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Abstract: EuPRAXIA@SPARC_LAB is a new Free Electron Laser (FEL) facility that is currently under
construction at the Laboratori Nazionali di Frascati of the INFN. The electron beam driving the
FEL will be delivered by an X-band normal conducting LINAC followed by a plasma wakefield
acceleration stage. It will be characterized by a small footprint and will deliver ultra-bright photon
pulses for experiments in the water window to the user community. In addition to the soft-X-rays
beamline already planned in the project, we propose the installation of a second photon beamline
with seeded FEL pulses in the range between 50 and 180 nm. Here, we will present the FEL generation
scheme, the layout of the dedicated beamline and the potential applications of the FEL radiation
source in this low energy range.

Keywords: VUV FEL; compact FEL; EuPRAXIA; time-resolved spectroscopy

1. Introduction

Free Electron Laser (FEL) light source features are needed for a wide class of experi-
ments [1–7]. FELs allow for ultrafast time resolution measurements and provide a high
signal-to-noise ratio [8–10]. Few X-ray FEL facilities are currently in operation because of
the large space required (in the order of many hundreds of meters to a few km) for electron
acceleration, undulators and photon beamlines, thus making the realization of the present
FELs possible only in large scale laboratories. Nevertheless, an increasing number of new
facilities are planned or under an active phase of realization due to the unique features
of FEL light, such as the high peak brilliance, ≥ 1030 photons s−1 mrad−2 mm−2 0.1%
bandwidth, the short pulse duration of the order of tens of femtoseconds or even less and
the source tunability in the VUV-X-ray energy range.

Plasma Wakefield Acceleration (PWFA) can achieve a high accelerating gradient
beyond 1 GV/m [11–17], i.e., approximately one order of magnitude larger than normal-
conducting LINAC structures. It is thus recognized as one of the most promising techniques
for novel high-gradient accelerating structures, capable of essential reductions in both
dimension and cost for the whole facility.

One of the new FEL facility projects is the EuPRAXIA design study [18], which aims
to realize a facility driven by plasma acceleration. In this framework, the Frascati National
Laboratories, as a part of the EuPRAXIA project, are proposing to host a new facility, named
EuPRAXIA@SPARC_LAB [19], based upon a high brightness X-band LINAC, a plasma
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acceleration stage and a FEL. We present the last layout of the EuPRAXIA@SPARC_LAB
facility in Figure 1.

Figure 1. Layout of the EuPRAXIA@SPARC_LAB facility.

This facility can fulfill the 1 GeV EuPRAXIA scenario by using particle- or laser-driven
plasma acceleration, but it also has the possibility to use up to a 1 GeV beam from an
X-band RF LINAC energy in a high charge per bunch configuration (100–200 pC) without
the plasma module.

The first designed FEL beamline, called AQUA [20–22], will operate in the water
window at 3–4 nm, as required by the EuPRAXIA design study, according to the beam
parameters reported in Table 1.

Table 1. EuPRAXIA@SPARC_LAB parameters.

Electron and Undulator Parameters AQUA Radiation Parameters

Energy 0.8–1.2 GeV Wavelength 3–4 nm
Energy spread 0.1% Bandwidth 0.15–0.23%

Emittance 0.5 mm mrad Dimensions 0.14–0.20 mm
Peak current 2–3 kA Duration 5–50 fs rms
Und. period 15 mm Photon per pulse 0.4–2.6 × 1012

K 0.9–1.45

This beamline will use the full undulator length available to the project and very high
quality electron beams.

We are also considering the implementation of a second FEL beamline, called ARIA,
at a lower wavelength energy in the VUV range (around 50–180 nm). In comparison
with AQUA, a lower energy VUV beamline, such as ARIA, is easier to realize since it
requires a larger input parameter acceptance and fewer undulators to lase (and thus has
a lower economic impact on the project). For these reasons, the new VUV beamline may
start its working life sooner than the AQUA beamline and can also be used for machine
commissioning. In the following, we will discuss the FEL, the photon beamline and its
scientific case.

