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Abstract

Due to their ultra-high accelerating gradients, combined with injection inside micron-scale
accelerating wakefield buckets, plasma-based accelerators hold great potential to drive a new
generation of Free-Electron Lasers (FELs). Indeed, the first demonstration of plasma-driven
FEL gain was recently reported, representing a major milestone for the field [1]. Several groups
around the world are pursuing these novel light sources, with methodology varying in the use
of wakefield driver (laser-driven or beam-driven), plasma structure, phase-space manipulation,
beamline design, and undulator technology, among others. This manuscript presents our best
attempt to provide a comprehensive overview of the global community efforts towards plasma-
based FEL research and development.
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1 Introduction

In plasma-based accelerators, the ionized plasma in a gas cell or gas jet can sustain ultra-high
accelerating fields of order 10-100 GV/m, which is 2-3 orders of magnitude larger than in conven-
tional RF-based accelerators. It is this high field that enables acceleration by multi-GeV energies in
centimeter-scale plasmas. At densities of order 1015− 1018 cm−3, the plasma wakefield can be best
described as having a longitudinally-oscillating density profile at the plasma wavelength λp, trailing
a driver that propagates close to the vacuum speed of light. Here λ [µm] = 33/

√
n [1018 cm−3],

which reveals the scale length of the wakefield period to be of order 100 µm. The rapid acceleration
of background-injected electrons to relativistic energies, inside the micron-sized structured plasma
environment, allows the trapped electron beam to remain short, dense, and free of significant
space-charge-driven emittance degradation. These high-brightness beams position plasma-based
accelerators well as enabler of the advanced-accelerator free-electron laser (FEL).

The driver of the plasma wakefield can either be (i) an ultra-intense laser pulse [2, 3], at
tens of fs duration and focused to ∼ 20 µm spot sizes to reach 1018 W/cm2 laser intensities, or
(ii) a dense relativistic electron beam, also of sub-ps duration and kA-level peak current [4, 5,
6]. Differences exist between these so-called laser-driven and beam-driven wakefield accelerator
concepts, such as facility requirements, intrinsic driver-wakefield dephasing limitation, and driver
guiding conditions, but the core concepts of wakefield structure, background electron injection
physics, and the subsequent production of high-quality electron beams share many similarities
between the two approaches.

The quality of the electron beams can be assessed based on the six-dimensional phase space,
including final energy, energy spread, charge, bunch length, beam divergence, transverse source
size, repetition rate, as well as long-term and shot-to-shot stability. For laser-driven wakefield
accelerators (LWFAs), energies up to 8 GeV energy gain have been reported [7], as well as per-mille
level energy spread [8], 10-100 pC charge, few-fs beam duration [9], sub-mrad divergence, few-µm
source size [10], and repetition rates up to 10 Hz (and planned for kHz). For beam-driven wakefield
accelerators (PWFAs), energies up to 84 GeV (42 GeV energy gain) have been reported [11], as
well as per-mille-level energy spread [12, 13], 10-100 pC charge, tens of fs beam duration [14, 15],
µm-level normalized emittance [16], 10 µm level source size, and few Hz repetition rates. With
these properties already having been demonstrated, there are a growing number of experimental
programs interested in using these electron beams to drive next-generation light sources. In this
paper we discuss the status and prospects of the existing facilities and university groups that are
actively pursuing plasma-accelerator-driven light source development on the path towards an X-ray
Free- Electron Laser (XFEL).

The quality of the plasma-accelerated electron beams driving the FEL process is essential for
determining the properties of the emitted FEL radiation. Many of these properties are described
by the 1D model of the FEL interaction and are related to the Pierce parameter ρ [17]:

ρ =

(
1

16

Q/τ

IA

K2
0 [JJ ]2

γ3σ2rk
2
u

)1/3

(1)

with Q the beam charge, τ the beam duration (such that I = Q/τ represents the beam current),
IA ≈ 17 kA the Alfvén current, e the unit of charge, c the vacuum speed of light, [JJ ] a K-
dependent parameter of order unity, σr the transverse electron beam size, and λu = 2π/ku the
undulator period. The Pierce parameter determines the 1D gain length, which in turn can be
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COXINEL DESY - LUX SIOM LBNL - BELLA

Charge Density [pC/MeV] 0.5 4 1.5 2

Repetition Rate [Hz] 1-10 1 1-5 5

Mean Energy [GeV] 0.18-0.4 0.3 0.84 0.1-0.3

Slice Energy Spread RMS [%] NA 0.5 0.24-0.4 0.2-1

Charge [pC] NA 50 8-25 25

Emittance [mm-mrad] 1 1.5 (horz.) 0.3 (vert.) 0.4 0.3-1

FEL Wavelength [nm] UV-VUV 100 6-10 80

Undulator Technology Cryo-PMU Cryo-PMU Planar and TGU Planar + strong
focusing

FEL Operation Modes Decompression +
seeding

Decompression + SASE SASE, Transverse
Decompression

Decompression +
seeding

Key Challenge Pursued Demonstrate FEL gain High stability FEL Demonstrate FEL gain Demonstrate FEL gain

Table 1: Summary of parameters for the facilities discussed in the text utilizing a laser-driven approach
to plasma-FEL operation.

