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Abstract: The EuPRAXIA EU project is at the forefront of advancing particle accelerator research and
the development of photon sources through innovative plasma acceleration approaches. Within this
framework, the EuAPS project aims to exploit laser wakefield acceleration to build and operate a
betatron radiation source at the INFN Frascati National Laboratory. The EuAPS source will provide
femtosecond X-ray pulses in the spectral region between about 1 and 10 keV, unlocking a realm
of experimental ultrafast methodologies encompassing diverse imaging and X-ray spectroscopy
techniques. This paper presents a description of the EuAPS betatron source, including simulations of
the photon beam parameters, outlines the preliminary design of the dedicated photon beamline, and
provides an insightful overview of its photon science applications.

Keywords: free electron lasers; betatron emission; X-ray spectroscopy; phase-contrast imaging

1. Introduction

The European Plasma Research Accelerator with eXcellence In Applications (Eu-
PRAXIA) project aims to develop particle accelerator research infrastructures based on
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novel plasma acceleration concepts and laser technology [1]. One of the key elements of
plasma acceleration is the so-called driver pulse, which creates a wakefield in plasma that is
then exploited to accelerate electron bunches. The driver pulse can be either a laser, leading
to a Laser Wakefield Accelerator (LWFA) [2–5], or charged particles (such as electrons),
or a pulse, leading to a Particle Wakefield Accelerator (PWFA). Betatron radiation is the
characteristic emission of photons originating from electrons traveling along an oscillatory
path at relativistic speeds, as happens in LWFA or PWFA. This betatron radiation, exhibiting
a certain level of coherence, is emitted within a narrow forward cone with a source size
typically of a few microns and exhibits a relatively high level of transverse coherence. The
photon pulse duration is comparable to the duration of the driver pulse and therefore
falls in a timescale of femtoseconds. The short duration of the pulses results in a peak
brilliance comparable with that of synchrotron sources, although with a lower repetition
rate, typically Hz, as compared to MHz for synchrotrons. Betatron sources’ pulses carry
fewer photons than FELs (e.g., [6]) but with a similar pulse length and transverse coherence
characteristics. The energy spectrum is broad, like that of a wiggler synchrotron radiation
source with comparable peak brilliance. Betatron sources can be considered between free
electron laser (FEL) sources and synchroton radiation sources, with the short pulse and
coherence of FELs but broad energy range of synchrotrons, as we can see in Figure 1, where
we compared expected peak brilliance with that of betatron sources around the world.

Figure 1. Peak brightness for different betatron X-ray sources [6–15] compared to the expected one
from EuAPS. The EPAC laser-plasma source is expected to have a brilliance greater than 1023. All the
other data in this figure were extrapolated from Chaulagain et al. [6].

The main advantages of betatron sources concerning synchrotrons and FELs are their
compactness and lower cost. The ultimate goal of EuAPS is to operate a stable, compact,
ultra-fast X-ray source that can reduce the economic and environmental impact of large
photon radiation facilities without losing their capabilities [16]. In this paper, we provide
a description of the EuAPS betatron source parameters based on simulations, present an
outline and a preliminary design of the dedicated photon beamline, and give an overview
of the foreseen applications.
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2. Results
2.1. Simulations

Preliminary simulations on the energy spectrum and intensity of the betatron radia-
tion have been presented in Ref. [17]. Here, we provide updated figures taken from the
simulations reported in Ref. [18], which were performed exploiting a model based on a
particle-in-cell (PIC) data structuring process. This method, which chooses a specific set
of particles, is based on their position and momentum and collects data related to this
set at any point in time [19]. Position, moments, and electrical fields obtained from these
calculations are then used to perform parallel calculations of the produced electric fields.
The dynamics of the electrons and the emitted radiation have been calculated separately
due to the significant difference in energy scales; electron energies are on the order of
100 MeV, while single-photon energies are 1–10 keV. The Fourier transform of the computed
total field allows radiation spectrum retrieval. All the specifications of the simulations are
reported in Ref. [18], where the code is explained in more depth and is tightly connected to
our work. All the parameters of the simulation are contained in Table 1. The driver laser
source is the FLAME femtosecond laser system, which is able to provide pulses with a
maximum energy of 7 J, temporally compressed down to 25 fs, with a peak power of 200 TW
and 10 Hz repetition rate. To give an overview of possible scenarios, the simulations are
repeated for three different plasma densities achievable at EuAPS.

Table 1. Parameters of the simulations and—in the last row—corresponding photon beam parameters.

