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Abstract: EuPRAXIA is a leading European project aimed at the development of a dedicated, ground-
breaking, ultra-compact accelerator research infrastructure based on novel plasma acceleration
concepts and laser technology and on the development of their users’ communities. Within this
framework, the Laboratori Nazionali di Frascati (LNF, INFN) will be equipped with a unique
combination of an X-band RF LINAC generating high-brightness GeV-range electron beams, a
0.5 PW class laser system and the first fifth-generation free electron laser (FEL) source driven by
a plasma-based accelerator, the EuPRAXIA@SPARC_LAB facility. Wiggler-like radiation emitted
by electrons accelerated in plasma wakefields gives rise to brilliant, ultra-short X-ray pulses, called
betatron radiation. Extensive studies have been performed at the FLAME laser facility at LNF, INFN,
where betatron radiation was measured and characterized. The purpose of this paper is to describe
the betatron spectrum emitted by particle wakefield acceleration at EuPRAXIA@SPARC_LAB and
provide an overview of the foreseen applications of this specific source, thus helping to establish a
future user community interested in (possibly coupled) FEL and betatron radiation experiments. In
order to provide a quantitative estimate of the expected betatron spectrum and therefore to present
suitable applications, we performed simple simulations to determine the spectrum of the betatron
radiation emitted at EuPRAXIA@SPARC_LAB. With reference to experiments performed exploiting
similar betatron sources, we highlight the opportunities offered by its brilliant femtosecond pulses for
ultra-fast X-ray spectroscopy and imaging measurements, but also as an ancillary tool for designing
and testing FEL instrumentation and experiments.

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

1. Introduction

EuPRAXIA is a European project aimed at developing a particle accelerator research
infrastructure based on plasma acceleration [1]. The EuPRAXIA@SPARC_LAB facility
will provide the Laboratori Nazionali di Frascati (LNF) with a unique combination of
a high-brightness GeV-range electron beam accelerated by a state-of-the-art X-band RF
linac, a 0.5 PW class laser system and an ultimate light source driven by a plasma accel-
erator [2]. The EuPRAXIA@SPARC_LAB scientific program includes, among its main
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research directions, the development of advanced radiation sources for photon science.
In plasma acceleration, a driver pulse, which can be either a laser or an electron (or, in
general, charged particles) beam, creates a wakefield in a plasma, referred to as Laser
Wakefield Accelerator (LWFA) and Particle Wakefield Accelerator (PWFA), respectively.
The plasma wakefield accelerates a witness electron bunch injected behind the driver pulse.
The electrons wiggle in the plasma wakefield and are accelerated at a few GeV/m. The
accelerated electrons are then injected into an undulator and generate FEL pulses. At
EuPRAXIA@SPARC_LAB, the FEL photons will have a wavelength of approximately 3 nm,
therefore falling within the energy region that lies between the carbon and oxygen K-edge,
the so-called water window. The foreseen applications of this FEL radiation have been
discussed elsewhere [3]. However, the FEL beam is not the only photon source that can
be obtained from plasma acceleration. It is worth noting that electrons moving on an
oscillatory trajectory at relativistic velocity, as happens in LWFA or PWFA, emit photons.
The characteristics of this radiation, which is referred to as betatron radiation, depend on
the electron beam parameters [4,5]. Betatron radiation with a certain degree of coherence
is emitted within a narrow cone in a process analogous to wiggler emission in storage
ring light sources. The first measurements of betatron radiation emitted in laser—plasma
acceleration experiments at the LNF were performed at the FLAME (Frascati Laser for
Acceleration and Multidisciplinary Experiments) laser facility [6,7]. The measured betatron
radiation spectrum was in the X-ray region from 2 keV to 25 keV. As detailed in the next
sections, also at the EUPRAXIA@SPARC_LAB parameters, the emitted betatron radiation is
expected to lie in the X-ray region. Betatron sources share the common properties of being
compact and delivering collimated, femtosecond radiation [8] and have a broad range of
applications, including biomedical applications, such as radiology; defense and industrial
applications, including the detection of explosives and drugs; and high-energy-density
science, aimed at the study of fusion plasmas and planetary and stellar interiors [9]. In
the field of condensed matter physics, these sources are particularly useful when a short
pulse length is required. In this paper, we report preliminary simulation data about the
betatron radiation properties at EuPRAXIA@SPARC_LAB and we describe some possible
applications compatible with the simulated spectrum parameters.

