (exawatt)
peak power. The XCELS complex will house laboratories for experiments on the
physics of strong fields, high-energy physics, laboratory astrophysics and cos-
mology, nuclear optics, and neutron physics as well as laboratories for studying
the properties of vacuum, attosecond and zeptosecond physics, and fundamental
metrology. XCELS includes the investigation of laser-plasma acceleration in the
kJ regime of laser energy, including multi-stage acceleration, external injection,
and multi-pulse acceleration. Several Russian institutes have joined EuPRAXIA
as associated partners.

8. In the United States, the BELLA facility at LBNL is the world-leading laboratory
for laser-driven plasma acceleration in what concerns the maximum beam energy
reached. A strong program towards higher beam quality, radiation generation,
and applications is under way. LBNL has joined EuPRAXIA as an associated
partner.

9. In the United States, the FACET facility at SLAC is the world-leading facility on
beam-driven plasma acceleration, in as far as maximum beam energy for electrons
and acceleration of positrons are concerned. Presently, an upgrade of the facility
(FACET-II) is being implemented, which will allow improved beam quality and
extended positron studies.

It is noted that there are other national projects with significant investments not
mentioned above. Some of them are described in Chapters 29 and 30.
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The list of competing projects and investments shows that the international land-
scape for plasma accelerators is rapidly expanding and attracting significant funding
support from national governments. This reflects the clear promise in this novel
accelerator approach and the worldwide race in bringing the new technology to the
market and into the scientific area. It is seen that EuPRAXIA has attracted a large
fraction of the relevant international R&D community into its consortium, both at
a European and at an international level. This illustrates the strong potential for a
European leadership role, for international scientific collaboration, and for a lively
yet constructive worldwide competition.

6.5 Long-Term Future Accelerator Roadmap and the Role of EuPRAXIA

Several exercises for defining long-term accelerator roadmaps in the domain of plasma
accelerators have been undertaken in recent years. In 2017, for example, the Euro-
pean Network for Novel Accelerators, EuroNNAc, published a “European roadmap”,
which includes an R&D vision on developing plasma accelerators for the next 35
years [178]. The EuroNNAc roadmap from 2017 lists the EuPRAXIA facility as a
required stepping stone for demonstrating high-quality electron beams from plasma
accelerators at multi-GeV energies and with a reduced footprint. High beam quality
is a necessary prerequisite for applications, which demand high beam brightness such
as free-electron lasers, or high luminosity like particle colliders.

The plasma accelerator roadmap has been further detailed and developed in the
recent exercise of the ALEGRO study group, as summarised in [179]. ALEGRO is a
fully international effort with input from laboratories and experts worldwide, aiming
at a broad international consensus. ALEGRO defines a 30 year roadmap towards a
high-energy plasma-based linear collider. It defines various critical R&D challenges
for arriving at this goal. These include the external injection of a high-quality electron
bunch in an accelerator section. Emittances at the mm-mrad level should be produced
and maintained, while the final energy spread should be at the percent level or
lower. Levels of bunch quality, efficiency, stability, and reproducibility equivalent to
those produced by conventional accelerators shall be achieved. Plasma sources with
sufficient density uniformity, control, and reproducibility of the density, as well as
tapering of the entrance and exit density ramps to assist in beam manipulation
between stages should be developed. Operation at high repetition rate is identified
as an important step towards a plasma-based linear collider. Challenges in producing
high-quality electron (e™) and positron (e™) bunches in the 10 to 20 GeV energy
range shall be addressed. Positron capabilities shall be expanded to other facilities
beyond FACET-II with its world-leading positron program. The ALEGRO roadmap
reviews the existing and planned facilities on plasma accelerator R&D. It lists their
capabilities with respect to the challenges that need to be addressed. The EuPRAXIA
facility is included, and its role in addressing various critical challenges is described
and acknowledged.

We conclude that the EuPRAXIA research infrastructure is part of a long-term
future accelerator roadmap. It fulfils an important role in the present R&D roadmaps.
The positioning of the project is illustrated in the schematic diagram in Figure 6.3.
The EuPRAXIA project will bridge the gap between successful proof-of-principle
experiments (today) and a reliable technology with many applications. It should be
considered as a ground-breaking, full-scale demonstration facility with first pilot users
and unique ultra-fast science features. EuPRAXIA would address several technical
shortcomings with novel solutions and prove the potential of plasma accelerators
for first users in the multi-GeV energy range. The EuPRAXIA technology could
then later be scaled up to higher beam energies, as required for high-energy physics
discovery science.
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Fig. 6.3. Positioning of EuPRAXIA in the technological accelerator landscape of the next
decades.
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Part 4
Systems Design and Performance

7 Technology Background
7.1 Plasma-Accelerator Physics
While RF accelerators are limited in maximum sustainable field gradient by vacuum

breakdown, plasma accelerators do not exhibit this issue as they remove the need
for metallic or even dielectric cavities and instead use an underdense plasma as the
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Fig. 7.1. Wakefield generation and electron beam acceleration in a plasma accelerator.
The top plot shows the behaviour in a laser-driven plasma accelerator (LWFA), while the
bottom plot depicts the case of a beam-driven plasma accelerator (PWFA) (image credits:
A. Martinez de la Ossa).
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acceleration medium. Thus, these devices can exhibit accelerating field gradients on
the order of tens to hundreds of GeV/m compared to up to 100 MeV /m with RF-based
machines [177].

In plasma acceleration, a drive beam — either a laser pulse (LWFA) or a relativistic
electron beam (PWFA) — is propagated through a plasma target, i.e. a jet or confined
channel of ionised gas, and in the process induces electron density oscillations, as
shown in Figure 7.1. The associated wakefields exhibit field strengths in excess of

Ey[V/m] = 96+/ng[cm 3] (7.1)

and with a characteristic plasma wavelength

ome 2
Ap = 2% = 1€ m—io ~ 3.3 x 10%/1/nolem 3], (7.2)

Wp e n

where ng is the background plasma density, £y the vacuum permittivity, ¢ the speed
of light in vacuum, and e, m the electron charge and mass, respectively. Placed into
the correct phase of this plasma wakefield, a short electron beam, termed the witness
beam, can be accelerated and focussed simultaneously to reach GeV energies over
centimetre to metre distances [180].

As mentioned in Chapter 1, two different mechanisms can be employed to place
the witness beam into this plasma wakefield. It can be either generated directly inside
the plasma target through a self-injection process or propagated into the plasma from
an external source. In the former case of self-injection, a fraction of electrons from
the background plasma becomes, through one of several possible injection techniques
(further details in Chaps. 13 and 32.2), trapped inside the accelerating wakefield and
forms an electron beam that continues to co-propagate with the wakefield and gains
energy. The plasma target in this case acts primarily as an injector (laser-plasma
injector LPI or particle-plasma injector PPI) creating the electron beam, but can
also significantly accelerate it already within the same device. For the case of external
injection, the plasma target simply boosts the energy of the pre-generated witness
beam as an accelerator stage (laser-plasma accelerator stage LPAS or particle-plasma
accelerator stage PPAS). The electron beam itself is created and pre-accelerated in an
RF injector or a plasma injector in this scenario. Using such a staged setup, multiple
plasma accelerators can be coupled to one another to reach particularly high energies
[181,182].

7.1.1 Laser-Driven Wakefield Acceleration (LWFA)
In laser-driven plasma acceleration, the plasma wakefield is driven by a TW-scale,

fs-duration laser pulse. The properties of the wakefield in this case are largely
determined not only by the plasma density but also by the laser parameters,
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including, in particular, the laser normalised vector potential ag, which can, for a
bi-Gaussian pulse, be expressed in practical units as

ag ~ 7.3 x 1072\ [um]) I, [W /cm?] (7.3)

with A; as the laser wavelength and I;, as the laser intensity. Depending on the value
of ag in combination with the laser spot size and plasma density, three different
operation regimes can be distinguished: a linear regime with a3 < 1, a quasi-linear
regime for a3 ~ 1, and a non-linear regime in the case of a2 > 1 [83,180|. The
accelerating field gradient increases with higher non-linearity, and in the non-linear
regime the self-trapping of background electrons in the plasma can be observed.
While the latter may be used in a controlled way for a plasma-based injector, in
an accelerator stage with an externally injected electron beam any dark current due
to self-injection should be avoided, thus making the linear and quasi-linear regimes
typically more suitable [183,184].

Besides the field gradient, another limit to the maximum electron beam energy
gain in a plasma accelerator is the acceleration length. This can, depending on the
operating regime, be affected by three different phenomena: laser diffraction, electron
beam dephasing, and pump depletion. If the natural diffraction of the laser pulse is
the dominant process, as is often the case in linear plasma accelerators, the useful
acceleration length is limited to a few Rayleigh ranges

w?

~ -~ Wo
ZR~NT )\[ (74)
before the laser intensity decreases significantly. Note that wq is the laser focal spot
size and A; the laser wavelength here.
Electron dephasing, on the other hand, often also plays a factor in this regime.
It occurs as the accelerated electron beam travels at close to the speed of light ¢
and outruns the plasma wave, which moves at close to the group velocity of the
driving laser pulse within the plasma. Because of this velocity mismatch, the beam
eventually slips into the decelerating phase of the wakefield and starts to lose energy,
thus limiting the useful accelerating distance to the dephasing length Lg,. In the
linear regime, this length can be expressed as [185]

nC’l”
Ldp ~

o k', (7.5)
with 7,5, as the electron beam Lorentz factor, n.. = (2mc)%com/(e);)? the critical
plasma density, and k, = 27 /), the plasma skin depth.

Finally, pump depletion becomes mostly relevant in the non-linear acceleration
regime as the laser energy is lost through driving the plasma wave. The depletion
length is defined as the distance over which half of the laser energy is depleted and,
in the linear regime, scales as [185]

Ter , _1WpTL
Ly ~ ~ZLk122 (7.6)
D D 2
no ag

with 77, as the laser pulse duration.
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7.1.2 Beam-Driven Wakefield Acceleration (PWFA)

In beam-driven plasma wakefield acceleration (PWFA), a relativistic charged particle
beam is used as a driver generating the plasma wakefield; in the case of EuPRAXIA, it
is more specifically an electron beam. Similarly to LWFA, different wakefield regimes
can be distinguished depending on the properties of the drive beam. For a bi-Gaussian
electron beam, a single value « as the ratio of peak beam density and background
density, a = ”b;igd, is relevant with a value larger than one, designating the blowout
regime. For non-ideal drive bunches of a different shape, an additional measure is the
reduced charge factor @,., which defines how much charge the drive bunch carries
compared to the maximum charge that can be contained in a plasma skin depth

volume: 5

kp
Qrc = Qbunch ) (77)
nope

where k, is the skin depth and Qpuncn the bunch charge. Again, values strongly
above one indicate a non-linear response and the formation of a full plasma blowout.
Values below or around unity, on the other hand, point to a linear or weakly non-
linear wakefield, respectively.

To maximise the accelerating field strength reached in a PWFA stage, the drive
beam dimensions can be optimised with an ideal RMS length of o, = \/Q/ kp and

an ideal transverse beam size of o,y = \/2/7\/€n,ay/kp- €nay is the transverse
normalised emittance in this context, as defined below. If these conditions are fulfilled,

the radius of the bubble structure in the plasma wakefield can be approximated as

Rbubble = 2.50}\/&, (78)

with o, as the radial transverse beam size [186].

Finally, another important variable for efficient acceleration in a beam-driven
plasma accelerator is the transformer ratio Rp. It is defined as the ratio between
maximum accelerating field in the witness bunch and maximum decelerating field
in the driver bunch [49,187]. In practical terms, it determines the ratio between
energy gain by the witness beam and energy loss by the driver, thus defining the
maximum energy gain of the witness bunch inside the beam-driven wakefield as
AFEyit maz = R X AEdriv.maz, With AE g, maer as the average particle energy loss
in the driver bunch. With the acceleration length being another practical limitation
to the energy gain, the goal for efficient PWFA is to achieve a high transformer
ratio and to continue the acceleration process until the drive beam reaches depletion.
As symmetrical drive beams have a limit in Ry of at maximum 2, PWFA setups,
including also EuPRAXIA, typically work with asymmetric beams. Specific ways to
reach higher transformer ratio values include, for example, bunch shaping [188-191]
as well as the use of shaped bunch trains [192], which is explored further in this
design report.

7.1.3 Challenges in Plasma Acceleration

Besides the usual challenges of particle acceleration, plasma accelerators exhibit sev-
eral issues specific to their technology. These have been tackled with particular focus
during the conceptual design study, with solutions presented throughout the remain-
der of this part.
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Bunch length and energy spread

Because of the high accelerator frequency — on the order of THz instead of GHz as
for most RF accelerators — the accelerating section of the wakefield in plasma-based
devices is only a few tens of micrometres in size, hence limiting the acceptable wit-
ness bunch durations to fs and tens of fs. In plasma injectors, such bunch lengths are
produced naturally; however, with RF injectors bunch compressors need to be imple-
mented, and space-charge forces can become an issue at lower energies. At the same
time, given the short accelerating field period, the variation of the accelerating field
along the electron beam is typically large enough to generate a significant correlated
energy spread of at least a few percent in the beam. This common feature constitutes
a major issue for many applications, such as free-electron lasers, but also proves, for
example, challenging for electron beam transport due to chromatic dependences in
most beamline components.

Several concepts to remove this correlated energy spread (energy chirp) either
inside the plasma [33] or through beam manipulation outside the target [34] have been
proposed. One relatively old strategy involves beam loading, i.e. using the witness
beam’s own electric field, which has an opposite curvature to the plasma wakefield, to
level the overall accelerating field shape that the beam experiences [28,193]. Through
tuning the electron beam shape and charge, this effect can, in principle, be optimised
to create a flat field along the beam; however, over longer acceleration distances,
additional factors such as the evolution of the driver, plasma wave, and witness
beam shape also need to be taken into account.