2. FEL Simulations for ARIA Beamline

The seeded FEL beamline ARIA exploits the standard High-Gain Harmonic Genera-
tion (HGHG) configuration for a continuous tunability in the VUV wavelength spectrum
between 50 and 180 nm [23–25]. Its compact layout is sketched in Figure 2: the electron
bunches are initially energy-modulated by the seed pulse in a 3-meter-long modulator,
followed by a dispersive section for electron density modulation at higher harmonics of
the seed and a final amplification stage. Tables 2 and 3 list the main characteristics of the
undulators and the seeding source, respectively.
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Figure 2. Layout of the ARIA HGHG FEL. The seed pulse is superimposed on the electron bunches
at the modulator entrance, and the dispersive section is a four-dipole chicane that converts the energy
modulation into a density modulation. Its length ∼2 m is kept constant and the dispersion strength
is tuned by varying the dipole magnetic fields. The amplification stage is made up of four radiators.

Table 2. ARIA undulator line: undulator specifications. The use of APPLE-II undulators allows
for the amplification of pulses with variable polarization. The dispersion strength in between the
modulator and the amplifier is approximately 150 µm.

Property Modulator Radiator

Length (m) 3 4 × 2.1
Period length (cm) 10 5.5

Type Apple-II Apple-II

Table 3. ARIA undulator line: seed laser specifications. The seed is a near-UV/blue laser that can
be realized with commercial OPA amplifiers. The values considered in the reported simulations are
indicated in parenthesis.

Property Seed

Wavelength (nm) 410–560 (460)
Pulse energy (µJ) 1–30

FWHM duration (fs) 150–200 (180)

The electron bunches entering the line can be either accelerated in a conventional
LINAC or in a plasma module, and are then seeded by a long seed pulse: this flexibility
enables operation in the long and short pulse modes. In the first case, long and high-charge
electron bunches from the LINAC generate narrow line-width photon pulses suitable for
spectroscopic applications, and can be eventually combined with a monochromator. In the
second case, short and low-charge electron bunches amplify a single longitudinal mode
whose shot-to-shot stability and second-order coherence are ensured by the seed. The
electron beam parameters for both beam modes are summarized in Table 4.

Table 4. Electron beam properties for the long and short pulse mode.

Property Long Pulse Short Pulse

Energy (GeV) 0.7–1 0.7–1
Peak current (kA) 0.5 1.5
Bunch charge (pC) 200 30
Bunch duration (fs) 30 15

slice Energy spread (10−4) 1.5 3.5
slice norm. Emittance (mm mrad) 0.8 0.8

The expected performances in terms of photon pulse energy are evaluated by using
the Xie model in both cases of linear and circular polarization [26]. The results for short
electron bunches are shown in Figure 3.
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Figure 3. Expected photon pulse energy in the short pulse mode as a function of the electron beam
energy (x) and wavelength (y). (Left): linear polarization. (Right): circular polarization.

In the analyzed electron beam energy range, pulse energies below 20 µJ are achieved
between 50–70 nm in linear polarization, whereas larger energies of up to 60 µJ are obtained
at longer wavelengths. The circular polarization allows us to achieve slightly larger (>20 µJ)
photon energies for medium wavelengths of around 100 nm. The expected pulse energy in
the long pulse mode is shown in Figure 4.

Figure 4. Expected photon pulse energy in the long pulse mode as a function of the electron beam
energy (x) and wavelength (y). (Left): linear polarization. (Right): circular polarization.

In this case, hundreds-µJ of pulse energies are obtained. Such energy values are
already reached in the short wavelength range of around 70 nm in circular polarization.

The ARIA line is capable of producing FEL pulses characterized by an energy of
10–100 µJ and very short pulse durations, determined by the short electron bunch duration
and the large gain bandwidth. The latter is itself proportional to the FEL parameter ρ3D
and to the ratio

√
LSASE

tot /Lu when Lu < LSASE
tot : a large ρ3D parameter in the long wavelength

range and the presence of the seed, together with short and high-current electron bunches,
enable the generation of ultra-short pulses. Figure 5 shows the expected pulse durations for
a 15 fs bunch duration in circular polarization, evaluated as the FT limit of the bandwidth
resulting from Xie scaling relations.