SLAC FACET-II* DESY -
FLASHForward

Strathclyde* EuPRAXIA at
SPARC LAB*

Peak Current [kA] 10-500 1 1-100 4

Repetition Rate [Hz] 1 10 (104 after future
upgrades)

Variable 10

Mean Energy [GeV] 5-10 1 1-5 1-5

Slice Energy Spread RMS [%] 0.1-1 0.15 0.01-2 0.75

Charge [pC] 10-100 100 0.1-500 30

Emittance [mm-mrad] 1-10 1-20 0.01-1 1

FEL Wavelength [nm] 10-50 soft X-rays Hard X-rays 4

FEL Operation Modes Compression +
pre-bunching

SASE Multiple SASE

Key Challenge Pursued Attosecond FEL pulses High average power
FEL

Hard X-ray FEL gain Plasma-FEL user
facility

Table 2: Summary of parameters for the facilities discussed in the text utilizing a beam-driven approach
to plasma-FEL operation. We note that both Strathclyde and EuPRAXIA are also aiming to study multiple
plasma-based FEL approaches including hybrid LWFA-PWFA configurations. Facilities/groups labeled with
an asterisc have not yet begun experimental operation and for those the target parameters have been listed.

applied for 3D scaling, and gives an estimate of the saturation power through [18]:

LG,1D =
λu

4
√

3πρ
→ LG,3D = LG,1D (1 + Λ) . (2)

Psat ≈ 1.6ρ

(
LG,1D

LG,3D

)2

Pbeam, (3)

Here the beam power is given by Pbeam [TW]= E[GeV]I[kA], and Λ represents several factors
that could hinder FEL lasing and increase the gain length, such as energy spread, diffraction,
and emittance. Fitting formulas available in the literature [18] allow one to calculate LG,3D. For
example, a 500 MeV electron beam at 1% energy spread, 50 pC charge in 5 fs duration, focused to a
beamsize of 20 µm inside a K=1.26 undulator at λu=1.8 cm, will yield a 8.3 cm 1D gain length and
a 48 cm corrected 3D gain length, at photon energy 74 eV. Note that such e-beam parameters are
within reach of demonstrated plasma-based facilities, and highlight the potential of these cm-scale
accelerators for dramatically reducing the size and cost of advanced light sources such as FELs.
As will be discussed in the core sections of the text, several mitigation strategies can be applied to
trade-off phase-space parameters and bring the 3D gain length down further, and photon energy
higher towards hard X-ray operation.
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In this manuscript, we highlight the efforts of eight state-of-the-art plasma-accelerator facil-
ities and groups, four utilizing the LWFA and four utilizing the PWFA approach to realize a
plasma-driven FEL. We include an introduction to the specific methodology being pursued by each
experiment, an experimental design, the current status of the efforts, and each facility and group’s
future vision for progress. As illustrated in Tables 1-2 the parameter space spanned by the respec-
tive facilities and groups covers a broad range of electron beam energies and a spectrum of FEL
wavelengths spanning from UV to hard X-rays. Each experimental program is aimed at address-
ing a number of the key challenges facing plasma FEL operation: demonstration of plasma-FEL
gain, achieving stable operation in a plasma-FEL, reaching high average power in a plasma-FEL,
demonstrating hard X-ray operation, adding capabilities to existing FEL by generating attosec-
ond pulses and finally creating an operational user facility dedicated to science with plasma driven
FELs. These key challenges are being tackled by utilizing different undulator technology and differ-
ent FEL operating modes leveraging the inherent properties of plasma-accelerated electron beams
including high peak current, short bunch length, strong time-energy chirps and potentially ultra-
low emittance and ultra-high brightness. Following the discussion of individual facility and group
efforts we conclude by providing an outlook for the development of plasma-driven FELs as a near
term application of plasma accelerators.

2 SLAC, FACET-II

The FACET-II facility for advanced accelerator experimental tests at the SLAC National Acceler-
ator Laboratory [19], delivers 10 GeV, multi-kA current electron bunches for a suite of advanced
accelerator and coherent radiation experiments. A detailed description of the FACET facility in-
cluding e-beam parameters can be found in Ref. [19], and a discussion of the plasma wakefield
science program is given in Ref. [20]. The facility will operate with either a single drive bunch
or a two bunch drive-witness configuration. Both configurations generate the electron beams in
a photocathode RF gun and compress them to few-µm bunch length with nC level charge before
delivering them to the experimental area which is shown schematically in Figure 1. Two separate
plasma sources, one m-scale with densities O(1016 cm−3) based on laser or field ionization of Li-
vapor [21, 22], and one cm-scale with densities O(1018 cm−3) based on gas jet ionization will be
available for separately serving experiments. The PWFA experiments will include testing different
ultra-low emittance plasma injection schemes relevant for FEL applications [23, 24].