Laser Energy [J] 2.5

Plasma Density [cm−3] 1.7 × 1018

Beam Energy [MeV] 395

Transverse beam size RMS [µm] 1.5

Charge [pC] 144

Pulse Duration [fs] 25

Photons @ energy per pulse > 1 keV 1.7 × 109

The main outcome of the simulations is that considering the plasma densities achiev-
able at EuAPS, the expected number of photons/pulse with energy > 1 keV is on the order
of 109 photons/pulse. The simulations allowed us to estimate the X-ray beam profiles that
we expect to obtain. The simulations were carried out following the data obtained from
the PIC models and a gas mixture of He-N2. We started from pure helium gas and added
integer percentages of N2 into the mixture up to 5%. The results are shown in Figure 2,
with spots of the simulated betatron radiation with mixtures from 0% nitrogen to 5%.

Despite the fidelity of the simulations, other studies have noted that betatron radia-
tion’s properties are prone to fluctuation due to the nature of the generation process [12,20].
Experimental data for the X-ray beam profile have shown that the beam shape generated
from pure helium (the most common type of gas used) has very asymmetrical features that
are highly dependent on the stability of the emission [12].

2.2. Experimental Chamber

As reported above, the main foreseen applications of the EuAPS photon beam will
be X-ray imaging and spectroscopy. To also perform experiments in the low range of the
energy spectrum, where air absorption would be consistent, EuAPS foresees the installation
of a high-vacuum experimental chamber. Here, we describe the design of the experimental
chamber that will allow us to perform increasingly complex experiments, starting from
imaging measurements, but keeping the possibility of performing X-ray spectroscopy
experiments. The chamber has a rectangular base of 0.8 m × 3 m and is 0.8 m high.
It is composed of three different modules (as shown in Figure 3), and it is capable of
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reaching a pressure of 10−6 mbar. The betatron beam, generated in a dedicated gas-
jet chamber located upstream from the experimental chamber, enters the experimental
chamber through a dedicated flange. The side panels of the modules have five flanges
allowing the coupling with external lasers for pump-probe experiments, the installation of
other devices, and easing access to the chamber.

Figure 2. X-ray beams spot simulation obtained from the PIC method explained in the text. The spot
was simulated starting from a 0% addition of N2 to the He gas of up to 5% of N2 in the mixture. We
can see that the N2 gas added to the mixture enhances the intensity of the beam in the 10 millirad
range around the center, without affecting the shape. However, this enhancement rapidly falls off at
5% mixture. The energy range of the simulations is between 1 and 10 keV.
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Figure 3. CAD schematic of the Experimental Chamber that has been described in the text. The X-ray
beam, the sample holding system, and the X-ray camera holding system are highlighted. At the
bottom of the chamber, the 2.5 m rail system can be seen.

In its initial setup, the experimental chamber will be equipped with a 2.5 m linear
rail, where a CCD X-ray camera and the sample holder will be mounted. The camera will
be a PI-MTE3 Teledyne back-illuminated 2048 × 2048 pixel CCD camera with a pixel size
of 15 × 15 µm2. At the beam entrance, a motorized X-ray slit and a filter wheel capable
of holding six different X-ray filters of sufficient size (2 inches/5.08 cm) will be installed
to interact with the full beam. A first XYZ stage will be used for sample alignment, and
then two linear stages will allow the sample holder to move in the XY plane (parallel to the
ground) while a rotating stage will be used to rotate the sample holder 360° around the
z-axis (perpendicular to the ground). A hexapod will be used to move the sample holder
in the XYZ direction and to optimize the sample position in relation to the CCD camera.
The CCD camera alignment system, placed on the linear rail, will be positioned at the
optimal distance from the sample for X-ray imaging purposes (the equipment disposition
is represented in Figure 4).

It is worth pointing out that the chamber will be large enough to accommodate
other pieces of instrumentation, like crystal-based optical components and extra radiation
detectors, which will be needed to perform X-ray spectroscopy experiments. This ensures
that the chamber will be flexible enough to follow possible evolution and improvements of
the betatron source, as pointed out above.
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Figure 4. Particular of the camera system (panel A) and the sample system (panel B) that will be
installed in the EuAPS chamber. In red, (1) is the X-ray CCD camera (PI teledyne, 2048 × 2048 res,
15 µm pixel size, 30.7 × 30.7 mm size), (2) represents the two z-linear stages, (3) is the hexapod, and
(4) is the sample alignment system composed of 2 linear stages and 1 rotary stage, all under the
sample holder plate. All components are high-vacuum-compatible.