A range of 10–15 fs pulses are produced in the shorter wavelength range, whereas the
pulse duration grows up to 20 fs for wavelengths larger than 100 nm.

The FEL line has been simulated with the three-dimensional FEL code GENESIS 1.3
used in a time-dependent mode with the maximum available precision [27]. An ideal and
short electron beam, as the one reported in the third column of Table 4, with the maximum
energy of 1 GeV, is considered. This electron beam is seeded by a FT-limited laser pulse
whose main characteristics are listed in Table 3. The choice of a long wavelength seed
simplifies the switch between two OPA processes, allowing it to cover the full wavelength
range (after second harmonic generation) with harmonic orders 3–9. The harmonic emission
is optimized by tuning the seed intensity and the dispersion strength.
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Figure 5. Expected photon pulse duration as a function of the electron beam energy (x) and wave-
length (y). A 15 fs electron bunch and circular polarization are assumed.

Figures 6 and 7 show the simulated FEL pulse temporal profile and spectral amplitude
for a maximum wavelength of ∼153 nm (corresponding to the third harmonic of the seed)
and a minimum wavelength of ∼51 nm (ninth harmonic), respectively.

Figure 6. FEL emission at 153 nm, third harmonic of the 460 nm seed. (Left): pulse longitudinal
power profile (GW) vs. s(µm). (Right): spectral amplitude (arb. units) vs. λ(nm). Extraction is
performed after three radiators.
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Figure 7. FEL emission at 51 nm, ninth harmonic of the 460 nm seed. (Left): pulse longitudinal
power profile (GW) vs. s(µm). (Right): spectral amplitude (arb. units) vs. λ(nm). Extraction after
four radiators.

Early saturation for lower harmonic orders (≤ 5) deteriorates and stretches the output
pulse. This can be avoided by considering larger seed intensities and opening one radiator,
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which is eventually used for pulse gymnastics or to generate double pulses [28,29]. A
summary of the final radiation pulse properties for the different harmonics is presented in
Table 5.

Table 5. Radiation properties at saturation. * = extraction after three radiators.

Radiation
Properties/HN 3 3 ∗ 4 4 ∗ 5 5 ∗ 7 9

Wavelength (nm) 153 153 ∗ 115 115 ∗ 92 92 ∗ 65 51
Seed energy (µJ) 1.2 2.8 ∗ 8 5.6 ∗ 8 8 ∗ 30 30

Photon energy (µJ) 22 13 ∗ 27 9.5 ∗ 24.7 9 ∗ 9 5
FWHM duration (fs) 25 16 ∗ 23 15 ∗ 20 15 ∗ 18 18
Photon/shot (1013) 1.35 1.02 ∗ 1.78 0.73 ∗ 1.13 0.55 ∗ 0.39 0.08

Bandwidth (%) 0.85 0.95 ∗ 0.71 0.7 ∗ 0.63 0.67 ∗ 0.43 0.4
Pulse size (mm) 1.2 1.15 ∗ 1.11 1.2 ∗ 1.17 1.08 ∗ 1.07 0.8

Pulse divergence (mrad) 0.68 0.62 ∗ 0.48 0.45 ∗ 0.38 0.34 ∗ 0.27 0.2

For the emission of lower harmonics, the extraction after three radiators is also pre-
sented; then, ∼10 µJ pulse energies and a ∼15 fs pulse duration are achieved in the whole
spectral range. Shorter wavelength seeds (i.e., third harmonic generation of Ti:Sa) can be
considered for operations at shorter wavelengths.

3. ARIA Beamline Configuration

After the undulator, approximately 50 m of the beamline will deliver the photon beam
to an experimental chamber.

The beamline layout is presented in Figure 8. All of its elements can be divided into
two different conceptual groups: beam transport and beam diagnostics.

Figure 8. Layout of the ARIA beamline. BDA, beam defining aperture; BPM, beam position monitors;
I0M, intensity meters; M, steering mirror; G, diffraction grating.