The concept behind the FACET-II XFEL experiment, termed Plasma-driven Attosecond X-
ray source (PAX), was first outlined in Ref. [25]. The experiment will leverage the strong chirps
naturally present in plasma-accelerated beams to further compress the witness bunch in a weak
compressor after the exit of the plasma stage to a single high current spike of attosecond du-
ration. This attosecond current spike has a substantial (%-level) bunching factor at soft X-ray
wavelengths and can generate high power attosecond pulses of coherent X-rays in a downstream
bend or undulator magnet. This approach to plasma-driven XFEL emission is motivated by the
order-of-magnitude increased tolerances of this method to emittance, energy spread and pointing
jitter compared to a regular SASE XFEL starting from noise. Furthermore, this approach opens
the possibility of using plasma based FELs to generate 10s of attosecond long X-ray pulses with TW
peak power, an order of magnitude shorter than what is possible with existing attosecond SASE
XFELs [26, 27]. Achieving this goal would not only substantially decrease the physical footprint of
an XFEL facility, a major motivator for pursuing plasma-based FEL technology, but also add a new
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Figure 1: Schematic of the FACET-II Experimental area with the planned location of an additional small
chicane and radiation diagnostic to be used for XFEL experiments. The simulated longitudinal phase space
evolution shows the compression of the electron beam to attosecond duration with %-level bunching at
XUV/soft X-ray wavelengths.

capability to the XFEL light source attracting interest from the XFEL scientific user community.
The experimental effort aimed at demonstrating this concept is planned in two stages. The first

stage will target coherent XUV generation using a two-bunch setup, with both bunches generated
by the RF photoinjector and injected into the Li vapor plasma source. A high charge Q = 1.5
nC drive beam drives a nonlinear blowout in which the low charge Q ∼ 10 pC witness bunch
is strongly chirped and subsequently compressed in a downstream chicane with R56 ∼ 100µm to
a final bunch length ∼ 40 nm FWHM (see Figure 1). Coherent synchrotron radiation will be
extracted from the last bend magnet in the chicane (at the planned chicane location in Fig. 1) and
the spectrum will be analyzed using an XUV spectrometer (at the planned radiation diagnostic
location) to demonstrate attosecond compression of a plasma accelerated e-beam. The second
stage will use a single drive bunch of Q = 2 nC incident on the high density gas jet plasma
source to generate a higher charge Q ∼ 100 pC witness beam using a plasma injection scheme
such as density downramp injection [8, 28, 29, 30]. The ultrahigh brightness witness beam will be
compressed to shorter final bunch length σz ∼ 10nm thereby extending the photon energy range
for coherent emission from XUV to soft X-rays. In the final stage of the experiment we anticipate
installing a short few-period undulator, to increase the peak power of the emitted X-ray pulses
and characterizing the properties and pulse duration of the of the emitted attosecond X-rays. This
experimental proposal was approved by the FACET-II program advisory committee in October
2020 and the experimental planning is currently under-way to accommodate the installation of the
chicane and XUV spectrometer in the FACET-II beamline. With the FACET-II facility currently
initiating its user-assisted commissioning phase, initial beam studies related to this experiment are
planned to start in the Fall of 2021.
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3 COXINEL

The COXINEL (COherent Xray source INferred from Electrons accelerated by Laser) in France aims
at qualifying present laser plasma acceleration experiments with a Free Electron Laser application.
As the divergence, the energy spread and the charge densities do not reach values as currently
achieved on conventional linear accelerators, the COXINEL key concept relies on an innovative
electron beam longitudinal and transverse manipulation in the transport towards an undulator.
The COXINEL line has been designed and built at Synchrotron SOLEIL [31, 32, 33], for exploiting
the electron beam generated and accelerated using the Ti:Sapphire laser system “Salle Jaune” at
Laboratoire d’Optique Appliquée (LOA), delivering 1.5 J, 30 fs FWHM pulses on target. The
divergence is mitigated close to the source via strong focusing provided by a triplet of high gradient
permanent magnet quadrupoles of variable strength (so-called QUAPEVA) [34, 35, 36]. A magnetic
chicane then longitudinally stretches the beam, sorts electrons in energy and selects the energy
range of interest via a removable and adjustable slit mounted in the middle of the chicane [37]. A
second set of quadrupoles chromatically matches the beam inside an undulator, taking advantage
of the correlation between energy and longitudinal position introduced in the chicane [38, 39, 40].
Undulator radiation is generated in the UV and VUV thanks to Cryogenic Permanent Magnet
Undulators (the 2 m long CPMU18 operated at room temperature and the 3 m long CPMU15) [41,
42, 43]. The beamline is fully equipped with diagnostics such as current transformers, cavity beam
position monitors, and imaging scintillator screens [44]. The LPA operated in the robust ionisation
injection regime [45, 46] with a supersonic jet of He-N2 gas mixture, providing electrons with
energies up to 250 MeV, 0.5 pC/MeV charge density, and few mrad divergence (1.2-2 mrad RMS).
The electron beam is properly transported along the line [47, 48, 40], mitigating alignment residual
errors and electron beam pointing drifts thanks to the Beam Position Alignment Compensation
(see Fig. 2). The undulator radiation has been characterised with the CCD camera and a UV
spectrometer. It exhibits the typical moon shape pattern (quadratic dependence of the resonant
wavelength versus the observation angle), characteristic of undulator radiation [49] and its linewidth
can be controlled thanks to the energy selection in the chicane.