2. Results
2.1. Simulations

Simulations to estimate the intensity and energy spectrum of the betatron radiation
have been performed starting from the EUPRAXIA@SPARC_LAB design parameters, as
detailed in Table 1. The linac will be capable of providing energy up to 600 MeV, which
will be increased to 950 MeV thanks to the plasma module. Regarding the capillary length,
at present, we have already reached the discharge in 20-cm-long capillaries. For the
EuPRAXTA@SPARC_LAB design, we are working on sapphire capillaries that should be
able to reach the indicated length. A possibility that we are exploring is to work with
a segmented capillary, consisting of three 20 cm capillaries placed all together, without
spacing in between.

Table 1. EUPRAXIA@SPARC_LAB parameters.

Parameter [Units] Value
Beam energy [MeV] 600-950
Plasma density [em~3] 3.0 x 1016
RMS transverse beam size [um] 3.0
Charge [pC] 45
Capillary (plasma) length [m] 0.6

Pulse duration [fs] 10
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The betatron radiation spectrum arising from the plasma acceleration was calculated
following the models provided in Refs. [10,11], where it is assumed that the electrons in
the plasma are oscillating only in one plane. In more detail, in these models, the plasma is
considered as a simple ion column or focusing channel. The electrons are oscillating inside it
with a plane sinusoidal trajectory. The parameters of this trajectory are therefore defined by
the beam parameters (transverse size, energy) and plasma density. Since the models work
for a constant energy, in order to take into account acceleration, we divide the capillary into
several sections and calculate the betatron radiation coming from these sections, increasing
the energy from section to section, while keeping the energy constant on each section. The
expression that we use for the betatron radiation on each section comes from Equation (30)
in Ref. [11]. Figure 1 shows the betatron spectra simulated for three different plasma
densities. According to these simulations, the betatron spectrum will range from around
1 nm down to the hard X-ray region (less than 0.1 nm). The blue curve is obtained for a
plasma density of 3.0 x 10'® ecm 3, which corresponds to the EuPRAXIA@SPARC_LAB
baseline operation value. Since it is possible to increase the photon flux by increasing
the plasma density, we compare the “baseline” spectrum with those simulated assuming
higher plasma densities. The scenarios that we outline here are still compatible with the
experimental design and can be used as reliable models to maximize the betatron emission.
The critical energy is, approximately, 5 keV, 3.5 keV and 1.5 keV for plasma densities of
9.0 x 10 cm—3, 6.0 x 10 cm—3 and 3.0 x 10 cm~3, respectively. However, it is worth
pointing out that, although the spectrum resembles bending magnet synchrotron radiation,
it actually corresponds to the wiggler emission in storage ring light sources, with a series
of maxima (harmonics), which, due to the fact that the deflection angle of the oscillatory
motion is high, simply merge into what becomes a continuous spectrum.
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Figure 1. Betatron radiation spectra simulated for a source size of 3 pum and 3 different plasma
densities. The total number of photons is 1.7 x 10” for the 9.0 x 10'® cm~2 density, 9.9 x 108 for the
6.0 x 10'® cm~3 density and 4.1 x 108 for the 3.0 x 10'® cm 3 density.
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2.2. Betatron Imaging

In “traditional” imaging (and computer tomography, CT), one measures the variation
in the X-ray absorption coefficient in different parts of a sample. In phase-contrast imaging
(PCI), one measures instead the difference in wavefront. In this way;, i.e., by making the
phase gradient visible, PCI makes it possible to visualize soft-tissue structures that are oth-
erwise unresolved with CT. This method thus improves the resolution in soft tissue imaging
(e.g., lungs and brain) and typically requires lower doses [12]. PCI measurements require an
X-ray radiation source. Betatron-based sources could fill the gap between synchrotron- and
X-ray tube-based sources in terms of photon flux and the size of the photon source [13,14],
providing a novel tool to perform PCI but also CT measurements [15]. The application of
bright, ultrafast X-ray radiation to the phase-contrast imaging of biological specimens was
demonstrated in 2011 in [16].

In [13], Guo and coworkers showed that good-quality PCI images can be obtained
within 1 min at a repetition rate of 0.3 Hz, with approximately 1.1 x 107 photons per shot
in the energy range between 4 and 15 keV. Considering that EuPRAXIA@SPARC_LAB
will have, according to the simulations shown in Figure 1, approximately 4 x 10® photons
per shot in the 4-15 keV energy range (for the 6.0 x 10'® cm~3 density case), and a target
repetition rate of 10 Hz, images of quality comparable with Ref. [13] can be acquired on
even shorter timescales, provided that the source will exhibit good stability.

Simulations suggest that a photon flux of order 10°photons/shot might even allow
us to achieve a sub-micron resolution [17]. Although a sub-micron resolution will not be
reached due to the limited photon flux, EuPRAXIA@SPARC_LAB will still provide betatron
photons to perform PCI measurements on biological specimens, such as insects or tissues.
This will favor the broader adoption of advanced imaging techniques, such as PCI, in
university-sized laboratories [18], thus paving the way for the development of small-scale
sources for PCL.