Transverse matching

Another particular challenge for staged acceleration is presented by transverse beam
matching into plasma targets. In accelerator physics, the transverse dynamics of an
accelerated electron beam are typically described by two specialised quantities: the
transverse beam emittance and Courant-Snyder (Twiss) parameters [194,195]. The
normalised transverse RMS emittance ¢, is defined in this context (exemplary in the
horizontal direction x) as

ne = —VTENE) — (apel? (79)

with (2?) = Y 2}/N, (p}) = Xpi;/N, and (aps) = [ aipei/N] —
(3= 2: Y. pei)/N?], where z; and p,,; are the x-positions and x-momenta of the
N electrons within the beam. A second measure for the transverse beam distribu-
tion is the normalised trace-space emittance (again exemplary for the horizontal
x-direction):

Etrme = f;c V@ (@) = (@2, (7.10)

where P, is the mean longitudinal momentum in the z-direction, whereas =’ = p, /p.
is the horizontal divergence. The Courant-Snyder (or Twiss) parameters are then
expressed as

ﬂm = Ve = ) (711)
Etr,a: €tr,x 5tr,ac
with €44 = €4rn,2(mec/P;). In all cases, equivalent values can be calculated for the
vertical direction y.
As the inward-focussing forces on the electron beam need to match its outward
space-charge forces for stable beam propagation, the transition from one beamline
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element to the next with differing focussing fields requires the transverse beam size
and divergence to be adapted and matched to the element. The following matching
conditions in particular need to be fulfilled for the witness beam in a plasma — in
the blowout regime, assuming negligible beam loading — to avoid oscillations of the

beam envelope:
/2
Toh (7.12)

ﬁmatching =
kp
ing€
Omatching = ﬂmatchzng 20 (713)
Tph

where o is the transverse electron beam RMS size. As discussed further in Chapters 14
and 19, these matching values are extremely small for plasma-accelerator stages, thus
requiring strong and well-controlled focussing before the plasma entrance. Similarly,
the electron beam is also strongly focussed when it leaves the plasma stage, thus
putting considerable challenges on the capturing and transport line behind the plasma
accelerator / injector where the matched beam size increases again.

7.1.4 Plasma Sources

Targets for plasma accelerators can be broadly classified as waveguide or non-
waveguide targets, specifically for LWFA | depending on whether they are designed
with a guiding mechanism for the drive laser. For the non-waveguide target, typically
used for plasma injectors or low-energy accelerators, most often, a gas jet or a simple
gas cell is used. Waveguide targets, on the other hand, mostly in use for high-energy
acceleration, include a variety of different technologies, such as capillary discharge
waveguides, plasma channels formed by hydrodynamic expansion, and gas-filled cap-
illaries (more details in Chaps. 16 and 32.2). Each type of target can be further
divided into being pre-ionised, almost always the case in PWFA, or being ionised
by the driving laser. Further additional features can be important to implement in
plasma targets to improve their performance, such as structures for controlling the
injection of electrons into the wakefield, longitudinal variations of the plasma density
for extending acceleration beyond the dephasing length for LWFA, or for controlling
the properties of the electron bunch as it leaves the acceleration stage [196].

The specific properties of the plasma target depend on the following constraints:

— Plasma length: For LWFA stages, the acceleration length is usually optimally
set to the dephasing length Lg;,, thus determining the density and length of the
stage. However, in some circumstances, it may be preferable to accelerate at lower
intensities (e.g. to prevent target damage, to minimise emittance growth, etc.).
This necessitates increasing the target length. For PWFA, both the length and
the density are determined almost entirely by the desired final beam energy. The
depletion length is an important parameter to name in this context as the distance
over which the beam driver has lost all of its energy through driving the wake,
thus representing the scenario of most efficient energy transfer between driver and
witness.

— Density profile: For a laser wakefield electron injector, a tailored density profile
can be useful; for example, injection can be assisted by a density downramp [15].
Similarly, density upramps can provide an energy boost at the end of a stage,
and density profile shaping can be used to control the self-focussing and self-
compression of the drive laser. Moreover, gradients can be used in the LWFA
injector to compensate the energy chirp of the injected electron bunch and there-
fore reduce the energy spread [32]. Controlling the density profiles at both the
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L |

Fig. 7.2. Examples of different types of plasma sources used in plasma injectors and accel-
erators. The image on the left-hand side shows a setup used to produce a gas jet, while the
image on the right-hand side depicts a capillary gas cell (image credits: Gwangju Institute
of Science and Technology, Korea).

entrance and the exit of plasma-accelerator stages is also vital to properly couple
accelerated beams between stages [35,36].

— Density stability: It has been shown that the plasma electron density is a key
parameter for the stability of the injector [197,198]. For EuPRAXIA, the accept-
able level of fluctuations on the value of the density has been examined in a pre-
liminary numerical tolerance study [171]. Further, more detailed investigations
will be carried out in the future.

— Target repetition rate and lifetime: Most plasma accelerators currently operate at
only a few Hz repetition rate, but for EuPRAXIA, this should be increased to a
baseline of 20-100 Hz. For the plasma stages, this means that either targets should
directly sustain hundreds of thousands of shots, or a remotely interchangeable
target must be designed that can be replaced after a smaller number of shots
without interrupting the operation.

7.2 Laser Science

As it has been pointed out in the previous chapters, the EuPRAXIA infrastructure
will require several laser beamlines with peak power up to some petawatts (PW),
pulse energy in the range of tens to hundreds of Joules, pulse duration in the range
of some tens of femtoseconds up to 100 femtoseconds, and pulse repetition rates
of 20 or 100 Hz. The implementation of the foreseen plasma acceleration schemes
will require the simultaneous operation of up to three laser beamlines, with tight
synchronisation requirements. The purpose of this chapter is to provide a general
overview of the available laser technologies that can be employed to achieve the
performance level exposed above. It must be pointed out that no system in the world
is currently capable to achieve these requirements, in particular at a high repetition
rate. Existing PW laser systems can achieve even higher energies or even shorter
pulse duration but at a very low repetition rate (from a single shot to a few Hz at
maximum).

All the existing high-peak-power (> few TW) laser technologies are based on
the so-called chirped pulse amplification (CPA) technique. A short (e.g. tens of fs),
broadband, low-energy seed laser pulse is first temporally stretched in a suitable delay
line (stretcher), up to several hundreds of thousands of fs; then it is amplified in a
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Fig. 7.3. Operating principle of chirped pulse amplification (CPA) and optical parametric
chirped pulse amplification (OPCPA) (image credits: [200]).
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laser amplification chain up to the desired energy level. Finally, it is compressed to
(about) the original pulse duration in a second delay line (compressor) conjugated
with the stretcher. CPA (invented by G. Mourou, recently awarded the Nobel Prize
for this achievement [199]) allows one to reach very high peak-power levels, avoiding
severe non-linear optical effects in the amplifiers that would spoil the pulse duration
and the laser beam quality and eventually could destroy the amplifier itself.

Following this approach, the architectures for the laser systems envisaged in
EuPRAXTA will comprise at least a master oscillator, a pulse stretcher, one or more
pre-amplification stages, one or more high-energy amplification stages, a pulse com-
pressor, a beam transport system, and a final focussing system. As it will appear
in the following parts, one of the most critical elements for the achievement of the
required laser parameters is the pulse amplification system (in its broader meaning,
i.e. including the gain elements, the pump system, and the cooling system), which
must sustain the high-average-power regime imposed by the desired performance and
keep non-linear optical effects below a given threshold. Another critical element is the
pulse compression system, mainly because of the high-peak-power density handled
by its last stage. Conversely, the master oscillator and the pre-amplifier stages appear
less critical, given the lower average power involved, the relatively long pulse dura-
tion required, and the relatively low coherent contrast ratio. It must be underlined
that the required repetition rate of 20 Hz is at the border between two alternative
technologies for the pumping system. A repetition rate of 20 Hz on the desired energy
range can still be obtained with flashlamp pumped systems. Under this limit, flash-
lamps still have advantages in terms of initial cost and operation costs with respect
to solid state pumping (laser diode arrays), and are then a viable option. Above 20
Hz, pumping with laser diode arrays is probably the only option.

The available solid-state high-energy laser pulse amplification technologies that
can be reasonably adopted for the development of the laser source foreseen by the
project can be classified in the following main streamlines:

Ti:Sapphire-based systems: In this case, the gain medium is titanium-doped
Al203 (Sapphire). Given the broad gain bandwidth, this gain medium allows
the generation of laser pulses with a duration down to a few fs and the ampli-
fication in the timescale of a few tens of fs at a wavelength of about 800 nm.
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On the other hand, Ti:Sapphire must be pumped in the visible (typically in the
range of 500-550 nm), which is commonly obtained by using frequency-doubled
Q-switched lasers operating in the near infrared (e.g. Nd:YAG, Yb:YAG). As a
consequence, the wall plug efficiency of the pumping system is usually quite low,
in particular when flashlamp pumped lasers are used. Moreover, the quantum
defect between the pump photon energy and the fluorescence photon energy is
quite high (about 34%). This imposes a relatively high level of thermal load on
the gain medium, the effects of which are nonetheless mitigated by the high ther-
mal conductivity of the host. For these reasons, the operation at high average
power of these systems can be quite challenging. Finally, the development of a
high-energy laser system will require large aperture gain elements. Ti:Sapphire
can only be produced as a single crystal, and this can be a limitation for the size
of the gain elements. Anyhow, Ti:Sapphire crystals with a size exceeding 7 inches
were already delivered by Crystal System for ELI-NP and Apollon (see below)
to reach up to 200 J of energy (corresponding to 100 J on target). Currently
operating PW laser systems based on Ti:Sapphire amplification are, for instance,
APOLLON |[201] and LASERIX in France [202], BELLA in the United States
[203], PULSER in South Korea [204], and Xtreme Light IIT in China [205].

Yb-based systems: Compared to Ti:Sapphire, Yb-based gain media have many
advantages in terms of pumping efficiency. First of all, they allow direct pumping
by semiconductor lasers in the wavelength region of 930-970 nm without further
wavelength conversion stages. Moreover, the quantum defect between the pump
photon energy and the laser photon energy is rather low (around 10%) because
the emission wavelength (usually 1030-1050 nm, depending on the host) is close
to the pumping wavelength. This reduces the thermal load on the gain medium,
and thus, the power dissipation requirements. Both of these elements are advan-
tageous in view of a high-average-power operation regime. The main drawback
of Yb-based gain media is the reduced gain bandwidth, which makes it difficult
to achieve the desired pulse duration of 100 fs for high energy pulses, whereas
operation in the range of 100-200fs is more easily achieved. Moreover, in Yb-
doped media, the saturation fluence of the laser transition often largely exceeds
the damage threshold of the host; in these cases, the amplification stage cannot
operate in saturation, which limits the energy extraction and jeopardises the over-
all system efficiency [206]. Two high-energy sub-PW laser systems, both based on
amplification in Yb:CaF2, have been realised in Germany, namely, PEnELOPE
[207] and POLARIS [208].

Nd:glass-based systems: Some high-energy laser systems adopt Nd:glass as a gain
medium for the final power amplification stages. Nd-doped glasses provide a gain
bandwidth suitable for the generation and amplification of pulses in the 100 fs
time range. Large gain elements can be produced with glasses more easily than
with crystal growth technologies. Moreover, Nd:glasses can be directly pumped
with semiconductor lasers, which is advantageous for the overall efficiency and
power dissipation requirements of the pump system. On the other hand, even
though the thermally dissipated pump power fraction is moderate (around 20%),
the operation at high-average-power levels of Nd:glass bulk amplifiers is hampered
by the poor thermal conductivity of the glass host, which makes the cooling of
the gain elements difficult, unless special provisions are adopted. An example of
a PW laser system based on this technology is the Texas Petawatt Laser in the
United States [209].

OPCPA systems: An alternative method for the amplification of high-peak-power
pulses is based on parametric light amplification in non-linear optical crystals
(optical parametric chirped pulse amplification, OPCPA) [210,211]. Instead of
using ordinary laser media (based on the excitation/de-excitation of an atomic
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Table 7.1. Main parameters of some PW laser systems worldwide. Operational systems
are shown in bold. The energy value is reported after compression.

Ampl. Wavel oh | B Pulse Peak |Rep.
System Country medium aveleng NETEY | length (fs power |rate Contrast
(nm) ) &
(last stage) (FWHM) [(PW) |(Hz)

APOLLON FRA Ti:Sa 800 150 15 10 0.017 |1010
ALPS HF" HUN (EU) | Ti:Sa 800 34 <17 2 10 10t
BELLA USA Ti:Sa, 800 40 30 1 1 1010
HAPLS L2" CZE (EU) | OPCPA 800-850 18 15 1 10 N/A
HAPLS L3" CZE (EU) |Ti:Sa 800 30 30 1 10 N/A
HPLS" ROM (EU) | Ti:Sa. 800 200 20 10 0.017 |10'2
LASERIX FRA Ti:Sa 800 40" |50 0.8 0.1 N/A
PEnELOPE GER Yb:CaF2 |1035 150" |140 1* 1 N/A
POLARIS GER Yb:CaF2 |1030 17 <100 0.17 |0.02 |10°
PULSER KOR Ti:Sa 820 83 20 4 0.1 109
QUIANG- GUANG 5 PW | CHN Ti:Sa 800 13877 | 27" 5.17""|0.0083 | N/A
RAL 10 Hz PW" UK Ti:Sa, 800 30 30 1 10 1010
SHENGUANG 11 CHN OPCPA 308 37 21 1.76 |S.S. |N/A
TEXAS PW LASER |USA Nd Glass |1060 186 <170 1.1 0.0017 | 10°
VULCAN 20 PW™ UK OPCPA 1053 300 30 10 0.0011|N/A
XTREME LIGHT III |CHN Ti:Sa 800 32.3 |29 1.16 [0.0083|10°

*Design specifications. **Before compression. ***Small-scale test.

transition), the amplification is based on optical difference frequency generation in
non-linear crystals. Compared to standard amplification, OPCPA has several spe-
cific features that can be potentially advantageous, including a very high ampli-
fication factor of chirped pulses (up to 3—4 orders of magnitude per pass in terms
of energy) and a high contrast because the parametric gain exists only when the
pump pulse is present. Finally, the process is non-dissipative because the energy
difference between the pump (highest energy) photon and the amplified signal
(lower energy photon) is emitted as a third photon (the so-called idler), and it is
not dissipated into the crystal, as it happens in the stimulated emission process.
Therefore, the parametric amplification process imposes a much lower thermal
load on the amplified medium with respect to amplification based on the emis-
sion from atomic transitions. The amplification of high-energy pulses requires
large aperture crystals; this limits the choice of possible non-linear materials,
mainly to KDP, DKDP, and LBO. OPCPA is used in the last amplification stage
of the Shenguang II laser system in China [212].