The COXINEL line has been designed with baseline reference parameters (1 π.mm.mrad total
normalized RMS emittance, 1 mrad RMS divergence, 1% RMS relative energy spread with a 1
µm RMS bunch length, 34 pC charge and 4 kA peak current for 180-400 MeV). In the seeded
configuration, it can lead to spectral interference between the coherently emitted radiation and the
input seed, allowing for a full temporal reconstruction of the FEL pulse amplitude and phase dis-
tributions [50]. Presently, the main limitation for the FEL demonstration comes from the achieved
electron beam parameters, as confirmed by sensitivity studies [51]. Improved electron beam per-
formance are foreseen with the LAPLACE project (LAser PLAsma acceleration CEnter), led by
LOA.

4 DESY, FLASHForward

The FLASHForward experimental facility [52] is a high-performance test-bed for precision plasma-
wakefield research housed at the FLASH free-electron laser (FEL) complex [53], aiming to acceler-
ate high-quality electron beams to GeV-levels in a few centimetres of ionised gas. The electrons to
be accelerated will either be injected internally from the plasma background via density-downramp
injection or externally from the FLASH superconducting radio-frequency (RF) front end. In both
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Figure 2: COXINEL electron and photon beam measurements compared to simulations. Left : electron
beam spectrometer measurements and transverse distributions along the screens (up : measurements, down
: simulations using the measured electron beam distribution as an input). Right : undulator radiation
transverse pattern (measured with a CCD camera and modeled using the transported electron beam without
electron energy selection).

cases the wakefield is driven by nC-level electron beams produced by the photocathode gun, accel-
erated in the superconducting RF linac modules to GeV energies, and compressed to O(100 fs rms)
lengths and multi-kA peak currents in a series of chicanes and doglegs. The electron beams propa-
gate through a windowless beamline—facilitated by a series of differential pumping systems—then
interact with a plasma contained within a gas cell, generated either by a high-voltage discharge or
a high-intensity 25 TW Ti:Sapph laser pulse.

The first marquee goal of FLASHForward is to demonstrate high-fidelity acceleration of elec-
tron bunches in GV/m-gradient wakes with final beam quality sufficient to produce gain in an
FEL—synergistic with the parallel drive at DESY of generating FEL gain with a laser-driven
plasma-accelerator source [54]. This is made possible at FLASHForward in large part due to the
exquisite stability of the FEL-standard FLASH front end. Great progress has been made in this
direction in recent years via multiple branches: developing techniques to improve beam quality after
plasma acceleration [55], diagnostics to better understand the plasma-wakefield process in order to
optimise it [56], and finally demonstrator experiments utilising these techniques for the preservation
of beam quality [12]. This combined pillar of research will continue until a single highly efficient
stage capable of simultaneous preservation of transverse (normalised emittance) and longitudinal
(energy spread) quality over large energy gain has been demonstrated.

The subsequent goal of FLASHForward is to take the idealised single plasma stage and operate
it with the repetition rates and average powers required to push plasma-accelerator research in the
direction needed to match and even exceed the brilliances of current FEL facilities. The FLASH
linac operates at a 10 Hz macro-pulse rate, with typical FLASHForward operating conditions
utilising a single bunch per 800 µs RF flat-top. The FLASH gun and linac, however, are capable
of operating in a burst mode at up to 3 MHz micro-pulse repetition rates. At full capacity, the
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High-average-power plasma-wakefield research at FLASHForward‣‣
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Figure 3: Average power as a function of the number of drive bunches per second at a range of existing or
planned a) plasma-wakefield research facilities (bottom left corner), and b) photon-science and high-energy-
physics user facilities (top right). The blue arrow represents the leap towards a beam-driven plasma-based
FEL by using high-average-power upgrades to FLASHForward as a gateway.

FLASH bunch-train structure corresponds to 10 kW of average power, orders of magnitude higher
than drivers available to other state-of-the-art and planned laser-driven and beam-driven plasma-
accelerator experiments (see Fig. 1).

Based on the DESY plasma-accelerator roadmap, the route towards utilising the full 10 kW
of average power would be split into three phases: 1) Answer the essential physics questions, such
as how quickly the wakefield process can be repeated and what technology we need to develop to
repeat the process at that rate; 2) Demonstrate sustained operation (10-20 bunches) at a repetition
rate conducive with the majority of demands of current FEL users e.g. 10-100 kHz; 3) Access
the full MHz-burst-mode functionality of FLASH to demonstrate kW-level plasma acceleration
(Fig. 1). The advantage of this staggered approach is that significant progress may be made in
the early stages whilst operating at relatively low average power i.e. at high repetition rates in
short bursts. Once higher average powers in plasma can be technically managed, however, a 10
kW FLASHForward would represent a high-average-power energy-boosting upgrade to the FLASH
FEL facility, enabling access to e.g. the oxygen K-edge at 2.33 nm—a credible and broad-impact
advertisement for the field as well as its application to future projects.

