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Abstract: An overview of the 200 TW Frascati Laser for Acceleration and Multidisciplinary Experi-

ments (FLAME) at the SPARC_LAB Test Facility at the National Laboratories of Frascati (LNF-INFN)

is presented. The FLAME laser is employed to investigate different laser–matter interaction schemes,

i.e., electron acceleration and secondary radiation sources through Laser Wakefield Acceleration

(LWFA) or ion and proton generation through Target Normal Sheath Acceleration (TNSA), for a

wide range of scientific areas including the biomedical applications. Finally, recently performed

experimental campaigns within the EuAPS and EuPRAXIA frameworks are reported.

Keywords: high-power laser system; laser–plasma interaction laboratory; laser, particle and radiation

diagnostics

1. Introduction

Over the past few decades, since the advent of the Chirped Pulse Amplification (CPA)
technique [1], the advancement of high-intensity, ultra-short laser systems (now commonly
operating at sub-petawatt levels and beyond [2]) has ushered in new opportunities for a
diverse range of experiments exploring the physics of high-intensity laser interaction with
matter. These experiments are relevant in various fields, including high-energy density
science [3], high-gradient particle acceleration [4–7], and laboratory astrophysics [8].

Among these endeavours, laser-based particle acceleration stands out due to its poten-
tial to significantly impact multiple scientific domains and its applications in secondary
radiation sources [9]. This method relies on well-established processes such as the Target
Normal Sheath Acceleration (TNSA) scheme, with potential implications for cancer therapy,
able to deliver ion beams in the multi-MeV energy range and beyond [10], and the Laser
Wakefield Acceleration (LWFA) scheme, capable of accelerating electrons to multi-GeV
energies [11]. Compared to traditional RF-driven systems, these innovative accelerators
offer compelling features such as extraordinarily high acceleration gradients (up to hun-
dreds of GV/m) leading to compact designs, ultra-short pulse durations in the picosecond
(ps) down to femtosecond (fs) range, and reduced construction and maintenance costs.
These characteristics have sparked considerable interest in further developments to explore
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the physics and applications of high-intensity laser–matter interaction yields. Indeed,
these systems are increasingly finding applications in various scientific fields, particularly
in biomedicine for particle and high-energy secondary radiation for both diagnosis and
therapy [12–14].

In this context, the Frascati Laser for Acceleration and Multidisciplinary Experiments
(FLAME) has been designed and installed in the SPARC LAB Test Facility [15] to explore the
processes underlying the laser–matter interaction at extreme intensities (up to 1020 W/cm2)
and to become an operational facility delivering stable laser-driven beamlines of ions,
electrons, and X-ray radiation, within the EuAPS [16] and EuPRAXIA [17] projects focused
on creating a compact European end-user plasma accelerator by utilizing the latest laser
technologies and pioneering advancements in plasma acceleration.

Additionally, the FLAME laser’s capabilities enable a broad spectrum of scientific
inquiries, from fundamental physics to applied research, by adopting the generated high-
energy electron beams and secondary radiation sources, opening new avenues for ex-
perimental investigations. Finally, this work is expected to significantly contribute to
the understanding and development of future advanced compact high-energy particle
accelerators and radiation sources.

This paper is organized as follows. The layout and features of the 200 TW FLAME
laser, delivering 30 fs, 6 J laser pulses at 800 nm, are presented in Section 2. In Section 3, we
describe the performed experimental campaigns both adopting the auxiliary, low-energy,
ultra-short, high repetition rate beamline, and the main, high-energy, ultra-short, low
repetition rate beamline at the FLAME test facility exploring different acceleration schemes
as the LWFA and the TNSA.

Moreover, the implemented laser, particle, and plasma diagnostics with comprehen-
sive descriptions of their main features are reported. Within Section 3.2.1, we present an
in-house, non-destructive, single-shot, temporally resolved diagnostics based on Electro-
Optical Sampling [18] (EOS), which can record ultra-short electromagnetic pulses (EMPs)
and relativistic electrons with femtosecond resolution [19–23]. In laser–solid target interac-
tion experimental campaigns, this diagnostic tool provides a more detailed picture of the
ultra-fast dynamics of these phenomena on a sub-picosecond timescale.

2. Laser Layout and Features

The FLAME facility is designed to support various research programs focused on
laser–plasma interactions and the applications of laser-driven radiation and particle sources
within the EuAPS and EuPRAXIA frameworks. Consequently, the laser facility hosts
a flexible system layout that accommodates different experimental configurations and
integrates a wide range of standard and advanced diagnostics to control both laser pulse
transport and interaction.