2.3. Betatron X-ray Spectroscopy

As with wigglers, betatron sources have a broad energy spectrum, but they emit
very short pulses. They are therefore ideal sources to perform time-resolved spectroscopic
measurements, such as X-ray absorption spectroscopy (XAS).

XAS is indeed a powerful technique to study the electronic and atomic structures
around selected absorbing atoms. In addition, time-resolved XAS experiments can there-
fore provide information on the dynamics induced in a sample by an external pump. In
order to perform these experiments with a high temporal resolution, an X-ray source with
femtosecond pulses is needed. The first option is to exploit X-ray FEL radiation [19-22].
However, the beamtime demand at FEL sources is larger than the availability. For this
reason, at least for the kinds of experiments not requiring the peak brilliance of FELs,
other X-ray sources with ultra-short pulses could be used. Among these, betatron ra-
diation sources have the advantages of providing a continuous energy spectrum, ideal
to perform spectroscopic experiments, and of having pulses down to the femtosecond
domain, ideal to obtain a high time resolution. Betatron experiments have indeed allowed
researchers to successfully study the nonequilibrium dynamics of copper at extreme temper-
atures and pressures [23]. In this experiment, a femtosecond optical laser pulse “pumped”
the sample, while a subsequent femtosecond X-ray betatron pulse, with approximately
10° photons/shot/0.1% bandwidth around 1 keV, “probed” its dynamics by XAS. Similarly,
Mo et al. [24] performed laser-pump, betatron-probe XAS experiments to measure the
ionization states in warm dense aluminum.

In order to assess the feasibility of XAS experiments exploiting the betatron source de-
scribed in the present paper, we observe that, in Ref. [23], the experiments were performed
with a beam providing 10° photons/shot/0.1% bandwidth [8]. A total of 50 acquisitions (at
0.3 Hz) were merged to obtain the spectra analyzed in the paper. According to the simula-
tions shown in Figure 1, this number is well in the reach of the EuPRAXIA@SPARC_LAB
betatron emission, which can be as high as 5 x 10° photons/shot in the most optimistic
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scenario, with the highest plasma density, but will be sufficient also in the less optimistic
one. Considering the higher repetition rate of EUPRAXIA@SPARC_LAB, it is foreseeable
that it will allow data collection on similar samples in shorter times.

It is also possible to perform laser pump-X-ray probe experiments by using the same
laser pulse to pump the system and generate the betatron radiation. In [25], the optical
system splits a laser beam into two beams, one serving as a pump to excite SiOp, while the
second one produces the betatron radiation in a laser wakefield accelerator. The experiment,
performed at the Matter under Extreme Conditions end-station of the Linac Coherent Light
Source (LCLS), allowed the production of laser and X-ray pulses with adjustable delays and
the acquisition of time-resolved XAS data. Following these works, it is expected that the
EuPRAXIA@SPARC_LAB betatron radiation will be suitable to perform XAS experiments.
The expected brilliance is lower than that which can be achieved at FELs; therefore, its
application will be likely limited to highly absorbing samples. It is worth pointing out
that this still leaves space for the investigation of phenomena in which time resolution is
crucial. Laser pump—-X-ray probe schemes will be possible also at EuPRAXIA@SPARC_LAB,
although, in the presented configuration, the betatron radiation is emitted by PWFA, and
so the timing between pump and probe pulses will not be automatically set.

Precise determination of the X-ray pulse arrival time is necessary for accurate analysis
of pump—probe experiments as it allows one to compensate for the temporal jitter of
the photon pulses. Streaking techniques, in which the X-ray pulse is overlapped with
overlapping an IR or THz in a gas, are routinely used for this purpose. Ref. [26], although
other methods are currently used at FEL sources, based on ultrafast free-carrier generation
in optically transparent materials, might also be adapted [27].

2.4. Betatron Test Chamber

X-ray experiments are typically performed in vacuum chambers hosting the sample
holder, one or more detectors, the optics and the diagnostics and the motorized stages to
align all these elements. The setup of the experimental chamber is particularly important
for FEL experiments, where the radiation has a pulsed time structure and, due to its high
brilliance, its interaction with the samples can be destructive. Moreover, given the need for
maximizing the actual data acquisition rate during an FEL beamtime, alignment is a crucial
step. Concerning the samples, different delivery systems may be used, each one requiring
care not only regarding the mechanical alignment of the samples, but also, when dealing
with liquid jets or aerosol sources, in terms of operating pressures and of the interaction
of the sample itself and of the gases or liquids used for its injection with the radiation.
For these reasons, test chambers, able to host a sample delivery setup identical to the one
described, are widely used at FELs. At the European XFEL, a vacuum chamber hosting
a gas-dynamic virtual nozzle injection system is available for the users to optimize the
working conditions before the experiments [28].