Table 7.1 shows a synopsis of the emission parameters of several PW laser systems
worldwide, currently operating or in advanced construction phase, in alphabetical
order. Data are derived from published papers [213] and documentation available on
the websites of the various facilities.

Many of the above approaches to high-average-power amplification are developing
fast and hold the promise to deliver revolutionary performances to drive plasma accel-
eration and other major applications of such high-intensity lasers. However, in the per-
spective of a short-term approach, a driver for a plasma accelerator capable of out-
standing parameters, like those required by the EuPRAXIA laser, should be based on
components with a high technology readiness level (TRL), ideally sourcing from a lab
environment where specific technologies have been explored in depth. Ti:Sa technol-
ogy is currently used in the HAPLS system (ELI Beamlines) to deliver today’s highest
available average power (design value: 300 W) and is certainly the preferred platform
that can lead to the required specifications by scaling existing systems.
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However, as anticipated, scaling to kW average power still requires innovative
solutions for high repetition rate, including a transition from a flashlamp to fully
DPSSL-based pumping and efficient thermal management in both the amplifier and
the whole transport chain from the compressor to the target plasma. kW-scale lasers
suitable for pumping Ti:Sa in the 10-20 Hz repetition rate range are just emerging
with industrial systems, like the P60 by Amplitude Technologies (FR), or prototypes,
like the DIPOLE system developed at the Central Laser Facility (UK), and can be
integrated into advanced Ti:Sa amplifier designs, provided a geometry with efficient
cooling ensures heat removal from the amplifier head. This is a crucial issue that is
taking much of the design effort. In fact, existing amplifier architectures, including
those successfully used in systems, like HAPLS, feature cooling schemes (e.g. multi-
slab with gas cooling) that cannot be easily scaled to the required heat removal
capacity for a kW-scale system. Possible solutions include the use of liquid cooling,
requiring a major effort in counteracting the depletion of beam quality stemming
from propagation through a non-uniform, highly refractive material, or implementing
alternative cooling concepts to avoid propagation through the cooling liquid, like the
“active mirror” concept used in the P60 system.

Both pumping schemes and cooling architectures are key conceptual aspects of
the laser design that have an impact on both the complexity and the compactness of
the final system.

7.3 Free-Electron Lasers

Relativistic charged particles moving subject to a magnetic field lose energy, while
emitting synchrotron radiation, an intrinsic limiting factor to accelerate electrons at
high energy with circular machines that turn out to have an increasingly important
role in many areas of basic and applied sciences. In particular, the kinetic energy of a
relativistic electron beam is transformed into an intense laser beam of electromagnetic
radiation by wiggling the electrons transversely in a long undulator: the free-electron
laser (FEL) [215-218]. An FEL consists of a laser where the basic emission process
does not occur in a bound atomic or molecular system with population inversion. Such
machines are becoming the main source of tunable, intense, and coherent photons
of either ultra-short time resolution or ultra-fine energy resolution on a broad band
of frequencies that cannot be covered with most of other conventional light sources.
In existing facilities, they can cover a range from the terahertz to the hard X-ray
regime.
An electron beam is associated with a power equal to the product of beam energy
E and current I:
Pg[MW] = I[A] E[MeV]. (7.14)

Such power is delivered to the beam by the particle accelerator. The magnetic field
associated with an undulator with period )\, and on-axis peak field By, on the other
hand, is

B= (0, By sin Qf—z o) . (7.15)

The Lorentz force due to the undulator field introduces a transverse component in
the electron motion, described by the deflection strength parameter K,

BBo)\u

2Tmec

K = ~ 0.943 Bo[T] A [cm], (7.16)

where e, m., and c are, respectively, the electron charge, the electron mass, and the
speed of light in vacuum. For a single electron of given energy E = ym.c? and Lorentz
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Incoherent emission: Coherent emission:
electrons randomly phased electrons bunched at
radiation wavelength

Fig. 7.4. Operating principle of a free-electron laser (FEL) (image credits: [214], reprinted
with permission of Springer Nature).

factor -y, the resonance condition on the wavelength g of the emitted radiation is

A K?
l 1
=35 <1+ 2) (7.17)

The efficiency of the energy transfer from electrons to the radiation field, and the
gain of the process are described by the FEL Pierce parameter p:

1 J > 8.36x1073 s [A
p= o {2 WA = f\/ WK AR T |25, (1as)
where fi,(K) = J0(§> J1(§) is the planar undulator Bessel correction factor with

the argument £ = 2 7 K2 and Iy = 17kA as the Alfvén current. The beam current

is expressed in terms of the bunch root mean squared (RMS) time duration o, and
the bunch charge Q as

IA] = —2 (7.19)
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The current density J is given by
A
1 Qu[C

w}aw%mmmmwz

(7.20)

where o, ,[m] is the RMS transverse size of the electron beam.

Equation (7.18) plays a crucial role in the theory and design of high-gain self-
amplified spontaneous emission (SASE) FEL devices as it specifies efficiency, laser
growth rate, bandwidth, and the role of inhomogeneous broadening. In fact, esti-
mates of the SASE FEL bandwidth Aw/w and saturation power Pgs are, respectively,

provided by

A
Y~y and Py~ v2Pg. (7.21)
w

The gain length determining the FEL growth rate can be expressed in terms of p as
follows:

Ay
L, = . 7.22
Y 4rV3p (7.22)
The power growth can be expressed [219] in terms of the following logistic equation:
A
P(z) =R, (2) (7.23)

T+ RjAG) - 1)

3
3 + 2 cosh (;g) + 4 cos <\2[L;> cosh (229>

with Py being the input seed and z the longitudinal propagation coordinate. Accord-
ingly, the length of the undulator section needed to reach the saturated power, the
so-called saturation length, is

AG) =

9P,
Lg ~ 1.066Lgy In <S> . (7.24)
Py

The effects of inhomogeneous broadening — namely, the gain deterioration because of
non-ideal electron beam qualities, in particular significant energy spread and emit-
tance values — are embedded in the previous formulae by means of the y parameters.
These quantify the main contributions to the effective p reduction, and so to the gain
length increase, leading to Ly . as an effective quantity.

Regarding the energy spread, we have the following:

0.185v/3
Loe(x) = xLgy X =1+ =i, (7.25)
o AE
[ = 2;5, 0o= . AE= (B (B2

A reliable estimate of Lg requires also to consider inhomogeneous broadening effects
due to three-dimensional diffraction contributions, which modify the Pierce parame-
ter by introducing the pp diffraction parameter, as described below:

Ay, 1

MUD = Wﬂ PD = F(,“/D)ﬂ; f(:U’D) = mv (726)

where we considered a transversely symmetric electron beam with o, = 0y = o7 and
Ex = Ey.



3826 The European Physical Journal Special Topics

Together with these formulae describing the fundamental harmonic, similar
expressions are found regarding the non-linear higher harmonics generation FEL
mechanism, characterised by the n!" harmonic radiation wavelength as follows:

Au K?
An = 1+ — 7.27
2nv2< 3 ) (7.21)

The theory described above has been used for guiding the FEL design of EuPRAXIA.
Specific performance estimations and simulations with numerical codes are described
in Section 24.1.

8 Description of the Overall Facility Layout and Its Building
Blocks

The conceptual design presented in this part is focussed on the two machine sites of
EuPRAXITA and based on complementary plasma-accelerator technologies, as intro-
duced in Section 3.3.2.

In the following chapters, the main components foreseen for the two construction
sites are presented, and an overview over the technical solutions found in each case
is given. Figures 8.1 and 8.2 highlight the main technical sub-systems envisaged
for each site and provide a reference to the respective chapters and sections where
further information on these components can be found. Six types of sub-systems are
considered, in this context, in the facility design:

e laser systems

e RF injectors and accelerators

e plasma injectors and accelerators

e transport lines for different types of beams (electrons, positrons, photons)

e beamline sections for generating secondary sources or conditioning the beams
e user areas

Some of these, such as the electron beam transport lines, have very similar charac-
teristics in both sites and are thus described in a general way. Others, such as the
plasma injectors and accelerators, are targeted to a specific site only. For certain com-
ponents, as described in the following, multiple design options are considered, with
some foreseen as baseline solutions, while others are backup options or paths for future
developments. A further down-selection of the proposed techniques and components
is planned only during the technical design phase, once further test experiments and
prototyping have validated the performance of the different technical options. This
strategy takes into account the potential and excellent computational results for the
solutions considered while, at the same time, mitigating the risk of building a machine
based on technologies not tested in a user-operation setting before.

8.1 EuPRAXIA Site for Beam-Driven Plasma Acceleration

Before going into the technical details and tables of parameters, here, we first
summarise the main building blocks from an overview perspective. As Figure 8.1
highlights, the following sub-systems and design solutions are proposed for the
EuPRAXIA site for beam-driven plasma, acceleration:

RF injector and accelerator: The baseline design for the RF-based accelerator
consists of an S-band injector with velocity bunching combined with an X-band
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Fig. 8.1. Overview layout of the EuPRAXIA site for beam-driven plasma acceleration.

linac producing electron beams with energy of around 500 MeV. An extension of
the accelerator to 1 GeV is further considered as an upgrade / backup option as
the plasma accelerator stages could be omitted or used to reach higher energies
than with the baseline design. More details on the RF injector and accelerator for
generating the driver and witness electron beams at the PWFA site can be found
in Chapters 14 and 12, respectively.

Plasma accelerators: Two types of plasma accelerators are foreseen at the PWFA
site of EuPRAXTA: one focussed on high beam quality for radiation generation
and the other aiming to produce high-charge, high-average-power electron beams
suitable for positron generation and as test beams. The baseline in both cases con-
siders the external injection of the electron drive and witness beams from the RF
accelerator into a weakly non-linear plasma stage to achieve beam-driven wake-
field acceleration up to 1 GeV. The generated electron bunches based on current
results comply with the requirements for both types of accelerator stages but could
be optimised further towards high charge or high quality in the future. A detailed
design is described in Section 17. Additionally, potential future development paths
are foreseen through (1) increasing the energy reach to 5GeV (see Sect. 17.2)
as well as (2) improving the beam quality further, for example through using
the RF-accelerated electron beam as a driver in a beam-driven plasma wakefield
injector based on the Trojan horse injection mechanism (more details in Sect. 26).

Free-electron laser: The EuPRAXIA facility baseline foresees the use of con-
ventional undulators in all of its FEL beamlines as a risk-mitigating measure,
as described in Chapters 18 and 24.1. The adoption of more compact, novel
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Fig. 8.2. Overview layout of the EuPRAXIA site for laser-driven plasma acceleration.

undulator concepts, at least for parts of the undulator line, will be examined

as a potential future development path.

ICS ~v-ray source: The inverse Compton scattering (ICS) interaction section and

Free-electron laser
(Section 24.1)

Table-top test beams
(Section 25.1)

Ultracompact

positron source
(Section 25.2)

considerations for the user area are described in Section 24.3.

HEP detector testing and GeV-class positron source: The high-energy phy-
sics (HEP) detector testing application and the generation of high-energy positron
beams are foreseen with a common beamline as complementary user applications.
The section comprises two parts the first of which is a target and transport line for
the conversion of the high-energy electron beam to a positron beam, its energy
filtering, and collimation. Second, the remaining electron beam is conditioned
for use in detector testing and transported to the respective user area. Detailed

designs for both aspects are presented in Sections 25.1 and 25.2.2.
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8.2 EuPRAXIA Site for Laser-Driven Plasma Acceleration

Similarly to the PWFA site, here, we first summarise the main building blocks of the
design of the laser-driven construction site from an overview perspective, before going
into the technical details and tables of parameters. The main sub-systems proposed
for the EuPRAXTIA site for laser-driven plasma acceleration are shown in Figure 8.2.
The following design solutions are considered for each component:

Laser system: The high-power laser system design of EuPRAXIA consists of three
sub-systems optimised for the different types of plasma stages on site: (1) a 5-7J
laser suitable to drive a plasma injector; (2) a 15-30J targeted for plasma accel-
eration to 1 GeV; and (3) a 50-100J laser for plasma acceleration to 5 GeV. Two
performance levels are foreseen as part of the baseline, including, among others,
operation at 20 Hz and 100 Hz. A main future development path for the laser sys-
tem will be towards higher average power and repetition rate at the kHz level.
Further details are presented in Chapter 10.

RF injector: The baseline design for the RF injector line consists of an S-band
injector combined with a hybrid bunch compression scheme (combining velocity
bunching and magnetic compression) producing electron beams with energy of
around 250 MeV. A second presented option is the same setup as foreseen for
the PWFA construction site; here, an S-band injector with velocity bunching is
combined with an X-band linac to reach an electron beam energy of ~500 MeV.
Both designs are described in Chapter 14.

Plasma injector: Three baseline designs are under consideration for the plasma
injector with electron beam energy variable between 140 and 250 MeV:
1. Resonant multi-pulse ionisation (ReMPI) injection
2. Density downramp injection
3. Ionisation injection with a density gradient
As detailed in Chapter 13 and, partly, Chapter 23 (start-to-end simulations), for
all three schemes, state-of-the-art performance is predicted, while space and cost
requirements are similar and very small compared to the overall beamline. It is
thus foreseen to validate and optimise all three designs during the coming technical
design phase before making a decision on the injection technique implemented for
the final design.