The FLAME laser is an Amplitude Technology’s (Pulsar [24] technology, Bordeaux,
France) based system capable of delivering pulses with a maximum energy of 6 J, temporally
compressed to 30 fs, achieving a peak power of 200 TW and a repetition rate of 10 Hz. This
Titanium–Sapphire (Ti:Sapphs) laser is based on the well-known CPA technique [1], which
intends to temporally stretch the low-energy, ultra-short pulse for safe amplification in
solid-state materials. After amplification, the laser pulse is compressed back to the shortest
possible duration supported by the amplified spectrum, resulting in a high-intensity, ultra-
short pulse.

As shown in Figure 1, the FLAME facility is equipped with a clean room (hosting the
front end, the high-power multi-pass amplifier, and a compact low-power laser compressor),
and two experimental areas: the Guiding Experimental Measurement (GEM) area and TW
Experimental Target (TET) area.



Appl. Sci. 2024, 14, 8619 3 of 28

The laser pulses generated by the front end system are split into two beamlines at
10 Hz repetition rate. In one beamline, the pulse undergoes further amplification (main
beamline) into the final multi-pass amplifier (∼6 J), and it is compressed in the high-power
compressor (∼30 fs) outside the clean room above the TET area where it is finally delivered.
In the other one, operating at low energy (∼40 mJ), the pulse is compressed in the clean
room and delivered via two additional transport lines either to the GEM area (auxiliary
beamline) or to the TET area (probe beamline).

Figure 1. (Top) FLAME facility sketch comprehensive of the clean room, where the entire laser system

is set, and of the two different interaction areas. (Bottom) FLAME facility sketch comprehensive of

the laser pulse properties at each stage. White: Laser stages; Green: Laser pumping system; Red:

Interaction chambers; Red arrows: Laser pulse; Green arrows: Pumping systems pulses

2.1. Front End

The FLAME CPA chain begins with a femtosecond oscillator, specifically a commercial
Femtosource Sinergy from Femtolasers (Spectra-Physics, Vienna, Austria, which delivers
10 fs, 4 nJ pulses at an 80 MHz repetition rate. A Pockels cell acts as a pulse picker, reducing
the oscillator output repetition rate to 10 Hz.

To enhance the contrast ratio (<10−9), the 10 fs pulse is amplified using a booster
module. This module consists of a compact 14-pass amplifier able to increase the energy to
tens of µJ and a saturable absorber to clean the pulse by removing the residual Amplified



Appl. Sci. 2024, 14, 8619 4 of 28

Spontaneous Emission (ASE) background from the amplifier. The booster amplifier is
pumped with a 7 mJ, 532 nm pump pulse from a CFR Ultra Nd:YAG laser (Quantel
Laser, Lannion, France), which also pumps the following amplification stage, namely the
regenerative amplifier.

At this point, for safe amplification in solid-state materials, the booster pulses are
temporally stretched using an optical stretcher based on an all-reflective triplet combination
of Offner-type, comprising two spherical concentric mirrors: the first concave and the
second convex. This symmetrical configuration eliminates aberrations such as on-axis coma
and chromatic aberration but does not cancel out the symmetrical ones such as spherical
aberration and astigmatism.

After the stretcher, with the pulse temporally stretched to about 600 ps, an acousto-
optic programmable dispersive filter (Fastlite Dazzler, Orsay, France) is introduced. The Daz-
zler acts both as a phase and intensity modulator. The former operational mode is used to
pre-compensate for phase distortions that occur during laser transport, while the latter is
used to enhance the laser output spectrum, enabling the generation of shorter pulses.

The regenerative amplifier (REGEN) or second amplification stage delivers around
0.6 mJ pulses when pumped with 10 mJ, 532 nm pulses emitted by the CFR Ultra Nd:YAG
pumping laser. This setup incorporates an intracavity acousto-optic programmable gain
filter (Fastlite Mazzler, Orsay, France) to mitigate gain narrowing throughout the amplifica-
tion stages.