3. Discussion

Some possible applications of the betatron photon beam at LNF have already been de-
scribed in a previous article [17]. Here, taking into account the substantial financial support
granted by the NextGenerationEU program, and the latest results on the expected source
parameters, we provide an updated and more detailed photon science plan compatible
with the design of the experimental setup described in Section 2.2. The timeline foresees
the source to be operational in 2025 and to remain active for at least 10 years after the end
of construction.

Other works have demonstrated that the stability and quality of the beam can be
improved with the use of an ionization-injection regime (e.g., Refs. [12,21]) that will be
implemented in our facility. The idea is therefore to start with a pilot experiment and to
increase the number and complexity of applications while improving the source at the same
time. In the following paragraphs, we describe the main classes of experiments foreseen for
the EuAPS source, namely X-ray imaging and X-ray spectroscopy, following the scheme
presented in Table 2.

Table 2. Main classes of experiments to be performed at the EuAPS betatron source. In the first
column, the priority index corresponds to the hierarchy of the experiments in the EuAPS timeline.
The second column lists the experimental techniques and specifies whether the experiments are static
or time-resolved. The last column summarizes the foreseen types of samples

Priority Technique Samples

1 Static CT and PCI Leaves, wood, insects, animal tissues, ancient papers
2 Static XAS Metal foils
3 Time-resolved XAS Metal foils, nanoparticles
4 Time-resolved imaging Bulk materials, liquid jets, plasmas, sprays
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3.1. Imaging

X-ray imaging is routinely performed by exploiting various X-ray sources, from con-
ventional X-ray tubes to accelerator-based facilities. Conventional X-ray imaging is based on
the detection of variations in the X-ray attenuation coefficient within the sample. This prin-
ciple is routinely used to obtain bi-dimensional, i.e., radiography, and three-dimensional,
i.e., computed tomography, representation of the scanned object. However, light materials,
such as soft tissues, feature a poor attenuation contrast and are therefore hardly visible
through attenuation-based imaging [22]. Owing to the high lateral coherence of the betatron
source, X-ray phase-contrast imaging (PCI) techniques can be implemented, offering a
much higher sensitivity to light materials. PCI enables the visualization of phase effects,
which are dependent on the phase shift experienced by the X-rays traversing the sample.
PCI has already shown its potential at betatron radiation sources to image biological objects,
such as tissues and small organisms [11,23–26] and inorganic materials [27].

The photon flux achievable by the EuAPS source, which is on the order of 109 pho-
tons/pulse, can allow aiming at micron resolution with single-shot measurements [28,29].
The EuAPS pilot experiment will be aimed at studying samples for which a resolution of
some microns will be sufficient to yield valuable information. In this context, the imag-
ing of highly structured samples of biological samples, such as vegetables (e.g., Ref. [30])
or soft-tissue biological samples, will be the first application to be developed. Thanks
to the broad spectral range emitted by the source, spectral imaging can be achieved by
adjusting the shape and average energy of the spectrum using suitable filters made of
various materials placed between the source and the sample. Repeated acquisitions of the
same sample with varying spectra can allow the identification of specific elements, such
as the presence of heavy metals. This scheme, for instance, could be used to study the
distribution of pollutants in the samples. Other foreseen applications of PCI at EuAPS
include non-destructive imaging of cultural heritage samples, such as ancient documents.
Again, the strategy of applying filters to obtain elemental sensitivity will be a key point
to clearly distinguish the presence of different inks, therefore allowing a virtual reading
of otherwise impossible-to-access documents [31–33]. Moreover, among the different PCI
techniques, Edge Illumination (EI) beam-tracking (BT) [34–37] is one of the most promising
phase-contrast imaging-based approaches for experiments at betatron sources. This tech-
nique is based on the tracking, at a pixel-by-pixel level, of the changes introduced by the
sample upon a structured illumination field, which is created through a periodic absorbing
structure positioned upstream from the sample. With this technique, Doherty et al. [30]
obtained multimodal images, in transmission, refraction, and scattering, with both single-
shot and multiple-shot modes using a betatron source with parameters similar to EuAPS.
The most important condition for good BT/EI images is to have a small camera pixel size
(<15 µm), but it relaxes the requirements in terms of spatial coherence. In the framework
of the EuAPS project, EI will represent the first test to show the capability of the betatron
source to encode multiple information with a single-shot acquisition approach. The further
steps in imaging at EuAPS will be exploiting the pulsed nature of the betatron source to
perform time-resolved imaging measurements. Potential applications include imaging of
sprays [38] and ultrafast phenomena, such as the propagation of laser-driven shock-waves
in materials, which can be tracked with a resolution down to tens of femtoseconds [13].