High-quality plasma accelerator: Similarly to the plasma injector, three base-
lines with excellent performance have been identified for the high-quality plasma
accelerator and will be optimised during the technical design, as Chapters 23
(start-to-end simulations) and 16 demonstrate:

1. External injection of the RF-accelerated electron beam into two consecutive
plasma-accelerator stages separated by a chicane-based dechirping mechanism
2. External injection of the RF-accelerated electron beam into a single plasma-
accelerator stage
3. External injection of an electron beam generated from a plasma injector into
a single plasma-accelerator stage
In all three cases, the final electron beam energy is 1 GeV during the first pre-
liminary operation phase before increasing to 5 GeV during full operation. Note
that given the small size of the plasma stages, all three concepts are compat-
ible with a single beamline layout, as the first plasma-accelerator stage in the
first proposed scheme can easily be removed for setup number two or replaced
by a plasma-injector stage to achieve the third setup, thus not affecting the size
and cost estimation of the machine significantly. Furthermore, several upgrade /
backup options are investigated for this challenging beamline design, including
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the use of different plasma-injector techniques. Finally, a hybrid plasma acceler-
ator with a laser-driven plasma injector producing the driver beam for a second
beam-driven, high-energy plasma-injector stage is further studied as a poten-
tial development path (see Chap. 26). Three types of injection mechanisms for
the second beam-driven injector stage are, in this case, considered as promising
solutions.

High-charge plasma accelerator: For this type of setup, focussed less on beam
quality and more on large beam charge but benefiting strongly from a compact
design, an all-optical baseline is proposed with a plasma injector followed by
external injection into a single plasma-accelerator stage, accelerating the beam to
5GeV. As with the high-quality accelerator, different techniques for the plasma
injector — such as ReMPI injection, downramp injection, and ionisation injection
— are examined as different options. A future development path is a high-energy
plasma injector based on the ReMPI injection mechanism where electrons could
be internally injected and accelerated up to 1 to 5GeV, achieving an extremely
compact setup.

Free-electron laser: Equivalently to the PWFA site design, the baseline for the
LWFA-driven FEL will also use conventional undulators, as described in Chap-
ters 18 and 24.1. The implementation of more compact, novel undulator concepts
will be a common future development path.

Life-science and materials X-ray imaging: A compact X-ray source based on
betatron radiation inside a plasma target is foreseen for this application. As a
baseline, the radiation can be directly created inside the plasma injector used
for electron beam generation leading to a relatively simple and flexible beamline
setup. Future development paths will focus on the optimisation of the source,
for example, through separating the electron beam injection process from the
radiation generation, with an additional dedicated plasma target as a betatron
source. The design for this part of the beamline is described in Section 21.7.

Ultracompact positron source and tabletop test beams: Similarly to the
PWFA site, both of these applications, the generation of an ultra-compact
positron source, and the creation of tabletop test beams are foreseen with a
common beamline. The section comprises two parts the first of which is a target
and transport line for the conversion of the high-energy electron beam to a
positron beam, its energy filtering (keeping the low-energy part of the positron
beam), and collimation. Second, the remaining electrons are conditioned for
use as test beams. They could be used in a similar way to the high-energy
physics detector test stand at the PWFA site but will also be suitable for
other applications yet to be determined. Detailed designs for both aspects are
presented in Sections 25.1 and 25.2.1.

8.3 Beam Distribution Concept

Throughout many of the following chapters, describing the detailed design of machine
components, six possible accelerator and beam distribution configurations are con-
sidered. They are shown schematically in Figure 8.3 and listed with their abbreviated
names in Table 8.1. Further details are also included in Chapter 23 in the context of
start-to-end simulations of the accelerator.

The following schemes are foreseen as possible beamline configurations for one or
several of the proposed beamlines at EuPRAXIA:

Scheme 1 is a laser-driven plasma injector (LPI) where the electron beam is gener-
ated and also accelerated up to 5 GeV in a single plasma stage.
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Table 8.1. Naming convention of the different accelerator schemes investigated as part of
the EuPRAXIA conceptual design study. In each case, the energy value after a stage’s name
indicates the electron beam energy at the end of this stage. Different stages are connected
by transport lines, which are detailed in Chapter 19. The following abbreviations are used:
LPI = laser-plasma injector, RFI = radiofrequency injector, LPAS = laser-driven plasma-
accelerator stage, PPAS = beam-driven plasma-accelerator stage.

Scheme no. Short descriptive name

LPI-5 GeV

LPI-150 MeV + LPAS-5 GeV

RFI-500 MeV + LPAS-5GeV

RFI-240 MeV + LPAS-2.5GeV + chicane + LPAS-5GeV
RFI-500 MeV + PPAS-1GeV

LPAS-3 GeV + PPAS-5GeV

D U W N

L 15IbEII|L
e
0 5 Gev 55 Gev
(1 GeV) (1 GeV)
w|® @)
2.5 GeV

5 GeV

1 GeV
A® | (e)@

00 Me HETL
RFI PPAS 1GeV

Fig. 8.3. Beam distribution and acceleration configurations under consideration for the
various EuPRAXIA beamlines. The following abbreviations are used besides those listed in
the main text: LETL = low-energy transport line, HETL = high-energy transport line. A
detailed description and assessment of the performance of each of these schemes as a whole
is presented in Chapter 23 (image credits: [171]).

>TSS

Scheme 2 is a staged setup where the electron beam is generated in a laser-driven
plasma injector (LPI), then transported and injected into a laser-driven plasma-
accelerator stage (LPAS), where its energy is boosted up to 5 GeV.

Scheme 3 is a staged setup where the electron beam is generated in an RF photo-
injector and pre-accelerated in an RF linac (RFI), then transported and injected
into a laser-driven plasma accelerator stage (LPAS) where its energy is boosted
up to 5 GeV.

Scheme 4 is a staged setup where the electron beam is generated in an RF photo-
injector and pre-accelerated in an RF linac (RFI), then transported and injected
into two consecutive laser-driven plasma-accelerator stages (LPAS); in each stage
the beam experiences an energy gain of approximately 2.5 GeV, while propagation
through a magnetic chicane in the transport between the LPAS induces an energy
dechirping process.

Scheme 5 is a staged setup where two electron beams — a driver and a witness — are
generated in an RF photo-injector and pre-accelerated in an RF linac (RFI), then
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transported and injected into a beam-driven plasma-accelerator stage (PPAS),
where the energy of the witness beam is boosted up to 5 GeV.

Scheme 6 is a staged hybrid accelerator setup where a laser-driven plasma injector
(LPAS) generates an electron beam that is in turn used as the beam driver in a

second beam-driven plasma injector (PPAS); in the latter a higher quality electron
beam is generated and accelerated up to 5 GeV.

Schemes 1 to 4 are all based on laser-driven plasma acceleration and are thus relevant
for implementation at the laser-driven construction site of EuPRAXIA. For a versatile
and optimised layout, it is foreseen that different beamlines will be designed based on
different schemes; the central laser system of EuPRAXIA will allow to feed several
of these lines in parallel. Scheme 5, on the other hand, is a beam-driven plasma
accelerator configuration and forms the baseline for the accelerator at the beam-
driven construction site. Multiple user areas can be served by splitting the central
line either before or after the plasma-accelerator stage (PPAS). In the former case, the
plasma sections could be customised to each application, while, in the latter scenario,
the transport of the beam may be less challenging. Finally, Scheme 6 provides a
potential future development option for both sites with a configuration that combines
laser-driven and beam-driven plasma acceleration, with the promise of exceptional
electron beam quality.

9 Summary Tables of Parameters and Technical Data

The design of the technical components for EuPRAXIA has been guided by a set
of goal parameters defining successful performance through the realisation of key
applications. A particularly challenging target in this context has been identified with
the capability to run an FEL and this has consequently been chosen as a baseline
goal for the electron accelerator performance. Considering that most of the other
applications foreseen for EuPRAXIA have comparably relaxed conditions for the
more challenging beam parameters in plasma acceleration, such as energy spread
and emittance, they should thus also be attainable through fine-tuning such an FEL-
capable machine. Table 9.1 summarises the key goal parameters for the electron
accelerator following this derivation (see [220] for the original complete parameter
list, some updates to which have been made since its publication).

Table 9.1. Estimated goal parameters of the electron beam at the entrance of an undulator
for FEL lasing. These values have been determined by the EuPRAXIA collaboration and
form an updated version of the original design concept in [220]. Most of the design work on
technical components has been informed by these aimed performance ranges.

Quantity Baseline Goal | Range of Exploration
Energy 5GeV >1GeV

Charge 30pC 5-100 pC

Bunch length (FWHM) 10fs <30fs

Peak current 3kA 2-5kA

Energy spread 1% <1%

Normalised emittance in x,y 1 mm mrad <1mmmrad

Slice energy spread 0.1% <0.1%

Normalised slice emittance in x,y | <1 mm mrad <1 mm mrad
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Based on the goals of Table 9.1, in-depth conceptual solutions have been developed
and the expected performance of different working points has been simulated in
detail. The resulting performance predictions are summarised in the parameter tables
following in this chapter. Experimental results are also taken into account in this
context, as far as possible (e.g. for the plasma injector). More detailed explanations
of the origins of the listed values can be found in the relevant component chapters,
as defined in the respective table captions.

9.1 Laser System

Table 9.2. Summary table of parameters and technical data of the laser system. More
detailed parameters and further context are found in Chapter 10.

Quantity | Baseline Value |
Laser 1 — Energy on target | < 5-7J
Laser 1 — Pulse duration > 20-30fs
Laser 2 — Energy on target | < 15-30J
Laser 2 — Pulse duration > 20-30fs
Laser 3 — Energy on target | < 50-100J
Laser 3 — Pulse duration > 50-60fs
Wavelength 800 nm
Repetition rate 20-100 Hz
Energy stability (RMS) 0.6-1%
Pointing stability (RMS) |~1nrad

9.2 RF Injector and Accelerator

Table 9.3. Summary table of parameters and technical data of the RF injector and accel-
erator. More detailed parameters and further context are found in Chapters 12 and 14.

Quantity Baseline Value |
RF Injector / Accelerator — Full RF Compression Scheme (for LWFA / PWFA) |

Photoinjector — Operating frequency 2.856 GHz

Photoinjector — Gun field amplitude 120MV m ™!

Photoinjector — Gun output beam energy 5.6 MeV

Photoinjector — TW sections field amplitude 20-28 MV m L

Photoinjector — solenoid magnetic field (gun, linac) [3.0-3.05 kG, 0.32-0.52kG

Photoinjector — Length 12m

Linac — Operating frequency ~12GHz

Linac — Field amplitude >60MVm ™!

Linac — Length 10m

Witness Electron Beam Parameters after the RF Injector / Accelerator

Charge 30 pC

Energy 535-570 MeV

Energy spread (RMS) 0.07%

Bunch length (RMS) 17-20fs

Peak current (FWHM) 3.0kA

Normalised emittance in x,y (RMS) 0.5—0.7 mm mrad (x),0.44-0.9 mm mrad (y)

Driver Electron Beam Parameters after the RF Injector / Accelerator

Charge 200 pC

Energy 580 MeV

Bunch length (RMS) 20 fs

Normalised emittance in x,y (RMS) 4.0mmmrad (x), 6.4mm mrad (y)

Photoinjector — Operating frequency 2.856 GHz

Photoinjector — Gun field amplitude 110MVm~ 1!

Photoinjector — Gun output beam energy 5 MeV

Photoinjector — TW sections field amplitude 25.5MVm !

Photoinjector — Length 12m

Witness Electron Beam Parameters after the RF Injector

Charge 29.8 pC

Energy 240.8 MeV

Energy spread (RMS) 0.27%

Bunch length (RMS) 7.5fs

Peak current (FWHM) 4.0kA

Normalised emittance in x,y (RMS) 0.81 mm mrad (x), 0.46 mm mrad (y)
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9.3 Plasma Injector

Table 9.4. Summary table of parameters and technical data of the plasma injector. More
detailed parameters and further context are found in Chapter 13.

Quantity Baseline Value

Low-energy LPI

Plasma electron density 3 x 108 x 10" cm =3
Plasma length 0.6-1.6 mm

Plasma entrance / exit ramp length 0.3-0.8 mm
Normalised laser vector potential on target |1.4-4.5

Beam energy at injector exit 140-250 MeV

Beam charge at injector exit 27-32pC

Beam energy spread at injector exit 0.9-4%

Bunch length at injector exit 3-81s

Beam norm. emittance in x,y at injector exit|0.1-0.8 mm mrad (x),0.15-1.8 mm mrad (y)
High-energy LPI

Plasma electron density 106 x 10" cm ®
Plasma length 9-30 mm
Plasma entrance / exit ramp length 0.9-2.1mm

Normalised laser vector potential on target |1.2-3.9

9.4 Plasma Accelerator

Table 9.5. Summary table of parameters and technical data of the plasma accelerator
stages. More detailed parameters and further context are found in Chapters 16 and 17.

Quantity Baseline Value \
Laser-Driven Plasma Accelerator (LPAS) \

Plasma electron density ~10"" cm™

Plasma length 0.25-1m

Plasma entrance / exit ramp length 3.5-7Tmm

Normalised laser vector potential on target 1.0-2.0

Accelerating field gradient ~10GVm™!

Beam energy at accelerator exit 5.0-6.0 GeV

Beam charge at accelerator exit 23-30pC

Beam energy spread at accelerator exit 0.1-0.9%

Bunch length at accelerator exit 2.9-111s

Beam norm. emittance at accelerator exit 0.09-1.38 mm mrad

Beam-Driven Plasma Accelerator (PPAS) \

PPAS to 1 GeV

Plasma electron density 10 cm™?
Plasma length 40 cm

Plasma entrance / exit ramp length ~0.5cm
Accelerating field gradient 1.1-3.0GVm !
Beam energy at accelerator exit 1.03 GeV

Beam charge at accelerator exit 30-34pC
Beam energy spread at accelerator exit 1.1%

Bunch length at accelerator exit 131s

Beam norm. emittance in x,y at accelerator exit|0.96 mm mrad (x), 1.2 mm mrad (y)
PPAS to 5 GeV

Plasma electron density 2.5 x 10" cm =3
Plasma length 24m

Plasma entrance / exit ramp length ~1cm
Accelerating field gradient 1.62.7GVm !
Beam energy at accelerator exit 5.0 GeV

Beam energy spread at accelerator exit 0.4%

Beam norm. emittance at accelerator exit ~ 0.7 mm mrad
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9.5 Beam Transport Line
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Table 9.6. Summary table of parameters and technical data of the beam transport. More
detailed parameters and further context are found in Chapter 19.