5 DESY, LUX

The LUX facility [57], jointly operated by DESY and the University of Hamburg, follows the
mission of developing laser-plasma acceleration towards a drive technology ready for applications
by combining the state-of-the-art in modern accelerator technology and diagnostics with the novel
concepts of plasma-based accelerators. A plasma-driven free-electron laser (FEL) is arguably the
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Figure 4: Schematic view of the LUX beamline after upgrade. For simplicity, diagnostics, such as electron
beam profile monitors, are not shown.

most prominent application for this novel technology. Demonstrating FEL gain is therefore an
important goal and serves as a challenging benchmark for the facility’s capability to control the
plasma accelerator and provide FEL-quality electron beams.

Since the commissioning in 2016 [57], the LUX beamline has been continuously upgraded. It is
operated by the Angus 100 TW-class Ti:Sapphire drive laser at 1 Hz repetition rate. The plasma
target is based on a hydrogen-filled continuous-flow capillary to provide reproducible conditions for
every laser shot. The whole beamline is build following the same vacuum standards as the user
facilities operated on campus. Tightly integrated into an accelerator-grade controls system, a rich
set of data – combining electron and laser data as well as machine status and lab conditions – is
recorded for every single shot, monitored live and stored for post-analysis.

With the demonstration of continuous 24-hour operation of the LUX plasma accelerator [54]
a major milestone was achieved in 2020. Based on previous work, which studied the thermal
management and spatio-temporal couplings of the drive laser pulse from heat-induced deformations
of the laser compressor gratings [58, 59], more than 100,000 consecutive laser-plasma electron
beams could be demonstrated. The capability to continuously deliver drive laser pulses, enables
the correlation of drive laser and electron beam parameters to identify optimized working points
and thus formed the basis for a series of following studies that improved the plasma target design
and electron beam quality.

A new target, which is based on localized ionization injection and optimizes beam loading
throughout the whole acceleration process, now provides 1%-level energy spread at ∼ 4 pC/MeV
spectral density [60]. Those high-quality beams are, however, not delivered with every shot. A
detailed analysis of electron and laser data provided insight into the main mechanisms leading
to deviations from the optimum settings and could identify the main laser properties responsible
for shot-to-shot variations in the electron beams. This analysis provides a clear path for further
improvements to the laser system and to more reliably provide high-quality electron beams.

With increasing complexity of the target and the acceleration dynamics it becomes ever more
difficult to identify an optimum working point for the plasma accelerator and then to reach this
working point reliably on a day-to-day basis. To address this problem, machine learning techniques
such as Bayesian optimization have been applied to the LUX accelerator [61] to, first, identify a
an optimum accelerator setting using particle-in-cell (PIC) simulations. A key factor for this study
were recent advances in the PIC domain, that enabled a accurate modeling of the experiment
conditions in combination with a fast execution time and numerical accuracy [62, 63]. The same
algorithms then could be used in the experiment to autonomously tune the accelerator to the
predicted high quality 1%-level energy spread beams.

The quality of the generated beams will benefit a future proof-of-principle experiment to demon-
strate gain from a plasma electron beam. The LUX beamline is currently being upgraded (Fig.
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4) to perform such an experiment. The experiment will closely follow the so-called decompression
scheme proposed in [64, 65, 66] operating in the SASE regime starting from noise. For the FEL
amplification to set in, it is crucial for the electron beam energy spread σγ/γ to be smaller than the
Pierce parameter ρ. The Pierce parameter combines electron beam and undulator properties into
a normalized scaling quantity and is typically on the order of < 1%. The decompression scheme is
based on a two-fold approach: first, reduce the energy spread of the electron beam, and, second,
increase the pierce parameter by optimizing the experiment design. Plasma-generated electron
beams regularly feature large peak currents but also energy spreads on the percent level. In such a
regime, the local energy spread can be reduced by stretching (or: decompress) the electron beam,
which linearly reduces the slice energy spread at a moderate cost in peak current. Due to the
ultra-short nature of the electron beam, a comparably compact magnetic chicane is sufficient to
stretch the bunch. To increase the pierce parameter, a specific undulator design was proposed
[64]: it minimizes the undulator period and maximizes the undulator parameter K by using a
cryogenically-cooled in-vacuum design [67, 68]. A cryogenic undulator, as described in [64], is cur-
rently being commissioned. With a undulator period of λu = 15 mm and K = 2 − 3, the emitted
radiation will be on a 100 nm scale for the 300 MeV electron beam energy, regularly provided by
LUX.