3.1. Beam Transport and Controls

The first beamline element is a beam-defining aperture (BDA) that closes around the
beam to preserve the beamline equipment from large fluctuations or beam misalignment
without affecting the main pulse. A second function of those apertures is to remove
the broader spontaneous radiation propagating along the beam with a larger angular
divergence, thus acting as a collimator. The first aperture will be composed by two
independently moving pyramid trunks in order to have the possibility of completely
stopping the beam and of adjusting the aperture position to the desired coordinate. This
shape allows for a higher pulse intensity as the blades are angled to increase the irradiate
surface. A second round aperture will be inserted near the grating spectrometer to better
collimate the beam.

We plan to monitor the trajectory of the photons with Beam Position Monitors (BPMs)
along the line. These BPMs are composed of four metallic blades collecting a drain current
from intercepting the very edges of the beam [20] in order to have minimal diffraction and
absorption effects. We expect to have a spatial resolution of approximately two microns
RMS [30] from the reference. We also expect that the seeding laser will have a strong
impact on the shot-to-shot pointing stability compared to the usual fluctuations in the
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SASE configuration. The slow drifts, usually due to thermal effects, can be corrected when
monitoring the BPMs, and have a feedback system on the mirror actuators.

Few mirrors are required for steering the beam away from the undulator line for radio
protection reasons, as the first part of the beamline will be hosted in a dedicated bunker to
block gas bremsstrahlung radiation. Mirrors are also used in other systems; in particular,
for a monochromator, for a split and delay system and for final beam focusing. Each mirror
will be controlled in two angular degrees of freedom and in the insertion direction. In order
to have low enough losses, the mirrors will work at an angle of approximately 9◦ in the
horizontal plane. This tilt also has the desired property of increasing the beam-irradiated
area, reducing the surface intensity seed by the mirror coating well below the damage
threshold. We are currently investigating the reflectivity of different kinds of coatings to
match the spectral range of the beamline. We expect that C- or Al-coated mirrors can reach
a reflectivity in the order of 80% for the planned spectral range.

For the final focusing of the beam on the experimental target, we plan to use two
spherical or plane elliptical mirrors in a Kirkpatrick–Baez configuration. This curvature
can be fixed as manufactured or slightly changed by a bending system on the mirrors [31]
in the range of approximately 1 to 2 m. (e.g., the minimal focal length of the bent mirror at
FERMI is ∼1.2 m [32]). The expected final RMS spot size will depend on the experiment
requests and the source parameters, where the minimal spot size can be evaluated in the
order of some tens of micrometers. We are also considering other focusing devices, such as
multi-channel plates (MCPs) [33–35], to further improve the beamline characteristics and
its compactness.

Some pump–probe experiments will require a split and delay system, which can
be inserted only for those experiments in order to avoid unwanted losses due to mirror
reflectivity. This system (like those in [36] or [37]) uses the edge of the mirrors to split and
recombine the beam transversally and to give the two pulses a geometrical delay ranging
from zero to a few hundreds fs.

Another high loss element that will be used only if required is the monochromator.
We plan to use a grating monochromator in a configuration of closed dispersion [38] to
avoid pulse front tilt; thus, there is an increase in the time length of the pulse. A Hartmann
sensor (routinely implemented at FELs facilities [39]) will check the arrival pulse front at
the target.

The beamline also requires an attenuator for the photon energy to better suit the
experiments. We plan to initially use only thin film attenuators of different thicknesses,
whereas, in the second phase, we plan to implement a gas attenuator at the beginning
of the beamlines to achieve a finer control in the photon pulse energy for experimental
purposes (e.g., for investigations of non-linear processes), sustaining a cost increase for the
device and the pumping system.

3.2. Beam Diagnostics

We will use a gas-based intensity monitor to measure the number of photons per
pulse, like those employed at FLASH [40] and FERMI [30], studying the best suitable gas
for photoionization on the machine spectral range. We plan to have one detector at the
beginning of the beamline near the BDA and another just before the final focus to accurately
measure the shot-by-shot energy sent to the experiment. Other techniques to complement
the gas intensity monitor, e.g., photodiode and using photoemissions from the metallic
coating of the mirrors, are also under study. The photodiode will also be used during
the commissioning and first alignment of the FEL line to characterize the FEL generation
process and to tune the seeding intensity, as has been demonstrated at FERMI [41].