Quantity

‘ Baseline Value ‘
|

Low-Energy Transport Line (LETL)

Six-quadrupole setup: magnetic field gradients

(211/-189/86/-101/190/-161) Tm "

Six-quadrupole setup: length

0.7m

Eight-quadrupole setup: magnetic field gradients

(97/-182/162/-62/-67/-161/
-171/94) Tm™*

Eight-quadrupole setup: length 2.04m
Active-plasma-lens setup: magnetic field gradients | (316/301) Tm ™'
Active-plasma-lens setup: length 2.02m

Solenoid setup: magnetic field (76/-73) T
Solenoid setup: length 2.2m

Beam energy spread after LETL 2.2-3.1%

Bunch length after LETL 3.7-4.71s

Beam norm. emittance in x,y after LETL

0.45-0.66 mm mrad (x),
0.38-0.67 mm mrad (y)

High-Energy Transport Line (HETL)

Length 8m

Number of quadrupoles 7

Transport line length 6-8m

Beam energy after HETL (beam core) 4.96-5.9 GeV
Energy spread after HETL (beam core) 0.10-0.32%
Bunch length after HETL (beam core) 0.3-3.51s

Norm. emittance in x,y after HETL (beam core)

0.087-1.64 mm mrad (x),
0.085-0.88 mm mrad (y)
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9.6 Free-Electron Laser

Table 9.7. Summary table of parameters and technical data of the free-electron laser. More
detailed parameters and further context are found in Chapter 24.1.

Quantity

Baseline Value \

Long-Wavelength Setup

Undulator period 30 mm

K parameter 4.36

Peak undulator field [1.56T
Radiation wavelength|34.5-35.9nm
Pierce parameter 0.45-0.57%
Saturation power 2.5-4.9GW
Saturation length ~16—23 m
Linewidth 0.5-3.6 %
Pulse duration ~7.8-151s

Photons per pulse

1.6 x 10M1-3.1 x 10

Brightness

2 x 10%%-8.6 x 10* photons/[mm*mrad?s(0 1%BW)]

Short-Wavelength Setup

Undulator period 20 mm

K parameter 1.5

Peak undulator field [0.81T
Radiation wavelength|4.67-4.86 nm
Pierce parameter 0.19-0.24%
Saturation power 1.29-1.94 GW
Saturation length 1628 m
Linewidth 0.25-0.59 %
Pulse duration 2.0-2.41s

Photons per pulse

1.3 x 10192.3 x 1010

Brightness

Long-Wavelength S

8 x 10?55 x 10%Y photons/[mm?mrad?s(0 1%BW)]

etup

Undulator period 30 mm

K parameter 4.36

Peak undulator field [1.56T
Radiation wavelength|1.40-1.67 nm
Pierce parameter 0.2-0.23%
Saturation power 14-17.8 GW
Saturation length 2026 m
Linewidth 0.3%

Pulse duration 0.7-2.21s

Photons per pulse

4.2 x 1019-7.2 x 1011

Brightness

2.8 x 10%1-4.8 x 1032 photons/[mm?mrad®s(0 1%BW)]

Short-Wavelength Setup

Undulator period 20 mm

K parameter 1.5

Peak undulator field [0.81T
Radiation wavelength|0.19-0.30 nm
Pierce parameter 0.084-0.099 %
Saturation power 1.75-4.39 GW
Saturation length 38-126m
Linewidth 0.18-0.23%
Pulse duration 0.4-2.0fs

Photons per pulse

1.9 x 109-3.2 x 100

Brightness

3.7 x 10°9-4.0 x 10°T

photons/[mm?mrad?s(0 1%BW)]
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9.7 Other Radiation Sources
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Table 9.8. Summary table of parameters and technical data of the betatron and inverse
Compton scattering sources. More detailed parameters and further context are found in

Sections 24.2 and 24.3.

Quantity ‘ Baseline Value

Betatron Source

Photon energy 0.6-110keV
Source size 1.4-2.4pm
Divergence 0.7-70 mrad

Peak X-ray brightness

2 x 10%"-1 x 10® photons/(mm’mrad®s[0 1%BW])

Photons per pulse

2 x 1054 x 10

Inverse Compton Source

Photon energy >100 MeV
Pulse duration ~301s
Source size single pm
Divergence <1mrad

9.8 Secondary Part

icle Sources

Table 9.9. Summary table of parameters and technical data of the secondary particle

sources. More detailed parameters and further context are found in Section 25.

Quantity

Baseline Value
Low-Energy Positron Source

Positron energy

0.5-10MeV (tunable)

Energy bandwidth

+50 keV

Beam duration 2090 ps
Beam size at user area|2—5mm
Positrons per shot > 10°

High-Energy Positron Source

Positron energy

> 1.0 GeV (tunable)

Energy bandwidth

+5%

Beam duration < 10fs
Beam size at user area|20 pm
Positrons per shot ~ 107




3838 The European Physical Journal Special Topics

9.9 Accelerator Start-to-End Simulations

Table 9.10. Summary table of parameters from the start-to-end simulations of different
acceleration schemes. All parameters are given for the beam core at the end of the final
transport line matched exemplarily to the undulator entrance. The following abbreviations
are employed: RFI = RF injector, LPI = laser-plasma injector, LPAS = laser-driven plasma
accelerator, PPAS = beam-driven plasma accelerator. Slice parameters and peak current
are calculated based on 0.1pm long slices. More detailed parameters and further context
are found in Chapter 23.

Quantity | Baseline Value

Scheme 1: LPI-5 GeV

Beam energy 5.0 GeV

Charge 30pC

Peak current 3.8kA

Bunch duration 2.91s

Energy spread 0.9%

Normalised emittance in x,y 0.10 mm mrad (x), 0.06 mm mrad (y)
Energy spread (best slice) 0.08%

Normalised emittance (best slice) |0.07 mm mrad (x), 0.04 mm mrad (y)
Scheme 2: LPI-150 MeV + LPAS-5 GeV

Beam energy 5.0 GeV

Charge 5pC

Peak current 3.3kA

Bunch duration 0.4fs

Energy spread 0.1%

Normalised emittance in x,y 0.76 mm mrad (x), 0.88 mm mrad (y)
Energy spread (best slice) 0.08%

Normalised emittance (best slice) |0.85 mm mrad (x), 1.00 mm mrad (y)
Scheme 3: RFI-500 MeV + LPAS-5 GeV

Beam energy 5.3 GeV

Charge 22pC

Peak current 3.3kA

Bunch duration 2.9fs

Energy spread 0.11%

Normalised emittance in x,y 0.32mm mrad (x), 0.29 mm mrad (y)
Energy spread (best slice) 0.03%

Normalised emittance (best slice) |0.32 mm mrad (x), 0.32 mm mrad (y)
Scheme 4: RFI-240 MeV + LPAS-2.5 GeV -+ chicane + LPAS-5 GeV

Beam energy 6.0 GeV

Charge 23.8pC

Peak current 5.1kA

Bunch duration 3.1fs

Energy spread 0.39 %

Normalised emittance in x,y 1.50 mm mrad (x), 0.69 mm mrad (y)
Energy spread (best slice) 0.06 %

Normalised emittance (best slice) |0.85 mm mrad (x), 0.40 mm mrad (y)
Scheme 5: RFI-500 MeV + PPAS-1 GeV

Beam energy 1.1GeV

Charge 10.5pC

Peak current 2.0kA

Bunch duration 0.6 fs

Energy spread 0.26 %

Normalised emittance in x,y 0.9l mm mrad (x), 0.68 mm mrad (y)
Energy spread (best slice) 0.07%

Normalised emittance (best slice) |0.62 mm mrad (x), 0.48 mm mrad (y)
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10 Laser Systems as Innovative Power Drivers
10.1 Introduction

The use of lasers as power drivers for plasma accelerators has been emerging dra-
matically in the past decades, not only for the well-known effectiveness in exciting
and driving plasma waves, but also for the fast-developing technologies that drive
the continuous improvement in performances.

Beyond that, entirely new technologies are also maturing while we write, laying
the foundations for the migration of laser drivers from the context of pioneering laser-
driven acceleration R&D to the realm of viable drivers for plasma accelerators. In
fact, while currently available off-the-shelf technology is limited in average power and
repetition rate, new pump power approaches based on robust solid-state technologies
are already emerging as powerful alternative solutions to overcome such limitations.

In view of that, the proposed EuPRAXIA infrastructure relies on a range of
unique petawatt-power, ultra-short pulse laser systems to drive plasma acceleration
in a range of different configurations, including a 150 MeV injector and 1 and 5 GeV
accelerators. For the development of the conceptual design, we have investigated a
broad range of technologies, concepts, and approaches to petawatt laser technology
capable of fulfilling the specifications set by the design of the injector and the accel-
erators. In doing so, a technology survey has been carried out (see [221]), and the
main conclusions are presented in Sections 7.2 and 32.3 of this report. In the study,
an accurate examination of relevant laser developments was carried out, identifying
applicable technologies and corresponding technology readiness levels (TRL). The
requirement of ultra-short pulse duration, down to 30 fs, combined with the signifi-
cant energy per pulse needed by the three laser-driven schemes, finally made Ti:Sa
emerge as the most suitable technology based on the foreseen temporal constraints.
The baseline design of the main EuPRAXIA lasers could be delivered using Ti:Sa
laser technology and exploiting the fast ongoing developments in pump lasers, i.e.
lasers capable of delivering ns pulses with approximately 100 J energy per pulse at a
100 Hz repetition rate. The baseline concept includes the main amplifiers, a descrip-
tion of the key components and sub-components, and the analysis of all the main
transport sections, from the compressor down to the interaction point. At the same
time, a number of development paths for alternative technologies for longer term
solutions were also tackled given the potential further exploitation of laser drivers in
terms of efficiency, very high repetition rate, compactness, and overall cost.

This chapter delivers the baseline design of the laser system and identifies the
pivotal development paths with step-by-step instructions for the transition to
the technical description.

10.2 Baseline Design
10.2.1 Layout and Amplifiers

The development of the laser driver for EuPRAXIA relies on chirped pulse amplifica-
tion (CPA) and uses Ti:Sapphire (Ti:Sa) as a gain medium. The required performance
and reliability is currently beyond the state of the art of available industrial or proto-
type systems, especially for what concerns the 100 Hz operation. However, in recent
years, a number of advancements have been consolidated or are in progress, making
it possible not only to conceive a viable design but also to identify the development
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Fig. 10.1. Block diagram of the three laser driver chains.

path to take this design to a technical level in a few years, a time compatible with
the envisaged construction of EuPRAXIA.

The implementation of the plasma acceleration schemes considered in EuPRAXIA
requires the simultaneous use of up to three different laser beamlines with accu-
rate relative synchronisation to ensure controlled plasma acceleration. Auxiliary laser
beams for diagnostics and a photocatode laser, tightly synchronised with the three
main laser pulses, are also included. The overall architecture of the EuPRAXTA laser
system is shown in Figure 10.1. It consists of three different laser chains, with dif-
ferent output pulse parameters (LASER1, LASER2, and LASER3) to drive three
different plasma acceleration configurations. Each laser chain consists of a front-end
segment, an amplification section — made of one, two, or three amplification stages
depending on the required output energy — a beam shaping segment, a compressor,
and the final transport system to the target.

The three laser chains share a common master oscillator to ensure intrinsic syn-
chronisation accuracy; the front-end segments share a similar design but are separated
to allow independent control on seed pulse properties.

Our design focussed on the following aspects of the layout:

— the technology for the laser systems for pumping the Ti:Sa amplifiers at a high
repetition rate;

— the design of the Ti:Sa amplifiers, especially for the thermal load management
and cooling strategies, and the optimisation of the extraction efficiency; and

— the design of the pulse compression system, mainly in relation with the optical
damage and thermal management of the gratings.

For each system, two levels of performance have been envisaged, with different energy
levels and pulse repetition rates:

(a) Low-performance level (named P0), featuring low pulse energy and a 20 Hz rep-
etition rate

(b) High-performance level (called P1), with higher energy at a repetition rate of
100 Hz
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Table 10.1. Laser parameters for the three laser driver beamlines envisaged for laser plasma
injection and acceleration stages, at the performance levels PO and P1. The maximum output
energy has been calculated from the requirements of energy on target, assuming an overall
efficiency of 80% of the compression and the beam transport system.

LASER1 — Injector 150 MeV

Parameter Unit | PO P1
Wavelength nm 800 | 800
Max Energy on Target J 5 7
Max Total Output Energy J 8.8 | 12.5
Shortest Pulse Duration fs 30 20
Repetition Rate Hz 20 100
Energy Stability RMS % 1 0.6
LASER2 — Injector 1 GeV

Parameter Unit | PO P1
Wavelength nm 800 | 800
Max Energy on Target J 15 30
Max Total Output Energy J 18.8 | 37.5
Shortest Pulse Duration fs 30 20
Repetition Rate Hz 20 100
Energy Stability RMS % 1 0.6
LASER3 — Accelerator 5 GeV

Parameter Unit | PO P1
Wavelength nm 800 | 800
Max Energy on Target J 50 100
Max Total Output Energy J 62.5 | 125
Shortest Pulse Duration fs 60 50
Repetition Rate Hz 20 100
Energy Stability RMS % 1 0.6

The performance level PO is less challenging in terms of required technologies.
According to our study, it can be implemented with the currently available technolo-
gies, requiring mainly integration efforts and optimisation. Level P1 is more chal-
lenging and can be considered as lying one step ahead with respect to the current
technological capabilities, in particular regarding the repetition rate of the pump
sources. The target performances of the three laser chains, at the level of perfor-
mances PO and P1, are reported in Table 10.1.

The performance level PO can be implemented with the currently available
technologies, requiring mainly integration efforts and optimisation.