The laser pulse then moves to the first multi-pass amplifier (MP1), a 5-pass amplifier,
which is pumped by a 230 mJ, 532 nm pulse from a CFR 200 laser (Quantel Laser, Lannion,
France), resulting in a final pulse energy of 20 mJ. The amplified pulse is subsequently
expanded to a 10 mm diameter before entering the second multi-pass amplification stage
(MP2), a 4-pass amplifier designed to deliver approximately 600 mJ of energy. This am-
plifier features a water-cooled Ti:Sapphs crystal, 15 mm in diameter and 20 mm in length,
with anti-reflection coating on both faces, and it is pumped with 2 J, 532 nm pulses from a
ProPulse+ Nd:YAG laser (Amplitude Technologies). The amplified 800 nm laser pulse is
then expanded to approximately 36 mm in diameter before reaching the final cryo-cooled
amplification stage.

At this point in the amplification chain, the laser beam is split into two: one beam
continues along the main transport line, and the other follows the auxiliary/probe trans-
port line.

2.2. Main Beamline

The stretched pulse from the front end, with an energy of approximately 600 mJ,
undergoes further amplification in the third high-energy multi-pass amplifier (MP3) stage.
This stage features a 4-pass amplifier pumped by ten synchronized Propulse+ Nd:YAG
systems supplied by Amplitude Technologies, each delivering 2 J, 532 nm pulses at a
10 Hz repetition rate. The amplifier features a cryo-cooled 50 × 50 × 25 mm3 Ti:Sapphs
crystal. The 800 nm output pulse reaches 6 J of energy before compression. Our system
can operate at different repetition rates (up to 10 Hz), but it was finally set to deliver
pulses from 1 Hz to single-shot at full-power operations due to the types of the performed
experimental campaigns able to spoil the required system vacuum constraints. Before final
compression, the amplified pulse is initially expanded to approximately 65 mm before
passing through an attenuator system. This system includes a rotating half-wave plate and
two high-performance broadband polarizers, enabling the output energy to be precisely
adjusted down to 1% of the total in 1% steps. Prior to reaching the high-power compressor,
the beam undergoes further expansion by a refractive telescope, achieving a final clear
aperture diameter of around 100 mm.
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The optical high-power compressor (shown in Figure 1), configured in a 4-pass folded
layout utilizing a retro-reflector and housed in a vacuum chamber maintained at 10−6 mbar,
finally compresses the pulse length down to 30 fs without any residual spatial chirp or
additional spatio-temporal couplings [25]. This system employs four gold-coated gratings
(HORIBA Jobin Yvon, Kyoto, Japan) with 1480 grooves/mm, measuring 135 mm × 175 mm
for the first and fourth gratings and 135 mm × 230 mm for the second and third gratings,
achieving a throughput efficiency of approximately 70%.

After compression, pulse optimization and metrology are performed by inserting a
one-inch mirror along the transport line to the TET interaction chamber, which allows for
the selection of a specific section of the beam. The temporal measurement is performed
by means of an APE SPIDER and its optimization can be performed using a closed loop
between the temporal diagnostics and the Dazzler system. A couple of remotely controlled
mirrors direct the beam from the high-power compressor to the TET area, where a dedicated
experimental chamber is set up. The laser pulse is then focused using a gold-coated,
15-degree Off-Axis Parabolic (OAP) mirror with a focal length of 1 m, achieving a transverse
diameter of 18 µm, as shown in the Section Laser Diagnostics Section 3.2.1.

The TET area is dedicated to experiments on laser–matter (gas and solid targets)
interaction, where particles are accelerated and secondary radiation sources are generated,
as well as on high-power laser guiding for external injection scheme experiments and
plasma–target characterization experiments. Here, experiments are also carried out to
develop user-oriented applications, within the EuAPS and EuPRAXIA frameworks.

2.3. Auxiliary Beamline

A small portion of the main beam, approximately 10%, is redirected before the cryo-
cooled amplifier. The auxiliary pulse can be fully compressed, or not, according to the
needs of the experimental campaigns maintaining high-repetition-rate operation.

The pulse compression is achieved by a dedicated low-power compressor, shown in
Figure 1, adopting two 1480 grooves/mm gratings with a gold coating and a retro-reflector
mirror. Finally, the compression stage delivers ∼40 fs compressed pulses, with an efficiency
about 70%, yielding a pulse peak power of ∼10 TW. These 10 Hz, 10 TW compressed laser
pulses are delivered to the vacuum interaction chamber in the GEM area.