A few scintillator screens will be installed along the beamline in order to have an
offline measurement of the beam size and shape. We plan to use a diagnostic chamber
that is very similar to the one implemented for electron beam diagnostics to increase
modularity. The scintillating medium will be a YAG:Ce crystal, which is known for its cost-
effectiveness, is commonly used in FEL lines because of the high light yield (approximately
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8 photons/keV [42]) and can also be used as a replacement for electron beam diagnostics,
reducing the number of different spare parts required by the machine.

The precise measure of the time length and the arrival time is very important for
the ultrashort FEL pulses (as reported in [43]). Many technologies and methods have
been considered and tested [44] for the characterization of short VUV-X ray pulses. For
pulses longer than a few hundred fs, commercial streak cameras have enough resolution to
characterize the pulses. Commercially available fast photodiodes can be used for slower
pulses (few tens ps) and for time arrival monitoring, in addition to being useful for energy
measurements. For shorter beams, other techniques are used, involving nonlinear processes,
such as cross-correlation [45] or transient reflectivity [46], using interferometry [47,48] or
inferring the duration from the FEL-induced lasing effects on the electron beam after the
undulators [49]. The technique we plan to develop and employ in our beamline will employ
the ionization time-of-flight streaking with THz [50] or IR [51–53] wavelengths, which can
achieve a sub-fs resolution on single-shot, non-intercepting measurements. The choice
of the laser streaking wavelength will depend on the time length of the expected pulse
regime, as the time window scales with the laser wavelength (e.g., ∼35 fs for 10.6 µm laser
wavelength [52]), whereas the time resolution is inversely proportional to the wavelength
(e.g., ∼500 fs for the same 10.6 µm wavelength [52]). This time-of-flight technique will also
give information on the pulse arrival time [50].

Moreover, we plan to measure both the spatial and the temporal coherence of the
beam using an interferometer, in either the Michelson [54] or the Fizeau configuration.
The coherence measurement will be performed inside the experimental chamber in a
removable configuration, as the interferometer will intercept the beam and requires a
multishot measurement.

We’ll use a spectrometer with diffraction gratings to measure the pulse spectrum [30,55].
After the mirrors are used for deflecting the beam outside the undulator line, a grating
will be used in a configuration where the reflected beam will be sent toward the experi-
mental chamber in its 0th order, whereas we measure the first diffracted order with a CCD
camera to retrieve the spectral information. In a first evaluation of the resolution, using
a 2400 grooves/mm grating, 100 nm of central wavelength and 3 m of propagation from
the grating, one camera pixel (approximately 13 microns for a back illuminated soft X-ray
camera) will cover 1.2 × 10−3 nm (approximately 1% of the expected spectral width) at an
angle of approximately 32.6◦. Commercial back-illuminated cameras require only a small
fraction of the photon beam to be employed due to their signal-to-noise ratio and excellent
quantum efficiency on the order of 30%.

3.3. Experimental Endstation

The experimental end-station foreseen for the ARIA beamline will be equipped with
the instruments necessary to perform the photo emission experiments described in the
following section. The vacuum experimental chamber will contain state-of-the-art sample
delivery systems and detectors.

Concerning the sample delivery, the injection of both liquid jets and aerosols will be
possible. For liquid jets, different kinds of micro-jets, based on the gas dynamic virtual
nozzle technology described in [56], including those developed for sample mixing [57] and
for a lower sample consumption at pulsed sources [58], will be available. Molecules in
the gas phase will instead be injected using an aerosol source, such as the one described
in [59]. Moreover, the chamber will have the possibility of hosting solid samples mounted
on motorized micro-precision stages and/or hexapod-like devices.

Concerning the detectors, an energy-resolved photon detector will be mounted to
allow for the performing of different types of spectroscopic measurements. A time-of-flight
spectrometer [60] connected to the experimental chamber will be used to analyze the ions
and molecules produced by the sample–beam interaction.

Finally, an inlet for an external laser will allow for the performing of laser pump/FEL–
probe time-resolved experiments.



Condens. Matter 2022, 7, 11 9 of 13

4. Scientific Goals of ARIA Beamline

ARIA can provide many different experimental opportunities for investigations with
pump–probe techniques in the fields of atomic, molecular and cluster physics, as well as in
the study of gas adsorbates at interfaces and liquids.