10.2.2 Front End

The design of the front-end segment, at the performance levels PO or P1, is based on
commercially available configurations. It includes a common master oscillator shared
among the three systems. A first CPA stage is devoted to the amplification of the
pulse at the 1 mJ level, which is required to efficiently pump a PW stage immediately
downstream. The resulting pulse, with typical energy of the order of 10-100uJ, is
then seeded into the main CPA chain. A regenerative amplifier and two multi-pass
amplifiers increase the energy up to about >1 J needed to efficiently seed the first
stages of the three amplification chains.
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10.2.3 Power Amplifiers

The amplification of the pulses generated by the front end is based on chirped pulse
amplification (CPA) in Ti:Sapphire pumped by frequency-doubled, solid-state Nd-
or Yb-based lasers with an emission in the range of 515-532 nm. The basic amplifier
configuration is similar to many of the systems operating worldwide, with the signif-
icant difference of the very high repetition rate of 20-100 Hz compared to the typical
Hz or sub-Hz repetition rate of current petawatt systems. This results in high average
pump power requirements, thus placing a severe thermal load on the amplification
stages.

The thermal load management was therefore the main driver in the design of
the amplification stages, in particular for the cooling strategy. The baseline design
foresees the use of a fluid cooling of the end surfaces of the amplification crystals
shaped as disks, with a relatively large diameter-to-thickness ratio, to provide an
adequately large surface for heat exchange. Water at near room temperature is used as
the cooling fluid, following an approach that was recently proposed in the framework
of the ELI-ALPS developments [222].

Effort was also directed towards the optimisation of the extraction efficiency to
reduce the pump energy needed for a given level of output energy, thus reducing both
the requirements on the pump lasers and the overall thermal load. This optimisation
has been pursued by a careful repartition of the amplification level between the
different amplification stages and by implementing the extraction during pumping
(EDP) method to prevent the build-up of excessive transverse gain and thus the
occurrence of energy losses from transverse parasitic lasing [223,224].

Finally, modularity and scalability were included in the design, conceiving the
amplifiers as a set of amplification modules arranged in different combinations dimen-
sioned to operate at the highest level of performance (P1, see Tab. 10.1), provided
that a sufficient pump pulse energy is available. This approach was deemed as advan-
tageous in view of an industrial development of the system, and of the scaling up
of its performance during the facility lifetime. Following this approach, as shown in
Figure 10.1, the amplification chain of LASER]1 consists of a single amplification
stage (named AMP1). The amplification chain of LASER2 consists of two amplifi-
cation stages, AMP1 and AMP2, the first one having the same design of the single
amplification stage of LASER1 and operating at the same seed pulse energy, pump
energy, and output pulse energy. Finally, LASER3 consists of three amplification
stages (AMP1, AMP2, and AMP3), the first two being identical to LASER2, and
the third one featuring a dedicated design.

10.2.4 Ti:Sapphire Amplifier Structure and Geometry

A dedicated analysis was carried out to define the geometrical layout of the multi-
pass amplifier suitable for the required cooling management. As exposed above, one
of the main outcomes of the conceptual design is that the amplifying crystals need to
be water-cooled with a high flow speed to remove the heat generated by the pumping
process. For this purpose, the amplifying crystals must be shaped as thin disks with a
high diameter-to-thickness ratio. Cooling must be applied on the crystal faces to have
a sufficient heat-exchange surface. To achieve sufficient pump absorption and energy
storage, several disks (2 to 4) must be used in each amplification stage, depending on
the pump energy and repetition rate. To achieve efficient amplification and energy
extraction, the amplified beam must cross the crystal several times, from 4 to 6 passes,
depending on the configuration. As for the cooling strategy, two possible approaches
were considered for the disks: a transmission geometry and a reflection geometry.
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Table 10.2. Amplified beam diameters, Ti:Sapphire crystal diameter and clear aperture
(CA), crystal thickness, and number of passes for the various amplification stages.

Amplifier | Beam FWHM | CA /diameter | Thickness Passes
(mm) (mm) (mm) PO or P1
AMP1 4.5 50/60 6 6/6
AMP2 8 100/120 10 6/6
AMP3 12.8 160/180 16 6/4

In the transmission geometry, the amplifying crystal is water-cooled on both faces,
and both the pump beams and the amplified beam cross the crystal, the water-
cooling flow, and the flow containment windows. This solution has been proposed
and numerically analysed in [222]. It offers a good performance in terms of heat
extraction and allows for the implementation of simpler layouts from the geometrical
point of view, but it presents a potential drawback because the amplified beam crosses
the cooling flow and is potentially subjected to optical aberrations due to turbulences
as the fluid flows at high values of the Reynolds number.

In the reflection geometry, one of the faces of the crystal is highly reflective for the
amplification beam. The amplified beam enters in the crystal from the front face, and
it is reflected back in the incoming direction on the back surface. The same occurs
with the pump beams. The reflective surface is water-cooled, whereas the front face
is uncooled, as shown in Figure 10.2. In this way, the beam path does not cross
the turbulent cooling flow, so no optical aberrations occur. On the other hand, this
arrangement allows for a less favourable surface/volume ratio for cooling and requires
a more complex optical geometry.

Details of the amplifiers in the transmission geometry have been described in a
previous paper [225] [Gizzi 2018]. Both reflection and transmission geometry designs
are still under consideration on the basis of theoretical considerations and simula-
tions, and they will be addressed by suitable pilot studies. The laser modules were
dimensioned by means of numerical simulations using the code MIRO, developed by
CEA [226], using the built-in amplification model for Ti:Sapphire. The simulations
were validated by comparison with real laser systems [224,227]. These case studies
were considered relevant because the operating parameters of these systems are sim-
ilar in terms of pump fluence, single-pass gain, and output energies. As a baseline
design, all the amplifying modules feature a multi-pass amplification architecture
with four passes, depending on the stage.

Transmission Geometry

The structure of the amplifier crystals for the transmission geometry is similar for
all three amplifying stages, and it is shown schematically in Figure 10.3. The gain
length is split into two elements to increase the available cooling surface. For each
surface, the flow of cooling water is contained between the surface of the crystal and
a transparent window made of glass or fused silica. The crystals are surrounded by
a layer of index matching, absorbing fluid to suppress optical feedback from the side
surfaces and prevent parasitic lasing. The size of each crystal of the pair is reported
in Table 10.2.

The thickness of the cooling flow is dictated by fluid-dynamic considerations,
and it is in the range of 5 to 7 mm, regardless of the diameter of the disks. For
the geometrical layout of the amplifiers in the transmission geometry, the classical
bowtie arrangement was adopted. The paths of the various passes of the amplifier are
multiplexed in angle in a plane perpendicular to the crystal faces, as shown in the
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Fig. 10.2. Investigated geometries of the amplifier head with disk gain material and water
cooling. Top: Reflection geometry. Bottom: Transmission geometry.

diagram in Figure 10.3, for a six-pass arrangement (the reduction to the four-pass
case is straightforward). This scheme is common to all the amplifiers (AMP1, AMP2,
AMP3) at both performance levels PO and P1. For increasing the size of the crystals
and cross-section of the beams, the geometry is scaled proportionally, keeping fixed
values for the offset angles.

For increasing the number of passes, the angle of the beam path with respect to
the crystal axes increases from 1.2° (passes 1,2) to 2.4° (passes 3,4) to 3.6° (passes
5,6). To obtain a sufficient separation of the beams at the steering mirrors (i.e. to
avoid mechanical obstructions), the overall length of the system is 4 m for AMP1,
5 m for AMP2, and 8 m for AMP3. Regarding the pump injection path, as said
before, the pulse coming from each pump source must be split into two parts, which
must arrive at the crystal at different times: the first one just before the injection of
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Fig. 10.3. Schematic structure of the twin amplifying crystals in the transmission geome-
try, along with the cooling flow arrangement. Some passes of the pump beams and of the
amplified beam are also shown.

Fig. 10.4. Top view of the general layout of the amplifier crystals for the transmission
geometry for a six-pass arrangement. The red line is the beam path of the amplified beam,
which lies in the x-y plane of the drawing. The numbers exemplify the sequence of passes.
The pump beam’s path is not shown for clarity. The dashed line indicates the axis of the
crystals.

the seed pulse, the second one just before one of the subsequent amplification passes
(the third and fourth depending on the amplification stages).

The recombination of the two sub-pulses on the same beam path after the splitting
was considered technically too complicated as it would require large-aperture active
components, such as Pockel’s cells, with fast-switching capabilities. For this reason,
the sub-pulses will be sent to the Ti:Sapphire crystals along different beam paths
using angular multiplexing, as exemplified in the diagrams below (Fig. 10.5). To
avoid obstruction from the steering optics of the amplified beam, the beam paths for
the pump beams are slanted with respect to the horizontal plane (i.e., the plane of
the amplified beam passes).

Moreover, each sub-pulse is further split into two equal parts before the injection
in the amplifier. The two parts enter the crystals from opposite directions to obtain
a more uniform pump density distribution needed to mitigate parasitic lasing effects.
Two passes of the pump beam across the crystals are needed to roughly obtain
complete pump absorption.

It must be noted that the diagram of Figure 10.5 shows the beam path for the
pulse generated by a single pump source. The different stages are pumped by at least
two and up to eight individual pump sources. This requires four to sixteen separated
pump beam paths with different incidence angles at different offsets in the horizontal
and vertical planes. The transverse size (i.e. along the y-axis of Figs. 10.4 and 10.5)
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Fig. 10.5. Beam paths for the injection in the Ti:Sapphire crystals. The upper frame shows
the top view, evidencing the beam paths for the first (green line) and for the second (yellow
line) delayed pump sub-pulses. The lower frame shows the side view, evidencing the angular
offset in the vertical direction of the pump beam paths. The path and the steering mirrors
for the amplified beam are also shown (red line).

of the amplifiers is determined by the pump injection beam paths, and it can be
estimated to be about 1 m for AMP1 and AMP2 and 1.5 m for AMP3. Overall, the
footprint of the amplification stages is about 4m? for AMP1, 5m? for AMP2, and
12m? for AMP3.

Reflection Geometry

The most challenging performance is set by AMP3, which is the amplifying module
running at the highest energy and power level and therefore requiring a demanding
design of the thermal management. In our design, the unit consists of three equal
amplification disks. The main parameters are reported in Table 10.3 for the perfor-
mance levels PO and P1. A possible geometrical layout of the disk arrangement is
shown in Figure 10.6, which depicts separately the amplified beam path (left) and
the pump beam path (right). The seed pulse enters the first disk of the chain, and
it is routed to the second and third disks by a suitable steering mirror arrangement.
After a first pass along the disk sequence, the pulse travels along a delay line, and
then it is sent backward along the chain, meeting the three disks in reverse order.
Angular multiplexing is used to separate the forward and the backward beam paths.

The three disks are pumped with the same amount of energy, equally distributed
from the same pump pulse by the two beam splitters of Figure 10.6. On each disk, the
pump pulse is partially absorbed on the first two passes and then reflected back on
the disks for two further passes to achieve almost complete energy absorption. The
path of the pump beams is slanted in the vertical (z) with respect to the horizontal
(x-y) plane to avoid obstruction by the steering mirrors for the amplified beam. The
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Table 10.3. Main design and operational parameter for the amplifier AMP3 in the reflection
configuration.

Parameter PO P1
Crystal diameter (cm) 16 16
Crystal clear aperture (cm) 13.2 13.2
Crystal thickness (mm) 10.7 10.7
Crystal doping (% Wt) 0.045 | 0.045
Beam diameter FWHM (cm) | 12 13
Pump beam energy (J) 109 198
Seed pulse energy (J) 18.8 37.5
Output pulse energy (J) 62 126.7
Pulse bandwidth (FWHM) 27 23

distance between the steering mirrors and the Ti:Sa disks is about 4 m, and the
angles of the amplified beam path with respect to the normal to the disks’ surface
are 1.2° and 2.4°.

The pump beam path includes suitable delay lines so that the arrival of the
pump pulse on each disk is synchronised with the arrival of the amplified pulse.
The extraction during pumping (EDP) strategy can be implemented by temporal
multiplexing; through a proper synchronisation between the injection of the seed
pulse and that of the pump pulse, the amplification on the first reflection on each
disk can be made to occur when only the desired fraction of the pump energy has
been absorbed, leaving the remaining part available for the next pass. To obtain this
result on all disks, the transit time of the pump pulse from one disk to the next one
must match the transit time of the amplified pulse, hence the need for delay lines on
the pump beam path. This is shown in the diagram of Figure 10.7, which represents
the time of arrival of the amplified pulses, of the pump pulses, and of the stored
energy in each disk.

Fluid-Cooling Simulations

A simulation of the temperature distribution and of the thermomechanical stresses
affecting the amplifier disks was carried out by means of a finite element analy-
sis (FEA) software available in a commercial software package, i.e. LAS-CAD (ver.
3.6.1), developed by LAS-CAD GmbH (www.las-cad.com). The FEA thermal mod-
elling was used to calculate the spatial temperature distribution in the gain material
resulting from the heat input given the pump absorption and from the cooling at
the surfaces. The stress mechanical modelling was then used to calculate the stress
distribution and the deformation distribution in the crystal, induced by the thermal
expansion. This allowed for the calculation of the thermal aberrations computing
the optical path difference (OPD) distribution across the crystal aperture, resulting
from the variation in the optical path length due to the variation of the refractive
index with temperature integrated along the crystal length and the variation in the
crystal thickness due to thermal expansion and thermally induced stresses. Ther-
mally induced birefringence [229] was not considered, and the dependence of the
thermal and mechanical parameters of the Ti:Sapphire from the temperature was
neglected, as well as the slight anisotropy of some parameters in the orientation
with respect to the crystalline axes. Detailed results of this approach are described
in [225]. A key point to obtain meaningful results from the FEA simulations out-
lined above is the modelling of the heat exchange between the solid and the fluid.
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Fig. 10.6. Top view of the seed beam path through the sequence of Ti:Sapphire disks (top).
Side view of the pump beam through the sequence of Ti:Sapphire disks (middle). Top view
of the combined seed and pump layout (bottom) [228].