The laser pulse is focused with a flexible focusing optical setup, allowing it to perform
a wide range of experiments. Here, experiments are conducted to explore applications
that can benefit from the 10 Hz repetition rate as the laser-guiding experiments, few-MeV
electron acceleration via LWFA, amongst others. This experimental area also offers a
unique advantage by providing rapid access to high-intensity laser–matter interactions for
developing diagnostics applicable to plasma and laser systems. Moreover, it serves as a
testing ground for innovative concepts such as high-repetition rate gas cells, prior to their
deployment in higher-intensity interaction processes.

For the gas jet and gas cell experimental campaigns, the setup is optimized to operate at
a 1 Hz repetition rate due to the time required to restore the vacuum level to approximately
10−6 mbar in the target chamber. This pressure is sufficiently low to avoid any disruption
in laser propagation and to maintain the quality of the vacuum–gas interface.

2.4. Probe Beamline

The TET area can also accommodate an ancillary laser beamline, known as the probe
beamline. A dedicated delay line synchronizes the main and probe beams, compensating for
the longer optical path traveled by the main laser within the final high-energy amplification
stage and the high-power compressor, shown in Figure 1. This beamline is typically used
in pump-and-probe experiments, such as interferometry diagnostics to retrieve plasma
density profiles in LWFA runs or EOS diagnostics to detect electron THz fields. For the
latter, precise synchronization of the beams is achieved by detecting the second harmonic
(SHG) pulse in an SHG crystal positioned in the TET interaction point.
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3. Experimental Campaigns at FLAME

This section starts by providing an overview of the pulse parameters available to users
in the two target areas: Long-pulse High Repetition Rate (LONG-HRR) Auxiliary beam,
Short-pulse High Repetition Rate (SHORT-HRR) Auxiliary and Probe beams, and Short-
pulse Low Repetition Rate (SHORT-LRR) Main beam. The fundamental pulse parameters
are shown in Table 1.

Table 1. Fundamental pulse parameters (energy, temporal duration, and repetition rate) of the three

available beamlines at the FLAME facility.

Beamline E (mJ) τ (fs) RR (Hz)

SHORT-HRR
Auxiliary and 1–40 40 1–10
Probe beams

LONG-HRR
60 102–103 10

Auxiliary beam

SHORT-LRR
4.5 × 103 30 1

Main beam

3.1. Auxiliary Beamline Target Area at FLAME

The GEM area is a dedicated station located in the FLAME bunker in order to carry
out laser–plasma interaction tests between low-intensity pulses and different types of
plasma targets.

The delivered LONG- or SHORT-HRR pulse is focused by a lens on the target, which
is located in the center of a small interaction chamber (about 1 × 1 × 1 m3), in vacuum
(10−6 mbar). The focusing lens can be adjusted to achieve the desired spot size, and it
is placed on a motorized stage for focal plane adjustment. A camera is installed inside
the interaction chamber to check both the focal plane and the transverse distribution.
The maximum achievable intensity on target is 1017 W/cm2. Finally, the target can be
moved in the X-Y-Z axis using a hexapod with six degrees of freedom (PI H-811.I2 6-Axis
Miniature Hexapod, Physik Instrumente (PI), Karlsruhe, Germany). Different gases can
be adopted for the plasma target and they can be injected from a dedicated gas bottle or a
hydrogen generator.

This experimental station allows us to carry out experimental campaigns mainly
adopting a neutral gas or a pre-formed plasma. In the first case, the maximum achievable
laser intensity makes it possible to carry out gas ionization tests inside the capillary through
the laser pulse itself or to accelerate low-energy, low-charge electron beams. In the second
case, if a pre-formed plasma is adopted (e.g., from a discharge in gas) it is possible to study
the guiding of a laser pulse by means of plasma. This configuration is used to investigate
the optimal matching conditions between the pulse and a plasma capillary discharge of a
few centimeters in length and a few hundred microns in diameter.

In this configuration, the setup, using capillaries with several dimensions (from 1 cm
to 10 cm) into which gas can be injected at different pressures (from 1 bar to 10 s of bars),
is equipped with a homemade designed discharge circuit [26] (Figure 2) able to supply a
voltage from few kV up to 20 kV to generate a discharge to ionize the gas. This voltage is
applied by means of a pair of electrodes placed at the ends of the channel. The achievable
plasma density, as well as the ionization level of the gas, thus depends on the initial
conditions of the gas channel and the applied voltage [27].
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Figure 2. Sketch of the experimental setup used to generate a discharge inside a gas-filled capillary,

highlighting the electrical diagram of the discharge circuit. The circuit parameters are as follows:

generator voltage 0–40 kV, R1 = 10 kΩ, R2 = 100 kΩ, R3 = 38 Ω, C = 10.8 nF, RSCR = 17 Ω, Lcable = 3 µH

as reported in Ref. [28]. (Inset) Picture of the homemade discharge circuit.