6 SIOM

Since 2012, the State Key Laboratory of High Field Laser Physics at SIOM have been building
a ”The multi-functional ultra-intense ultra-short-pulse laser facility”, aiming at developing the
compact FEL technology based on the LWFA. A 200-TW Ti: sapphire laser system with 1-5 Hz
repetition rate based on chirped pulse amplification was built to drive full coherent FEL [69]. A
laser pulse with 800-nm central wavelength was focused to 38 µm (FWHM) onto a gas target by
an f/30 off-axis parabolic mirror. The gas target is generated from the cascaded or single-stage
gas jets because the supersonic flow can generate shock waves or high density areas, which can be
constructed to improve e-beam quality [8, 70, 71]. In collaboration with SINAP, two sets for FELs
experiments have been built, using planar undulators and transverse gradient undulators (TGU)
respectively[72, 73], as shown in Figure 5. The TGU scheme reduces the requirement for e-beam
energy spread from LWFA[74].

In 2015, 580-MeV high-quality e beams via energy chirp control were obtained in the experiment,
and the maximum six-dimensional brightness is estimated as ∼6.5 × 1015 A/m2/0.1%, which is
very close to the typical brightness of e beams from state-of-the-art linac drivers[70]. But the energy
jitter (>5%) and the pointing jitter (∼2 mrad) of the e beams will affect the commissioning and
degrade the FEL gain, especially in our TGU scheme. Therefore, the subsequent studies focused
more on the quality and stability of the e beams. The 200-TW laser was completely upgraded and
almost rebuilt to support e-beam optimization, with the pulse energy fluctuation of <0.55% and
the beam pointing fluctuation of <1.5 µrad in 90 min[75]. Then, a simple, efficient scheme was
developed to obtain near-GeV e beams with energy spreads of few per-mille level in a single-stage
LWFA[3]. Longitudinal plasma density was tailored to control relativistic laser-beam evolution,
resulting in injection, dechirping, and a quasi-phase stable acceleration. With this scheme, e beams
with peak energies of 780–840 MeV, rms energy spreads of 0.2%–0.4%, charges of 8.5–23.6 pC,
and rms divergences of 0.1–0.4 mrad were experimentally obtained. Such high-quality e beams
will boost the development of compact intense coherent radiation sources and XFELs. The further
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Figure 5: The SIOM-FEL setup with planar undulators and transverse gradient undulators.

improvement of e-beam quality and stability is very important for the high-gain FEL.
Through simulations, it was established that a portion of the high-quality electron beam could

drive amplification of spontaneous emission in a geometry of three undulators, although gain sat-
uration was challenging to be observed. In order to reduce the difficulties in commissioning a
first-demonstration compact FEL, a more compact design for beam transport and undulators was
used, about 12 meters on length, in which only the necessary beam transport and diagnostic devices
were retained. This design ensured that the electron beams, as coupled to the three undulators,
travelled and maintained a small size over long distances. Recently, the first proof-of-principle
demonstration of LWFA-based FEL at around 27 nm was demonstrated [1]. The maximum radia-
tion energy of a single pulse reached 150 nJ, and the maximum obtained gain was approximately
100-fold in the third undulator, as measured by methods of orbit kick and spontaneous radia-
tion calibration. Making the LWFA-based FELs operate in the saturation regime and at shorter
wavelengths requires further investigations on the acceleration physics and the undulator beamline
designs.

7 Hard Plasma-X-FEL (University of Strathclyde et al.)

The huge fields in PWFAs do not only enable phase-locked multi-GeV energy gain [5, 14], but
also generation of ultrahigh-quality electron beams. Plasma photoguns are enabled by the ”Trojan
Horse” approach [76], wherein a focused laser pulse releases cold electrons via tunnel ionization
directly within the plasma wave. These electrons carry negligible transverse momentum and are
rapidly compressed and accelerated. Theory and simulation predict normalized beam emittance
εn of the order of few tens of nm rad or less in both planes, and kA-level currents I. Such beams
display ultrahigh 5D brightness B5D = 2Ip/(εn,xεn,y), orders of magnitude brighter than even
in state-of-the-art linac-based X-FELs, and thus may enable next-generation X-FELs [76]. The
Strathclyde/UCLA-led “E-210: Trojan Horse PWFA” collaboration had obtained first experimental
evidence of the feasibility of plasma photocathodes at SLAC FACET [77]. E-210 has also achieved
the first realization of density downramp injection in PWFA [77, 30], and opened a door to plasma
afterglow metrology, that exploits plasma also for beam diagnostics [78]. A further development of
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plasma photocathodes allows tailored ”escort” beam loading based energy spread control [79] and
dechirping to levels of (∆W/W ) ≈ 0.01% already at few GeV, and thus reaching unprecedented
6D brightness B6D = B5D/0.1%(∆W/W ) ≈ 1021A/m2rad20.1%bw in a single accelerator stage.
Emittance, 5D and 6D brightness of these bunches would exceed the best state-of-the-art linac-
based machines by orders of magnitude, would easily overcome the strict requirements of lasing
even for very hard X-ray FEL, and may have transformative impact on photon science capabilities
[80].

Based on the above innovations, the UK STFC ”PWFA-FEL” project [81], a collaboration
between Strathclyde, UCLA, ASTeC and SLAC leads the push for various plasma-X-FEL designs
that exploit ultrahigh brightness beams. As a milestone, our plasma-based X-FEL approach is from
its conception part of the Science Case for the UK X-FEL [82], and could be implemented also as
a brightness boost afterburner in existing X-FEL facilities such as the LCLS [80].