In these simulations, the heat exchange between the fluid and the solid was mod-
elled by means of a film coefficient k=Q/AT, where AT is the local difference of
temperature between the solid surface and the fluid and Q is the power per unit
surface transferred from the solid to the fluid. This is an approximated approach yet
very effective to reduce the computational effort to acceptable levels, in particular
when full 3D problems are modelled. The heat transfer process between the fluid
and the solid was studied by means of dedicated fluid-dynamical simulations in 2D
geometry, to obtain reliable values for the heat transfer coefficient used in the full
3D simulation. The computational method was a numerical solution of the Navier—
Stokes equations for mass and energy transport, using the so-called Low Reynolds
k- method capable of a quite accurate simulation of the behaviour of the fluid—solid
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Fig. 10.7. Overview of the synchronisation scheme for the implementation of the EDP
strategy. The red peaks represent the amplified pulses, the green trapezoids represent the
pump pulses, and the dashed line is the stored energy. The time is the pulse transit time
from one disk to the other (24 ns for AMP3). The fraction of stored energy f1 / {2 available
for the amplification on the first/second transit can be adjusted by finely tuning the delay
between the arrival of the amplified pulse and the pump pulse on each disk [228].

interface layer with a reasonable computational effort. The fluid-dynamics simula-
tions were carried out using a commercial software package (COMSOL Multiphysics
Version 5.3a). An example of these simulations is shown in Figure 10.8 depicting the
fluid flow in contact with the back (reflective) surface of the disks. The calculated
temperature distribution of the boundary layer of the water flow in contact with the
Ti:Sapphire surface is shown in Figure 10.9. It depicts the temperature profile at
the heated interface calculated for different flow speeds at a constant heat input of
25 W /cm?. Under fully developed heat-transfer conditions, the temperature increase
in the surface is about spatially proportional to the heat input. This allows for the
calculation of an effective film coefficient as k=Q/AT (where Q is the heat input
in W/cm? and AT is the temperature increase with respect to unperturbed fluid),
which expresses the cooling capability of the fluid flow. The effective film coefficient
was found to be independent from the heat input and proportional to the flow speed
(proportionality constant of about 0.04J cm~2). The simulations show that with the
channel configuration presented in Figure 10.8 (i.e. parallel walls), only a very thin
layer of fluid near the surface is actually involved in the heat-exchange process. To
improve the cooling performance, other channel configurations were studied with
ridges meant to enhance the fluid turbulence and increase the heat exchange. An
example is shown in Figure 10.10. The channel profile of Figure 10.8 was modified
by introducing triangular protrusions on the upper wall (height 2 mm, base 4 mm,
spaced by 10 mm). The fluid speed distribution shows strong turbulence caused by
the unevenness of the upper channel wall, which stirs the water, locally increases the
fluid velocity up to about two times the input velocity, and improves the heat transfer
from the lower surface. As a result, the temperature increase in the heated surface is
significantly lower (more than a factor of 2) than in the case of the smooth channel
for the same heat-input conditions. This results in a roughly threefold increase in the
film coefficient k. Such a configuration can be applied for the cooling of the disks in
the reflection configuration as the back face of the cooling channel is not crossed by
the light beams, so it can be shaped to optimise heat-exchange processes.
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Fig. 10.9. Left: Temperature profile along the Ti:Sapphire crystal surface for different flow
speeds, at a heat input of 25 W/cm?, with an input temperature of 288.15 K (15°C). Right:
Effective film coefficient calculated for various flow speeds and heat input values.

10.2.5 Pump Lasers

Pump laser requirements are a critical aspect of our design. Our approach was to
minimise pump laser needs while optimising extraction efficiency and relying on effi-
cient transport and compressor throughput and optimised second harmonic conver-
sion efficiency of pump lasers. The compressor throughput was assumed to be 80%,
achievable with a single grating reflectivity better than 95%. Such a value is not far
from current commercial grating technology [230] providing dielectric or gold-coated
gratings with demonstrated reflectivity between 90% and 94% at 800 nm. We also
assumed a conversion efficiency from 1 ym pump energy to 0.5 um of 70%, a con-
servative value if compared to the 80% conversion efficiency demonstrated recently
[231]. Based on these assumptions, we obtain average IR pump power requirements
ranging from 0.5 kW for the first amplifier module AMP1 at 20 Hz to approximately
30 kW for the last amplifier module AMP3 at 100 Hz. The corresponding total pulse
energies at 0.5 pym range from 20 J to 200 J, resulting in an IR pump pulse energy
ranging from 27 J to 280 J.

The choice of suitable pump lasers capable of delivering these performances was
based on an extensive evaluation of currently available technologies. A detailed analy-
sis of potentially suitable pumping technologies was included in the previous technol-
ogy survey [221]. Moreover, a similar analysis was carried out in the framework of the
k-BELLA project [232]. These investigations consistently suggest that diode-pumped
Yh-based systems are emerging as candidates to sustain the envisaged average power.
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Fig. 10.10. Top: Fluid velocity distribution in the cooling channel, with triangular ridges
on the upper wall. The thickness of the channel between the ridges is 7 mm, with an input
flow speed of 6ms™*. The position of the Ti:Sapphire crystal is shown for clarity, but it
is considered in the thermal simulation only as a thermal boundary condition for the fluid
flow (constant surface heat flux). Bottom: Temperature profile along the channel position
at the interface between the fluid and the Ti:Sapphire for the case of the smooth channel
(blue line) and for the case of the ridged channel (red line). The other conditions of the
simulation are the same [228].

At the same time, Nd-based systems also proved to be capable of rep-rated operation
at average power levels relevant for our aims. At this stage, we can identify three dif-
ferent pumping systems and technologies for the three EuPRAXIA lasers, all based
on diode pumping or adaptable to diode pumping and all having been demonstrated
at a sufficient average power level to give confidence on their readiness. A detailed
description of pump laser technology is given in Section 32.3.

10.2.6 Transport to Plasma

This section is dedicated to the beam transport from the last amplifier output towards
the plasma cell. The equipment that will be installed for each laser includes the
following;:

— a deformable mirror (DFM) to ensure a good wavefront phase at the input of the
compressors and to be sure to be able to reach the required pulse duration;

— a telescope with a pinhole to act as a spatial filter for high frequencies coming
from the Ti:Sa crystals [this will expand the beam to the required beam diameter
at the compressors to respect the laser induced damage threshold (LIDT) of the
gratings and relay the image plane of the deformable mirror into the compressor];

— a change polarisation system, if needed, depending on the technology of the
gratings;
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— a compressor to reach the required pulse duration;

— a series of mirrors to transport the beam from the output of the compressor to
the final focussing optic; and

— a focussing optic, the focal length of which will be calculated to meet the ag
required on target, taking into account the beam profile, the energy, and the
pulse duration.

From each amplifier section, we will arrive with an average power for the P1 level of
the following;:

— LASERI: 1.2 kW (12 J @ 100 Hz), needed 20 fs after compression (62 nm band-
width), spectral acceptance required: 140 nm

— LASER2: 4 kW (40 J @ 100Hz), needed 20 fs after compression (62 nm band-
width), spectral acceptance required: 140 nm

— LASER3: 13 kW (130 J @ 100 Hz), needed 60 fs after compression (23 nm band-
width), spectral acceptance required: 60 nm

For the deformable mirror (DFM), we can use a DFM based on the mechanical
actuator principle. Mechanical actuators use macroscopic part displacements, which
create a change of the force applied on the back of the DFM. This change of the
applied force creates a nanometric displacement of the front surface of the mirror. In
this way, a macroscopic displacement is converted into a microscopic change of the
mirror’s surface shape. However, this technology is today limited in repetition rate,
and since we will have probably some thermal effects in the membrane of the DFM, it
will be needed to cool down. Today there is very limited work carried out on cooling
down a membrane linked to actuators. The beam diameter on these DFMs will be,
respectively, 4.5 cm for LASER1, 8 cm for LASER2, and 12 cm for LASER3.

The beam diameter in the compressor for each laser is determined by the laser
induced damage threshold (LIDT) of the gratings. This LIDT depends on the gratings
technology, but it is around 250 mJ cm 2. As we know that we will have modulations
in the beam profile and temporal spatial modulations, we will consider a mean fluence
of 100mJcm™2. Once we have determined a range of possible beam diameters, we
have to check that the intensity on the gratings remains below 1 x 10* W cm~2. Then
we have to check that the size of the gratings is compatible with existing technology,
since we do not want to tail the gratings, as is done on PETAL, because of the
difficulty in operating for pulse durations under 100 fs. Following this process, we
have determined that the beam size (FWHM) in the compressor will be 12 cm for
LASER1, 19.5 cm for LASER2, and 34 cm for LASER3.

With this size, it is easy to design the spatial filter. The spatial filters would be
set up with a 45° off-axis parabola in a Z-configuration for LASER1 and LASER2
since the pulse duration is below 30 fs and chromatism will be of importance. For
LASERS, refractive optics (doublet) can be used.

For the compressor configuration, we have to take into account the compression
ratio, and the size of the vacuum vessel that will keep the gratings under 1 x 1075
to 1 x 10~%mbar. Doing so, we have chosen for the three lasers a two-gratings com-
pressor folded by a vertical retro-reflector with gold gratings with 14801/mm. This
design leads to a very compact compressor with a size of around 1x1x1 m? for
LASERI, 1.5x1.5x2 m? for LASER2, and 1.5x1.5x2.5 m?® for LASER3. However,
for LASER2 and LASER3, a design with four gratings will have to be considered
if thermal studies show that the heating in the gratings is too dominant, even if
we envisage to cool them down. Considering the material for the gratings, we stay
with gold gratings for now as a fallback solution. Indeed, MMLD and MD gratings
could be a good solution, but we do not have enough experience on their LIDT. MLD
could also be an interesting option if a large-enough bandwidth can be demonstrated,
especially for LASER3, where the pulse duration is 60 fs and, for some acceleration
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schemes, may rise up to 100 fs. Using MLD gratings will avoid having to turn the
polarisation between the amplifiers and the compressor. It should also be noted that
for LASER1, we could increase the size of the beam to reduce the average intensity
under 10 W/cm? and avoid the necessity of cooling down the gratings.

Concerning the beam transport and the focussing system to reach the plasma tar-
get, the main requirements are the transmission, pointing stability, and intensity at
the target. The transmission has to be 83% for LASER1, 88% for LASER2, and 89%
for LASER3. For the transmission, we have to take into account the energy directly
in the spot on target. Some recent results require a reassessment of the need of a
second deformable mirror on this transport line (publication in preparation). Indeed,
the results showed that the impact of wavefront correction with a deformable mir-
ror before the compressor to get a focal spot in the target chamber with a Strehl
ratio better than 0.85 is less than 1 fs on the pulse duration after compression. It
is to be noticed that in existing facilities currently operated and working on plasma
acceleration, there is typically only one deformable mirror placed before compression
(BELLA, APOLLON). However, not having a deformable mirror after the compres-
sion would make it impossible to shape the focal spot as needed for specific appli-
cations. Another point is that a Strehl ratio of 0.85, an already very good value, is
not sufficient to reach the required 83-89 % transmission. Further studies will thus
be necessary on this point to decide whether or not a second deformable mirror is
necessary. For the following sections, we will consider a Strehl ratio of 0.9, which
has been demonstrated at several existing facilities. In this case, the transmission of
the other mirrors and the focussing system has to be 92% for LASER1, 97.8% for
LASER2, and 98.9% for LASERS3.

Given the laser energy and pulse duration, the focal spot size has to be 15 pum for
LASER1, 33 pm for LASER2, and 130 pm for LASER3. To reach such spot sizes, the
focussing system has to have an equivalent focal length of 3.5 m for LASER1, 9 m for
LASER2, and 75 m for LASER3. For LASER1 and LASER2, our preferred design
is to use an off-axis parabola. The axis could go from 10° to 45°, keeping in mind
that the larger the angle is, the more expensive the parabola becomes. The off-axis
parabola will be defined once the layout of the laser and the target chamber (with all
the laser and electrons diagnostics) is established. In this way, it will be possible, with
three mirrors and the focussing parabola, to reach the required transmission with a
reflectivity of 99.4%. For LASER2, because the parabola is too expensive, we may
envisage a telescope with a flat pinhole mirror and an on-axis parabola (or an on-axis
spherical mirror for reduced cost). Another reason to envisage another design could be
the footprint of the system which will be higher with an off-axis parabola. However,
using a flat mirror with a pinhole would decrease the transmission of the system by
about 6%, meaning that the desired 97.8% transmission cannot be reached and that
less than 30 J pulse energy reaches the target. For LASER3, if we want to keep the
design compact and cheap, we may have to change the optical system to focus the
beam, except if the beam path is along the beamlines. If not, it is suggested to use a
zoom design with spherical concentric mirrors. This design has the advantage of being
very compact, but a lot of energy is lost because of the secondary mirror (around
15%). Thus, for this design, we will need to increase the energy at the output of the
amplifier, which is not desirable since it will increase the average power. Another way
could be to envisage a different design for the gas jet, e.g. to not use a capillary and
decrease the spot size to reduce the focal length. More detailed studies for optimising
and testing this aspect are planned during the technical design phase.

Finally, regarding stabilisation, an active system will not be easy to implement
since it will require either to tip-tilt a big and heavy mirror at a high repetition rate
or to tip-tilt a small mirror, the image of which is placed through the optical system
of all laser beamlines on the target. Alternatively, we envisage passive stabilisation as
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an option. Besides the current techniques to minimise instabilities from mechanical
parts, a new technology could allow the gain of one order of magnitude on the stability
by dumping the mechanical deformation and transforming it into thermal energy.
This technique has been demonstrated by CEA and the company ISP but so far only
for operation in air. The development of this technique to work under vacuum is also
planned. Additionally, LULI and UNIMI have developed a new apparatus to measure
mechanical instabilities over a range of 0.1 Hz to MHz to detect instabilities of the
order of 100 nrad [233]. This diagnostic will need to be implemented in the transport
section and the nearby focal spot region.