3.1.1. Laser-Guiding Experimental Campaign

In particle acceleration experiments, the energy gained by an electron is directly pro-
portional to both the strength of the accelerating field and the distance traveled. Therefore,
in a Laser Wakefield Acceleration (LWFA) setup, achieving higher energies requires ex-
tending the laser beam’s propagation length. This is because the accelerating fields are
intense over distances of tens of millimeters, so increasing the propagation length allows
for a longer acceleration path.

A Gaussian laser beam, without guiding, diverges after a distance called the Rayleigh
length zR = πw2

0λ−1, which depends on the spot size w0 and the laser central wavelength
λ. The natural diffraction of the laser pulse can be limited with optical guiding, i.e., using a
pre-formed plasma channel. Considering a laser pulse of intensity

I = I0 e(−2r2/w2
0), (1)

and a parabolic distribution of the plasma channel

n(r) = n0 + (r/rm)
2nd, (2)

with r ≤ rm = (πrend)
−1/2 with re the electron radius, n0 the on-axis plasma density,

and nd the difference between the central axis and wall density of the plasma structure,
the parabolic distribution can be considered a guiding stage if the laser spot at the waist is
equal to the matched spot rm. The guiding stage and process can be adjusted by tuning the
plasma index of refraction, which depends on the plasma density. Therefore, the density
measurements are fundamental for all laser pulse guiding experiments, and, consequently
for laser–plasma acceleration [11,29–31] ones.

Laser guiding tests can be performed with the low-power laser pulses, varying the
target dimensions and the pre-formed plasma characteristics [32]. A designed setup for
guiding experiments is shown in Figure 3.

Guiding measurements are performed by comparing the laser spot characteristics
at the focal plane, namely at the entrance of the plasma channel, with the spot at the
plasma channel exit. This is achieved by a laser beam transverse imaging diagnostic setup.
Figure 4 shows the transverse profile of the beam exiting the capillary without plasma
(left-hand side image) and with plasma, synchronized with the laser beam, to achieve laser
pulse guiding (right-hand side image). The arrival time of the laser is synchronized with
the generation of the plasma via a dedicated delay generator, which distributes the clock
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signal to all the diagnostics, namely CCDs and the spectrometer to evaluate the plasma
spectral content.

Figure 3. Experimental setup sketch for guiding experiments in the GEM area, including laser

transport and plasma diagnostics.

Figure 4. Example of a laser spot exiting the capillary: on the (left), the transverse profile of the beam

at the exit plane of the capillary without plasma; on the (right), the image of the same laser spot plane

with plasma synchronized with the laser beam to achieve pulse guiding.

3.1.2. Target Production

An ancillary, but fundamental, activity is the testing of plasma targets from both
the “laser–target interaction” and the target characteristics point of view. Regarding the
characterization, achievable gas pressure given the geometry (and thus plasma density),
alignment, and design techniques are under investigation.

Most of the targets adopted in our laser–plasma experimental campaigns are devel-
oped in-house, from design to manufacture. These can be gas cells or capillaries with a
wide variety of sizes and inlet configurations for gas injection, or nozzles for supersonic
gas jets [33] with different geometries and apertures. They are fluid-dynamically simulated
with the commercially available OpenFoam CFD v.5 software [34,35] and designed to
achieve specific density trends. The production techniques involved are either precision
machining or 3D printing. Examples of targets made and tested at FLAME are shown in
Figure 5.
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Figure 5. Examples of targets designed and manufactured at the FLAME facility. In detail, the design

and 3D printing realization of a 3 cm long capillary with a diameter of 500 µm on the top row,

the design of a 6 cm long curved capillary (bottom left), and a nozzle with a 2 mm aperture

(bottom right) are shown.

3.1.3. Experimental GEM Area Diagnostics

In the GEM experimental area, both laser and plasma diagnostics are set to monitor
the interaction processes.

Laser Diagnostics

The longitudinal profile of the pulse is measured after the low-power compression
stage with a Spider (APE Compact LX Spider, APE Angewandte Physik & Elektronik GmbH,
Berlin, Germany) tool. The energy is retrieved using an energy meter of appropriate size:
the spot size before focusing is about 1 inch. On the focal plane, the transverse distribution
of the laser beam is measured by transporting the filtered pulse directly into a calibrated
CCD, placed on the hexapod, inside the interaction chamber.