At the LCLS, an FEL simulator, an endstation that mimics the LCLS experimental
sample environment, is also available. It consists of a vacuum chamber coupled to multiple
laser sources and able to accommodate various sample delivery tools. A laser is focused
in the center of the chamber to irradiate the sample. Diagnostics include a time-of-flight
detector for analyzing the remnants of the photoionized sample, as well as high-speed
cameras and optical detectors to collect scattered photons and images of jet breakup. One
key point of these test chambers is that they are equipped with a photon source able to
emulate the FEL radiation. In this respect, femtosecond optical lasers are relatively cheap
and easy to use and can offer an FEL-like time structure. However, their wavelength is much
larger than that of FEL sources. A betatron source would have the advantage of providing
X-ray femtosecond photon pulses. In the specific case of EuPRAXIA@SPARC_LAB, these
pulses would naturally have the same repetition rate and duration of the FEL pulses.
For this reason, at EuPRAXIA@SPARC_LAB, a vacuum chamber, fed by the betatron
radiation, will be installed. This test facility will be able to serve as a test chamber for FEL
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experiments performed at EuPRAXIA@SPARC_LAB itself and, possibly, also at other FEL
radiation sources.

A sketch of the test chamber foreseen for EUPRAXIA@SPARC_LAB, including various
sample delivery systems and photons and ion detectors, is provided in Figure 2, which
provides a schematic view of a setup for X-ray experiments at the EuPRAXIA@SPARC_LAB
facility.
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Figure 2. A schematic view of the test chamber to be installed at the EUuPRAXIA@SPARC_LAB facility.

3. Discussion

As discussed above, betatron radiation can be considered a by-product of a plasma
accelerator. Within a circular economy framework, this is a good reason to exploit this
facility as its best. Given the framework of EUuPRAXIA@SPARC_LAB as a laboratory to
produce and exploit plasma acceleration and to serve as a photon source, it is perfectly in
line with the scope of this project to foresee and discuss the possible application of betatron
radiation. In this context, the first simulations show that pulses with a duration of a few
femtoseconds and more than 10° X-ray photons may be produced, with a brilliance of more
than 10° photon pulses within a 0.1% bandwidth. Although the foreseen average brilliance
of the EUuPRAXIA@SPARC_LAB betatron source is lower than that of synchrotron X-ray
sources, the time structure of the radiation, which is characterized by femtosecond pulses,
still leads to a very high peak brilliance and allows performing spectroscopy experiments
with high time resolution. The coherence properties and the flux will also be suitable for
PCI experiments on samples of biomedical interest. Figure 3 provides a schematic view of
a setup for X-ray experiments at the EUPRAXIA@SPARC_LAB facility.

Moreover, betatron photons can be used to feed an experimental test chamber to set
up experiments to be performed at EUPRAXIA@SPARC_LAB itself, but also at other FEL
sources. Finally, since the betatron source will be naturally synchronized with the plasma-
fed FEL, it will be possible to exploit it to perform time-resolved betatron pump/FEL
probe (or FEL pump/X-ray probe) experiments. In summary, it is worth pointing out that,
although the EUPRAXIA@SPARC_LAB betatron source will not necessarily be brighter
than other existing betatron sources, it will exhibit the interesting feature of being able
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to operate in conjunction with an FEL source. This setting will offer the possibility of
performing not only stand-alone experiments but also complementary measurements,
such as PCI and spectroscopy, as well as serving as a support for the FEL experiments
themselves. In this context, the femtosecond betatron X-ray pulses can be exploited to feed
a test chamber in test runs for FEL experiments. This will have the advantage, compared to
femtosecond lasers used in similar situations, of providing the user with a much shorter
photon wavelength. Moreover, at this project-definition stage, it is still possible for the
future user community to come up with specific ideas that can be implemented in the
design of the betatron source and of the related instrumentation.

Phase
Contrast
image

$
Lo 0\0 XAS
spectrum

Figure 3. A schematic view of PCI and XAS experiments at the EUPRAXIA@SPARC_LAB facility.
The PCI image of the lacewing insect (chrysoperia carnea) has been adapted from [14].
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Abbreviations

The following abbreviations are used in this manuscript:

CT Computer Tomography

FEL Free Electron Laser

LCLS Linac Coherent Light Source
PCI Phase Contrast Imaging

XAS  X-Ray Absorption Spectroscopy
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