10.2.7 Development Paths

With the high average power required by systems like the EuPRAXIA laser, both
the optical-to-optical and the overall wall-plug efficiency of the laser system become
increasingly important; the laser cooling capacity and complexity of the laser ampli-
fier design scales with the amount of energy directly converted into heat in the laser
gain medium. The output energy of a pulsed diode-pumped laser system can be
written as follows:

Eout - Ezn = Lelec NIDC NP MEO NPT Nabs"IQE MQD TdecayText TTMO Ttrans, (101)

where Fgj. is the electrical input energy, npc is the overall efficiency of the laser
diode power supply, np is the efficiency of the pulse forming network for pulsed laser
diodes (if applicable), ngo is the electrical-to-optical efficiency of the laser diode
arrays, npr is the pump light transfer efficiency to the amplifier gain medium, 745
is the gain medium absorption efficiency, ngg is the quantum efficiency (QE, the
number of upper laser-level ions produced for each pump-laser photon absorbed by
the active ions), ngp is the laser gain medium quantum defect efficiency, ngecqy is the
decay efficiency, defined as the fraction of the excited upper-state population that
remains when the extraction pulse arrives, 7.,: is the fraction of the excited-state
population that is extracted on each pulse, ny/0 is the pump-to-extraction mode-
coupling efficiency, and 7.4 is the passive optical system transmission efficiency.
For architectures that rely on laser-pumped lasers (e.g., Nd:YAG-pumped Ti:Sa sys-
tems), efficiencies for each laser frequency converter and optical transfer must be
included and eventually become a limiting factor because of prohibitive electricity
requirements. For this reason, our baseline Ti:Sa design is accurately designed, adopt-
ing the most effective strategies to minimise power needs to acceptable levels while
providing a viable solution compatible with EuPRAXIA’s construction timeframe.

On the other hand, in view of an evolutionary infrastructure design, we also
consider the possibility of extending laser performances, e.g. increasing the repetition
rate to the kHz level, further improving efficiency and enabling a long-term use of the
facility. In this perspective, one way to reduce electricity power needs is to replace the
two-step DPSSL-laser-pumped laser architecture with a single-step DPSSL-pumped
architecture using lasing materials that can be pumped directly with diodes. This
direct CPA option would ideally provide high wall-plug efficiency, lower complexity,
dramatically lower thermal loading, and improved mean time to failure.

Indeed, in a comparison of system efficiency for a CW-diode-pumped direct CPA
laser system vs. a diode-pumped indirect CPA laser system, the energy losses per
joule of output energy are shown in Figure 10.11, where estimated losses have been
grouped into logical categories to emphasise waste heat pathways. Finally, to calcu-
late the overall wall-plug efficiency of the laser, the power consumption of the laser
support systems (e.g. cooling and the laser control system) must be factored in. It
is important to note that the cooling system size and cost, power consumption, and
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Fig. 10.11. Wall-plug efficiency comparison between direct CPA (here: Multi-Pulse-
Extraction, Big Aperture Thulium (BAT) laser architecture utilising multi-pulse extrac-
tion), a pulsed, diode-pumped, indirect CPA system (here based on Nd:glass-pumped Ti:Sa)
and a flashlamp-pumped Ti:Sa (image credits: C. Siders, European Advanced Accelerator
Concepts Workshop 2017).

overall contribution to the system wall-plug efficiency scale with the waste heat to
output energy ratio.

This possibility was, in fact, examined within Work Package 4 of the EuPRAXIA
project and is discussed in further detail in Section 7.2. It is, in particular, emphasised
that besides Ti:Sa technology, an alternative/complementary configuration involves
direct CPA with mixed glass or other materials, directly pumped with semiconductor
lasers. Several issues, mainly concerning the available gain bandwidth, prevented
these architectures from developing at a level to compete with Ti:Sa technology.
However, since then, significant innovation has been shown in this area of direct
CPA, successfully addressing key uncertainties and significantly mitigating the risk
of this approach for EuPRAXIA. In addition to the technology platform discussed
in the Section 7.2, we outline here an additional possible solution based on Tm:YLF
as a paradigmatic approach to the EuPRAXIA development path towards a higher
repetition-rate laser driver solution.

A careful analysis of factors introduced above, determining the final output laser
energy, identifies Tm:YLF as a laser amplifier medium with specifications compat-
ible with a long-term solution for an efficient laser wakefield driver. As shown in
Figure 10.12, Thulium (Tm)-doped gain media offer a significant lifetime advantage
over the well-established Yb-doped materials traditionally used for diode-pumped
fiber and bulk systems [234].

Interestingly, Tm multi-pulse extraction becomes efficient at repetition rates
>1kHz, making it a well-matched evolutionary solution beyond the 100 Hz limit
of Ti:Sa-based architectures.

A key requirement for Tm-based concepts to be relevant for sub-100-fs applica-
tions is clearly the gain bandwidth of Tm in the chosen laser host material — that must
be >100 nm — which is satisfied by most of the host materials considered. Among the
relevant host materials, YLF offers several attractive properties, including a negative
dn/dT, low linear and non-linear refractive indices, and natural birefringence. These
properties support laser architectures that exhibit high-fidelity laser pulses with very
low non-linear phase accumulation, low wavefront aberration, and high polarisation
purity at very high average power (up to hundreds of kW).

Tm is characterised by a long upper-state lifetime (15 ms), and above all, Tm
can easily be pumped with commercially available, technologically mature, high-
brightness, continuous-wave laser diodes that operate at 800 nm. CW pumping of the
gain material eliminates laser diode pulse-forming networks (pulsers) and associated
electrical losses. Furthermore, the overall brightness requirement is reduced given the
longer time available for storing the pump energy in the gain media. Because of the
well-known cross-relaxation process, pumping in the ~800 nm band yields approx-
imately two excited state ions per pump photon, resulting in an effective quantum
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Fig. 10.12. Extraction efficiency (stimulated emission rate divided by the sum of stimulated
emission rate and spontaneous decay rate). In multi-pulse extraction, higher repetition rates
(while maintaining the extraction fluence) are beneficial to the overall wall-plug efficiency
[234].

defect of ~84% (depending on doping), so only 16% of the pump energy is converted
to heat [235,236]. Therefore, the quantum defect for Tm lasers is comparable to the
quantum defect for Nd lasers. Furthermore, Tm:YLF is commercially available in
boule sizes consistent with 300 kW average-power operation of 30 J, compressed at
10kHz, or up to 160 J at lower repetition rates.

A novel aspect of the Tm dopant in YLF is the lasing wavelength of ~1.9 pm.
Considering that most of the experimental work carried out so far in the laser-plasma
acceleration of electrons was driven by the availability of intense radiation from Ti:Sa
systems at 800 nm, the possibility of using 1.9 um calls for an exploration of the
wavelength-scaling properties of candidate acceleration and injection schemes. Pre-
liminary considerations emerged from the EuPRAXIA community, in particular from
the theory and modelling work package, and indicate that while the change of wave-
length may have a major impact on current models, no obvious drawbacks exist, and
some benefits related to the longer wavelength may arise.

10.2.8 Risk-Mitigating Solutions

The current laser conceptual design builds mostly on high technical readiness level
(TRL) components. A full technical design will, however, need some targeted work
to address open issues, currently in the development stage at leading institutions of
the EuPRAXIA collaboration. This will ensure that progress in the respective areas
is immediately reflected in the design work.
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Prototyping of Ti:Sa Amplifiers

As discussed above, the EuPRAXIA preliminary laser driver design is foreseen to con-
sist of a Ti:Sa main amplifier pumped by frequency-doubled DPSSL-pumped lasers.
A preliminary development of all components is needed prior to the definition of
the architecture of the Ti:Sa amplifier head. R&D is crucial for the definition of the
design of the main amplifier(s), the testing of key components and the prototype
demonstration using established expertise at existing facilities and in collaboration
with industry (e.g. Amplitude and Thales). A definition of the preliminary architec-
ture of a Ti:Sa amplifier head based on scaled but similar systems will be developed
using numerical simulations to address thermal management and reach a stable con-
figuration for the baseline EuPRAXIA parameters.

A risk-mitigating solution here includes building a prototype of this system to
validate numerical modelling. This will be done in close collaboration with laser
developer groups involved in EuPRAXIA Work Package 4, using existing equipment
with the partial integration of EuPRAXIA-specific components. This activity will
provide details of the architecture of the baseline laser for EuPRAXIA to be included
in the final laser design. At the same time, it will help to make a robust assessment
of the possibility of reaching the higher repetion rate (100 Hz) expected for the goal
of the laser configuration.

Addressing 100 Hz Pump Laser Developments

Demonstrated DPSSL laser technology is already capable of providing kW-scale sys-
tems at 10 Hz. With moderate additional investment in R&D, the pump light required
for LASER3 at PO can be delivered by a reduced number of units, such as the
DiPOLE 100 (from the Central Laser Facility, UK) or the P60 (from Amplitude
Technologies, France) systems, possibly scaled to the 20 Hz repetition rate required
by the PO specification level. Delivering pump pulses at 100 Hz for the >100 J energy
level design should be feasible, but is likely to be very costly given the large number
of laser systems required or would require the timely introduction and qualification
of alternative higher performance diode laser technology. In view of these consid-
erations, both new diode laser pump approaches (such as alternative cooling and
diode laser technology) and also new amplifier approaches (such as liquid cooling
and room-temperature operation) should be considered.

Alternative amplifier concepts, such as BAT, will also require the timely intro-
duction of new diode laser pumps at a potential cost in overall performance and
commercial availability. These new approaches will require substantial R&D invest-
ment and have the potential to significantly reduce the number of lasers and therefore
the cost required for a given amount of average power. This is a high-priority task
that will require the EuPRAXIA laser community to promote and support necessary
developments at participating laboratories and in cooperation with industry.

Thermal Management of Compressor Gratings

As discussed above, the laser drivers for the EuPRAXIA accelerator will need to
operate at a high repetition rate between 20 Hz and 100 Hz with the goal of industrial
beam quality in mind. Higher laser repetition rates will allow for an increase in
stability in operation parameters and enable feedback loops for active monitoring
and control not only for the laser system itself but also for enabling feedback loops
and active control over parameters in the electron-generating plasma stage. In today’s
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laser-plasma acceleration experiments, the repetition rate is practically limited to a
fraction of 1 Hz. One crucial limiting factor is the performance of the laser compressor
gratings, which includes the yet not fully understood limitations due to laser-induced
single-shot catastrophic damage threshold, limitations in average power, and thermal
management of the gratings required for long-term operation. These are all issues that
need to be fully understood and controlled to enable the driver laser for EuPRAXIA.
A detailed design study for the modelling of the thermal properties of the EuPRAXIA
laser compressor under high-average-power operation will help us to define the most
crucial technical bottlenecks and assist us in the preparation of an experimental
campaign which will reveal the parameters for safe operation at high repetition rates
and high average powers.

A preliminary indication of the steps to be followed to mitigate the risk includes
the modelling of the thermal effects and their impact on compression using estab-
lished modelling capabilities at existing partner institutes, tests at existing facilities
to compare with models, and the design of a new setup to manage the thermal load,
including options for a suitable new gratings design (without gold and metal). Fol-
lowing this path, the goal of reliably determining the configuration for the operation
of the EuPRAXIA laser compressor will be safely achieved.

Stability and Active Control

As specified in the requirement tables, EuPRAXIA will require an outstanding sta-
bility of the laser driver beam spatial properties, including in terms of beam pointing,
intensity distribution in the focal spot, longitudinal focal spot position, etc. Current
standard laboratory LPA systems exhibit moderate to poor stability specifications,
and depending on the specific system architecture, special measures are required to
enable any sort of repetitive operation. Knowledge concerning current state-of-the-art
laser parameter stability is needed to develop novel control and correction schemes
to reach EuPRAXIA requirements, including dedicated development activities for
the design, implementation, and testing of diagnostic and control systems as well as
active stabilisation systems as required. These activities are crucial to the definition
of the interface between the laser system and the plasma stage, where laser coupling
with the target plasma is being optimised.

Driver Pulse Temporal Shaping and Synchronisation

The control of temporal issues of the laser pulse — e.g. multi-pulse (pulse train)
development, laser pulse contrast, and chirped pulse control for the delivery of 100 fs
pulses — are aspects relevant for laser-driven plasma acceleration. Multi-pulse oper-
ation is explored as a way to efficiently drive plasma waves, relying on the use of
a train of moderate-intensity ultra-short pulses. This is foreseen as an alternative
to current schemes based on a single high-intensity laser pulse and would allow
advanced schemes based on ionisation injection to be investigated, potentially pro-
viding injection stages delivering bunches with very low energy spread and ultra-low
emittance. The aim here is to investigate the generation of a train of ultra-short
pulses, with 100 fs delays to one another, starting from a single ultra-short pulse and
relying on easy-to-implement optical schemes, e.g. wave-front division. The design
and prototyping of time-manipulation techniques, including testing at existing facili-
ties at EuPRAXTIA-participating institutions, are being planned. Available and novel
schemes for multi-pulse operation will be designed and tested, including interac-
tion with plasmas to demonstrate effectiveness. Pulse stretching will be explored
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for the delivery on target of longer pulses, and plasma interaction models will be
implemented in LWFA experiments under scaled conditions to test numerical mod-
els. Finally, temporal contrast at different time-scales will be tested at existing labs,
and a comprehensive set of values will be given for the stability of such parameters.
Where required, the implementation of established or newly developed temporal con-
trast control techniques will be taken into account to meet additional EuPRAXIA
requirements, especially for what concerns the use of high-contrast lasers for solid
target interactions and the control of pre-ionisation in gases. These activities are
crucial to the definition of the interface between the laser system and the plasma
stage, where laser coupling with the target plasma is being optimised.

10.3 Conclusion

The first generation of high-quality laser-plasma accelerator designs is progressing
rapidly towards a user infrastructure and needs a new generation of ultra-short pulse
laser drivers with high average power and high stability. A range of candidate technol-
ogy paths are being considered and developed according to the timescales available
for implementation and the required driver performance. A step-like evolution of a
widely explored Ti:Sa based system is proposed as a viable short-term solution for
kW-scale drivers with a repetition rate of up to 100 Hz. The proposed system will
enable a robust operation of the EuPRAXIA facility, establishing plasma acceleration
technologies at an industrial level. As for higher repetition-rate (kHz and beyond),
higher average-power (10 kW and beyond) solutions, these will build on highly effi-
cient direct DPSS CPA laser technologies.

11 Laser Control-Command System
11.1 Introduction

This chapter gives an overview of the control-command system for the laser system,
keeping in mind that it will have to be interfaced with the control-command of the
EuPRAXIA facility. The design will evolve in the future with the definition of the
control-command system of the EuPRAXIA facility and with the definition of the
laser system itself. More general aspects on machine operation, data management,
and safety are described in Sections 5.3, 3.5, and 27.1, respectively. Aspects of the
control-command system specific to the parti