After interacting with the target, different types of diagnostics are used to assess the
effects induced on the pulse. A photodiode is placed on a mirror loss, after the target,
to measure the laser arrival time. The latter allows the laser to be synchronized with the
plasma generation process and to perform time-resolved measurements. A diagnostics
segment to characterize the laser transverse profile is also set. It consists of an optical
imaging system of the target exit plane with the required magnification.

STARK Broadening Plasma Density Measurements

Both transverse and longitudinal plasma density measurements are performed by
exploiting the Stark effect. In addition, an optical imaging system of the entire plasma
target able to collect the plasma fluorescence is set.
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Diagnostics based on the Stark broadening exploit plasma recombination light, namely
plasma fluorescence, which is emitted after the discharge during the recombination of the
adopted gas (hydrogen, H2, in the case under study). A spectrometer (Fully Automated
Imaging Spectrometer iHR320, HORIBA Ltd, Kyoto, Japan) with a resolution of a few
angstroms is adopted for its capability of resolving the chosen emission line (Hα = 656 nm
or Hβ = 486 nm) coupled with a camera equipped with an intensifier (IStar 720 Andor In-
tensified CCD camera, Andor Technology, Belfast, UK) to increase the signal-to-noise ratio.

The optical setup, as shown in Figure 6, is set as follows: the two-lens system images
the emitted light onto the spectrometer’s slit. The light dispersed by the gratings inside the
spectrometer is collected onto a CCD camera, which requires an intensifier to increase the
signal-to-noise ratio. By delaying the acquisition time, it is possible to perform a temporal
scan of the longitudinal distribution of the plasma electron density profile.

Figure 6. Longitudinal plasma density measurement setup, consisting of an optical imaging system

able to steer the plasma fluorescence in a spectrometer coupled with an intensified camera.

The duration of the plasma recombination process is about tens of ns, while the plasma
discharge generally lasts for 1–2 µs, because electrons slowly exchange energy with the
nuclei. Therefore, the recombination light of the emitted plasma is detectable. The ICCD
gate width can be set down to 5 ns with an available scanning delay with respect to the laser
pulse arrival time. In this configuration, each row of the ICCD detector image corresponds
to a specific longitudinal slice of the capillary. The plasma density can be retrieved by
fitting the spectral profiles with a Cauchy distribution. In turn, the plasma density [36] is
determined by ∆λ1/2 corresponding to the Full Width at Half Maximum (FWHM) of the
fitted profiles:

ne = 8.02 × 1012

(

∆λ1/2

α1/2

)3/2

cm−3, (3)

where the coefficient α is tabulated in Ref. [37] with values of 2.23 × 10−2 for the Hα line
and 9.77 × 10−2 for the Hβ line when assuming a 3.5 eV plasma temperature and 1018 cm−3.
These adopted plasma properties are consistent with our system parameters of volume,
pressure, and current [38,39].

3.2. Main Beamline Target Area at FLAME

The FLAME laser system, operating at full power, is adopted to study the physics of
interactions between high-power ultra-intense laser pulses and matter. Specifically, two
primary activities are carried out using the 200 TW laser:
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• Electron acceleration through LWFA in a gaseous target, which can be configured as a
gas jet or a gas cell/capillary.

• Generation of fast electron and light ion bunches from interactions with solid targets
using the TNSA technique.

In addition to investigating the processes of particle acceleration and the radiation
they emit, we tested new advanced single-shot diagnostics to thoroughly characterize the
electrons emitted during interactions with both gas and solid targets.

3.2.1. Experimental TET Area Diagnostics

In the TET experimental area, both laser and plasma diagnostics are set to monitor the
interaction processes. In addition, diagnostics to characterize accelerated particle beams
and secondary radiation produced during the interaction in both the LWFA and TNSA
configurations are adopted.

Laser Diagnostics

The laser pulse duration is measured by adopting an APE Spectral Phase Interfer-
ometry for Direct Electric-field Reconstruction (SPIDER), which is a spectral phase in-
terferometer. It splits the beam into two copies: one goes through unmodified, while,
the other is stretched, and finally they are recombined on a non-linear crystal by means
of a spherical mirror. After the interferogram, the laser temporal duration is retrieved.
The estimated laser longitudinal duration is about 30 fs FWHM. Figure 7 shows a typical
temporal measurement retrieved with the APE SPIDER.