Figure 6: Plasma-based X-FEL and other ultrabright light sources options as summarized in the UK X-FEL
Science Case [82].

From the conception of plasma photocathodes 10 years ago and the first vision towards a
hard plasma-based X-FEL [76], systematic R&D towards plasma-based X-FEL [83] has included
innovations such as multi-colour X-FELs and ballistic compression/stretching [84], energy spread
control [79], Coherent Spontaneous Emission-based light sources [85], and various other concepts
[80] [82]. While a proposal for ”Plasma-based hard X-ray FEL with ultrahigh gain and sub-fs
capability” at SLAC FACET-II was deemed ahead of its time in 2018, experimental progress on high
brightness beam production from PWFA via the plasma photocathode and plasma torch method
at SLAC [77, 30] and at DESY via the plasma torch method [86], and from hybrid LWFA→PWFA
[87, 88, 89, 90], increased confidence in the overall approach [82], and various start-to-end design
breakthroughs (A.F. Habib et al., to be published) now put dedicated experimental efforts for next-
generation electron beam sources for photon science [91] and hard plasma-X-FEL on the agenda.

In this context it is helpful that plasma-based X-FELs are now increasingly accepted to be
on the map of high energy and strong field physics roadmaps [92, 93, 94]. The unique ultralow
emittance and ultrahigh brightness beam potential of plasma photocathodes are key features for
both thrusts due to the importance of emittance and highest beam quality for HEP colliders.
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Figure 7: Schematic layout of the BELLA Center’s Laser-Plasma Accelerator FEL beamline. The inset
show the electron beam beta function (beam size squared) inside the undulator in the (left) optimally-
matched strong-focusing undulator, (middle) a mismatched strong-focusing undulator, and (right) an opti-
mized natural-focusing undulator. The strong-focusing undulator allows for higher beam density over the
full undulator length.
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8 LBNL, BELLA Center

The BELLA center, at the Lawrence Berkeley National Laboratory, houses several laser systems,
including a 100TW-class system called HTU. This 5-Hz, Ti:sapphire-based laser can deliver 800-
nm laser pulses on target at 2.5 Joule energy/pulse and 35 fs pulse duration. An off-axis parabola
(focal length of 3 meter) enables f/40 focusing to a laser spot of size of 39 µm (intensity FWHM).
The gas target for this laser system can be varied, but is most commonly a down-ramp injection
target based on a impinging gas flow from a Laval-nozzle with a sharp blade to create the sharp
density transition. Figure 7 shows the layout of the system. Following the jet-blade laser-plasma
accelerator (LPA), a series of magnetic ”optics” are applied to transport the electron beam. The
LPA and beamline can support electron beams up to 300 MeV.

The core concept behind BELLA Center’s approach to plasma-driven FELs are two-fold: (1) To
mitigate the intrinsic %-level energy spread on the LPA beams, a chicane acts as a decompressor [64,
65] (making the electron beam longer by longitudinally separating the electrons of various energies).
Due to the unconventional properties of LPA beams (very little R56 needed since the beams are
ultra-short at the source, but having a relatively large beam size at the chicane), a low-aspect
ratio chicane was developed and commissioned in collaboration with UCLA [95]. (2) To increase
the electron beam density over an extended length inside the undulator, the VISA undulator
was commissioned for this experiment. The VISA undulator has 16 alternating Focusing and
Defocusing (FODO) quadrupole cells embedded along the 4-meter length, providing net focusing
in both transverse axes. The inset in Figure 7 shows the optimized beta function (with the square
of the beamsize proportional to this beta parameter) in the case of (left) perfect matched delivery
into the strong-focusing undulator, (middle) non-ideal mismatched delivery into the strong-focusing
undulator, and (right) delivery into a planar undulator without FODO cells. One can clearly observe
the longitudinally-averaged beam density being highest in the first scenario.

In the current phase, electron beam production is tuned to 100 MeV, resulting in 3 eV undulator
photon production. Efforts are aimed at integrating better stability and control over the electron
beam production and transport, enabled by coupling active stabilization concepts with a new non-
perturbative high-power diagnostic of the laser focus position and pointing angle [96].

9 EuPRAXIA at SPARC LAB

The European project EuPRAXIA [97] 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 GeV and a beam quality (single
pulse) equivalent to present RF-based linacs. Implementation measures have been advanced with a
site at the Frascati National Accelerator Laboratory (INFN-LNF) in Italy confirmed, partial fund-
ing secured, and it has been recently included in the ESFRI roadmap. EuPRAXIA is supported
by a Consortium of 40 member institutes and 11 observers, including national accelerator labs and
leading institutes and industry. The EuPRAXIA@SPARC LAB facility [98] at Frascati, aiming
to operate a short wavelength FEL with a beam-driven plasma accelerator module, will be one
of the pillars of the EuPRAXIA project. The foreseen layout of the EuPRAXIA@SPARC LAB
infrastructure is schematically shown in fig. 8.