The structure of small and large clusters is a topical issue under continuous develop-
ment at third and fourth generation synchrotron facilities. Such studies on free clusters
and thin solid films obtained from their deposition aim to follow the evolution of the
properties of the matter, starting from a single isolated particle toward the surface and
bulk condensed phases, and passing through steps of atomic and molecular aggregates
of increasing complexity [61–63]. Given the extremely low number of target particles in
cluster experiments, great advances are expected at a VUV-FEL, such as the ARIA beam-
line. Although an experimental effort has been directed toward studies on rare gases and
molecular clusters, studies on aggregates of elements with high vaporization temperatures
are still in their infancy. The main goal of such studies is to look at the formation of free
clusters of varying chemical nature [64] by implementing resonant techniques in the VUV
range. Indeed, the ability of the VUV-FEL to shift the wavelength of the scattered light from
the visible into the deep UV will allow us to probe new electronic transitions well within
the 7–20 eV range for classes of cluster materials, such as nano-carbons, and potential gap
dielectrics, such as metal oxides.

More generally, the photon energy range of ARIA will give access to the photo-
ionization thresholds and to the valence ionic states of atmospheric constituents from the
troposphere, up to the ionosphere, and its pulsed time structure makes it an ideal source not
only for spectroscopy, but also to study dynamics induced by light in such complex media
with state-of-the-art mass spectrometric and electron spectrometry techniques [65]. The
same applies to biosphere constituents, where the possibility of changing the polarization
of the FEL light from linear to circular allows us to obtain important information, e.g.,
correlating chirality and natural dichroism in biotic media to the electronic structure of
their basic constituents. The high brightness of this FEL source will enable the first direct
analysis of systems with low density, as well as spectroscopic studies of exotic species.

A VUV monochromatic beamline, together with photo-emission techniques, would
allow for the study of species of interest in both the physics of the upper atmosphere and
in combustion. The electronic structure of these species has been extensively studied in the
optical range but is not very well known in the region of photo-ionization due to the lack
of high-intensity sources at wavelengths below 180 nm.

Besides photo-emission experiments, measurements in which molecules are photo-
dissociated by the bright wavelength-tunable FEL pulses, and where the fragments are
then analyzed by time-of-flight spectroscopy, will also be possible. Pilot measurements of
this kind, in the same photon energy range that will be covered by ARIA, have already
been performed at the Dalian coherent light source [66].

Finally, ARIA also represents a perfect source for two-photon photo emission (2PPE)
experiments, a technique that matches the advantages of direct and inverse photo emission.
In the time-resolved pump (external laser) and probe (FEL) configuration, it provides
a powerful tool for the investigation of excited states, such as excitons, polarons, spin-
charge-orbital ordering and the like [67]. Such states can be strongly modified in confined
structures or in hybrid organic–inorganic hetero-junctions of organic solar cells [68], as
well as in modulation-doped semiconductor heterostructures of metal–semiconductor
interfaces, and spintronics devices such as spin valves or diluted magnetic semiconductors.
The use of FEL sources with tunable energy may be crucial to enhance the resonant photo
emission mechanism from more-or-less shallow levels beyond the limitation imposed by a
low-frequency laser or low-intensity plasma/discharge UV lamps, allowing for a precise
targeting of excited states via Fermi surface mapping.
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5. Conclusions

This work investigated the feasibility of a compact and cost-effective FEL facility
in the VUV spectral region. We presented FEL simulations of the emitted radiation, an
overview of the beam transport and diagnostics and some of the possible applications.
This FEL combines the possibility of delivering close to Fourier transform limit pulses with
a high degree of polarization that is also controllable [69], with the possibility of tuning the
pulse duration in two different conditions—ultrashort pulses allowed by the large gain
bandwidth, and intensity- and spectrally stable ultra-narrow bandwidth pulses when used
in combination with a monochromator.

This beamline may contribute to the scientific investigation in atomic, molecular and
cluster physics, broadening the possibilities offered by existing FELs or alternative sources
in the VUV spectral region, such as harmonics emitted in gas.
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