Figure 7. Temporal measurement of the high-power beamline performed with a SPIDER diagnos-

tics in the high-power compressor area. A simultaneous measurement has been carried out with

an autocorrelation to benchmark the SPIDER measurements, and the two measurements are in

excellent agreement.

A Basler Scout scA640-70gm CCD camera (Basler, Ahrensburg, Germany) equipped
with a 10× microscopic objective, with a calibration of 3 µm/pixel, is used to measure
the laser focal spot at the target (gas jet) position. The beam is attenuated to avoid any
detector damage. The diameter spot size at 1/e2 is 18 µm which is a typical transverse size
measurement. Figure 8 shows the laser spot transverse distribution.
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Figure 8. Focal spot detected by a CCD camera placed in the laser focal plane in the interaction

camber in the TET area.

Magnetic Spectrometer

The implemented diagnostic setup is composed of a magnetic dipole coupled with a
lanex screen and a CCD camera. The magnet of the charged particle energy spectrometer is
a C-shaped dipole with a gap 2.8 cm wide and 5 mm high, installed along the 0◦ direction
(laser propagation axis). The dipole is composed of a couple of 10 cm long permanent
magnets that generate a uniform magnetic field (B∼10 kG). The lanex screen is placed at
32◦ with respect to the propagation direction of the beam. A simulation of the spectrometer
operations is shown in Figure 9.

This setup aims to obtain a better resolution for low-energy (lower than 300 MeV)
electrons, with a resolution of 0.5 MeV. An example of the detected electron energy spectrum
is reported below in the Section Scintillator Screen Diagnostics for the highest available
laser energy.

Figure 9. General Particle Tracer (GPT) simulations were conducted for the design of the electron

energy spectrometer. Lower-energy electrons exhibit a much greater degree of bending compared to

higher-energy electrons. The plot shows two key components: (1) the 1T dipole, and (2) the lanex

screen intercepting the bent electron trajectories.
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The dipole spectrometer makes possible the measurement of charged particles
energy spectrum within the 50–500 MeV range. However, there are some limitations:
in the absence of a collimator, the divergence and transverse beam size may impact the
accuracy of the measurements. Additionally, the presence of X-rays and γ-rays generates
background noise on the scintillator used to detect the bent particles, potentially leading
to systematic errors.

EOS Detector

The diagnostics based on EOS enable time-resolved measurements of relativistic
electron charge, mean energy, and temporal length [40,41]. The EOS diagnostics are based
on a 500 µm thick ZnTe crystal. By adopting the spatial encoding technique [42] and
the probe laser intersecting the crystal at θi ≈ 28◦ incidence angle, the emitted electron’s
temporal profile is mapped onto the probe laser transverse profile. The temporal resolution
of our experimental setup is about 100 fs with a time window of about 10 ps.

The Coulombian electric field encoded in the EOS-probe signal is retrieved adopting
a polarizing optics placed after the ZnTe crystal, as shown in Figure 10. The polarizer
is oriented perpendicularly (90◦) to the input laser polarization, resulting in no light
transmission when there is no EO-induced phase retardation. This setup facilitates the
conversion of probe polarization modulation into intensity modulations, with the diagnostic
signal easily detectable using a CCD camera. Figure 11 shows the electric field encoding
process. The CCD camera records the signal generated by the total overlap, namely
temporal and spatial, of the probe laser and the locally induced birefringence by the
interaction yield electric field.

The bunch generates an electric field, which induces the electro-optic effect, propor-
tional to its charge. The latter can be evaluated from the intensity of the signal, thus the
EOS diagnostics act as a temporally resolved charge measurement with a resolution on the
order of femtosecond. In addition, in the EOS signal width is encoded with the temporal
length of the bunch as shown in Figure 11 and described in Ref. [20].

Furthermore, our EOS diagnostics can work as a time-of-flight monitor [42,43], pro-
viding energy measurements resolved in time (see Figure 12).

It should be highlighted that these diagnostics can be applied on electron bunches
produced both in LWFA and PWFA experimental campaigns.

Figure 10. The main beam of the FLAME laser is focused on a stainless steel target, producing a

beam of relativistic electrons and electromagnetic pulses. These interaction outputs cause a local

birefringence in a ZnTe crystal, enabling a linearly polarized laser passing through the crystal to

probe this effect and, in turn, retrieve the yield properties. Adapted from Ref. [19].