From left to right one can see a 55 m long tunnel hosting a high brightness 150 MeV S-band
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Figure 8: Layout of the EuPRAXIA@SPARC LAB infrastructure.

RF photoinjector equipped with a hybrid compressor scheme based on both velocity bunching and
magnetic chicane. The energy boost from 150 MeV up to a maximum 1 GeV will be provided by a
chain of high gradient X-band RF cavities. At the linac exit a 5 m long plasma accelerator section
will be installed, which includes the plasma module (∼0.5 m long capillary with 1016 cm−3 plasma
density) and the required matching and diagnostics sections. In the downstream tunnel a 40 m long
undulator hall is shown, where the undulator chain (with 1.5 cm magnetic period) will be installed.
Further downstream after a 31 m long photon diagnostic section the user hall is shown. Additional
radiation sources as THz and gamma-ray Compton sources are foreseen in the other shown beam
lines. The upper room is dedicated to Klystrons and Modulators to drive the X-band linac. In the
lower light-blue room will be installed the 300 TW FLAME laser [99] eventually upgraded up 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 in order to boost the final beam energy in
excess of 5 GeV. In addition FLAME is supposed to drive plasma targets in the green room in order
to drive electron and secondary particle sources that will be available to users in the downstream
30 m long user area.

To support the design in both plasma acceleration options (PWFA and LWFA) start to end
simulations have been performed with promising results, as discussed in the Conceptual Design
Report [88]. The reported performances show that this FEL design, driven by a plasma accelerator
in SASE configuration, is expected to meet the challenging requests for the new generation syn-
chrotron radiation sources, producing 1012 photons/pulse at 4 nm, in the so called ”water window”
spectral region, by using a 30 pC electron bunch with 3 kA peak current, normalized rms emit-
tance ∼ 1 mm-mrad and energy spread less than 1 %. The first foreseen FEL operational mode
is based on the Self Amplification of Spontaneous Radiation (SASE) mechanism with tapered un-
dulators. More advanced schemes like Seeded and Higher Harmonic Generation configurations
will be also investigated. The users end station will be designed and built to allow performing a
wide class of experiments using the schematic apparatus discussed in [100]. As specific example of
EuPRAXIA@SPARC LAB applications it is worth remarking that the FEL radiation in the soft
X-ray spectrum open possibilities for novel imaging methodologies and time-resolved studies in ma-
terial science, biology and medicine, along with non-linear optics applications. In this framework
the work of SPARC LAB is of paramount importance, in order to develop new technologies and
to study the interaction between beams and plasma. Recently an energy spread minimization has
been achieved [13] at the level of few per mile. With such a beam we have been able to drive six
undulator modules, observing significant light amplification in the FEL process.
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10 Conclusion

In this manuscript we have provided an overview of the main research facilities and university
groups actively pursuing research on the path towards developing a plasma-driven FEL. The strong,
intercontinental push to pursue this goal is motivated by the possibility of using plasma technology
to drastically reduce the physical and economic footprint of current FEL facilities. Concurrently,
there are also enticing prospects for improving the performance and adding capabilities to existing
FELs by leveraging the unique properties of plasma accelerated electron beams. These include
generating higher peak power photon pulses, attosecond X-ray pulses and operating the FEL at
harder X-ray photon energies. The success of these research efforts is predicated on the ability of
the community to overcome several key challenges facing plasma-FEL operation. These include
continuing improvement of electron beam quality (% to per-mille energy spread and µm-rad to
sub-µm-rad emittances), increasing the repetition rate from few Hz to kHz and improving the
shot-to-shot stability of plasma accelerated beams.

Impressive progress has already been made and multiple operational facilities are now generating
FEL-quality beams with the requisite electron beam parameters for lasing. With the growing
confidence gained by the recent first demonstration of plasma-FEL gain, the community looks
towards near-term applications of plasma-driven FELs including beginning to serve a user-base
with dedicated plasma-FEL user facilities. As a result the outlook for plasma-based FEL operation
in the next 5-10 years will involve continuing and strengthening dialogue with the large existing
FEL user community to delineate key applications which are best served by plasma-FEL machines.
The recent vigorous R&D efforts described in this text are set to expand global access to FEL
photon sources in the next decade, helping to address the demand of the large scientific community
currently served by conventional FEL facilities.
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[47] T. André et al., Nature communications 9, 1334 (2018).

[48] D. O. Espinos et al., Plasma Physics and Controlled Fusion 62, 034001 (2020).

[49] A. Ghaith et al., Scientific Reports 9, 1 (2019).

[50] M. Labat et al., New Journal of Physics (2020).

[51] M. Labat et al., Physical Review Accelerators and Beams 21, 114802 (2018).

[52] R. D'Arcy et al., Philosophical Transactions of the Royal Society A: Mathematical, Physical
and Engineering Sciences 377, 20180392 (2019).

[53] W. Ackermann et al., Nature Photonics 1, 336 (2007).

[54] A. R. Maier et al., Phys. Rev. X 10, 031039 (2020).

[55] R. D’Arcy et al., Phys. Rev. Lett. 122, 034801 (2019).
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