3.2. X-ray Spectroscopy

While more demanding from the instrumentation point of view than imaging, X-ray
spectroscopy can benefit from the characteristics of betatron radiation sources [39]. In-
deed, its wide energy range makes it suitable for X-ray absorption spectroscopy (XAS)
experiments, both in the X-ray absorption near-edge spectroscopy (XANES) and in the
extended X-ray absorption fine structure (EXAFS) energy regions [40–42], and its pulsed
structure allows performing time-resolved experiments. Methods and potentialities for
time-resolved XAS have been demonstrated at pulsed sources such as FELs in the last
decade and are becoming more and more widespread [43–45]. It is worth pointing out that,
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to date, betatron sources are the only ones emitting femtosecond pulses with a broad energy
spectrum. For this reason, they are the best candidates to perform time-resolved measure-
ments in the EXAFS region, which requires a range of a few hundred eV. For samples in
which the cross-section is large—and therefore allows achieving a good signal-to-noise
ratio—a photon flux as high as the FELs one is not necessary, and the much smaller and less
expensive betatron sources can be used instead. For this reason, betatron XAS experiments
have been so far mainly used to study metallic samples or other bulk materials. To maxi-
mize the flux on the sample, XAS at betatron sources is typically performed in dispersive
mode, with curved or mosaic crystal analyzers focusing the white beam on the sample
and position-sensitive detectors measuring the transmitted intensity. The advantage of
this scheme is that no monochromator is needed, and so all the photons emitted by the
source reach the sample. Pump-probe XAS experiments on copper [40] and aluminum [46]
demonstrated the potential of betatron XAS to study non-equilibrium phenomena. XAS
experiments at the betatron can also be performed in single-shot mode. Kettle et al. [47]
showed that it is possible to obtain single-shot K-edge XANES spectra of a titanium sample
with a betatron radiation source with 106 photons/eV in the 5 keV region, with a signal-
to-noise ratio of 300:1. The same group successfully acquired EXAFS data from a copper
foil [48] exploiting single shots of a betatron source delivering photons at 0.05 Hz. These
works pave the way for single-shot time-resolved XAS experiments.

As pointed out in Section 2.2, the EuAPS experimental chamber is large enough to
accommodate the instrumentation needed to perform XAS experiments, in both static
and time-resolved mode. In particular, following Mahieu et al. [40], we plan to install a
setup where a toroidal mirror is used to focus the X-ray beam on the sample and a toroidal
crystal deviates the transmitted beam on the CCD. While toroidal mirrors are a direct and
relatively easy solution to deliver the photon beam to the experimental stations, they have
low efficiency and are difficult to align. For these reasons, in a second stage, we will install
a Multi-Lane mirror system, as described by Raclavsky et al. and Zerauli et al. [49,50], with
a broad range of applications that would highly speed up all the alignments and, at the
same time, have higher efficiency in delivering the beam. Given the expected photon count
of EuAPS, the first XAS experiments will be performed in the XANES region, which is
characterized by a higher signal-to-noise level with respect to the EXAFS. Oscillations in the
EXAFS are indeed generally about 1% of the edge step in amplitude [51], while XANES and
its oscillations can be as intense as the edge step [52]. Performing the first XAS experiments
on metallic samples (due to the higher cross-section than lighter elements) in the XANES
region will therefore be the initial phase of the spectroscopy program at EuAPS. A list of
EuAPS applications, in order of priority, is given in Table 2.

It is also worth pointing out that, thanks to the higher repetition rate of the EuAPS
source (1 Hz at the start of the betatron source life) concerning the aforementioned XAS
experiments (0.05 Hz), it will be possible to acquire more spectra within the same time.
This is particularly relevant for pump-probe experiments, in which the samples are first
pumped by an intense femtosecond laser and then probed by the X-ray betatron pulse
coming with an appropriate delay. These experiments indeed require the collection of a full
spectrum for each delay and therefore are more time-consuming than static experiments.
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Abbreviations
The following abbreviations are used in this manuscript:

CT Computer Tomography
EuAPS EuPRAXIA Advanced Photon Sources
EXAFS Extended X-ray Absorption Fine Structure
FLAME Frascati Laser for Acceleration and Multidisciplinary Experiments
INFN Istituto Nazionale di Fisica Nucleare
LNF Laboratori Nazionali di Frascati
LWFA Laser Wakefield Accelerator
PCI Phase Contrast Imaging
PWFA Particle Wkefield Accelerator
XANES X-ray Absorption Near Edge Spectroscopy
XAS X-ray Absorption Spectroscopy
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