Appl. Sci. 2024, 14, 8619 14 of 28

Figure 11. Spatial encoding process description for the electron bunches propagating a few mm

below the EOS crystal along the y-axis (orange arrow): (left) The Coulomb field locally induces

birefringence in the crystal. (center) As the electron bunch propagates along the y-axis, in turn, its

electric field moves accordingly through the crystal so the local birefringence shifts downward. (right)

The synchronous probe laser traversing the crystal rotates its polarization in the overlapping zone,

meaning the resulting signal is generated in this region where the birefringence and the probe laser

are coinciding both temporally and spatially. Adapted from Ref. [20].

Figure 12. Calibration of diagnostics in relation to time-of-flight (TOF) measurements. Each point

represents a single step in the delay line (3 fs).

Interferometry

Interferometry plays a crucial role in investigating gas and plasma densities in plasma-
based acceleration experiments. At the FLAME test facility, a Mach–Zehnder interferometer
coupled with a probe beam is adopted for a plasma density diagnostics, as depicted in
Figure 13. Within the interaction chamber, the probe beam is divided into two identical
beams. One passes through the gas or plasma, while the other, acting as the reference,
travels through a vacuum path of the same length. Finally, a second beam splitter merges
the two beams, and the resulting interference fringes are captured by a CCD camera (Basler
scA640-70gm, Basler AG, Ahrensburg, Germany). Additionally, a lens is included in the
setup to allow for adjustments in image magnification.
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Figure 13. Mach–Zehnder interferometer setup scheme for plasma density measurement. (a) Interfer-

ogram without plasma, (b) interferogram with plasma.

The retrieved interferogram allows us to determine the refractive index of the medium
crossed by the first beam. The fringes will be uniform along the overlap of the two beams if
they pass through the same medium (Figure 13a). If one of the branches passes through a
different medium, it will be subject to a phase shift and the fringes will have a different
shape (Figure 13b). It is possible to measure the phase difference between the two cases,
which depends on the different refractive indices between the vacuum and the plasma.
From this measurement, applying the Abel inversion technique [44], we are able to retrieve
the actual plasma density.

BCM Diagnostics

The accelerated bunch charge is measured using an Integrating Current Transformer
(ICT) with a Beam Charge Monitor (BCM).

The ICT is a fast-readout transformer with capacitive bypassing, integrated into a
common magnetic circuit. It is designed to measure charge in extremely short pulses with
high precision and minimal noise. This detector is coupled with the Bergoz BCM (Bergoz,
Saint Genis Pouilly, France), which processes the signal from the ICT. The latter has a
bipolar voltage output that is directly proportional to the beam charge.

The charge detector is the ICT 082 Turbo2 VAC (Baden-Württemberg, Germany)
(Figure 14) with an 82 mm aperture and 30 mm thick circular sensor. It is positioned at
1 m downstream of the interaction point on the laser propagation axis. The ICT is vacuum
compatible down to 10−7 mbar. This detector allows measurements of low charge bunches,
with length ≤ 100 ps and a resolution of 10 fC/pulse or 1% of the charge. The maximum
acquisition rate is ≤2 MHz.

X-CCD Diagnostics

The X-ray radiation emitted during the laser–plasma interaction is detected by a CCD-
X camera. The detector is an Andor DX 420 BR-DD (Andor Technology, Belfast, UK) in
Figure 15, where BR-DD stands for Back-Illuminated CCD, Deep Depletion NIR AI coating.
The chip consists of 1024 × 256 active pixels corresponding to a 26.6 × 6.7 mm2 size. It can
work at −20◦ (down to −70◦) to reduce thermal noise and it is vacuum compatible down
to 10−5 mbar. The radiation diagnostics is at the end of the interaction chamber at about
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60 cm from the interaction point along the laser propagation axis. The residual laser light is
shielded by a 16 µm thickness aluminum (Al) filter placed on the camera.

The CCD-X, in addition, is used as a spectrometer in single-photon counting mode,
i.e., with low X-ray fluxes.

Figure 14. ICT -082-Turbo2-VAC model for charge detection and a typical bunch charge measurement.

Figure 15. Andor DX 420 BR-DD for X-ray detection.

Thomson Diagnostics

Thomson scattering is a phenomenon due to electron–photon collisions during the
laser–plasma interaction. With the diagnostics based on this process, it is possible to check
the propagation of the laser pulse and its interaction with the gas jet and to measure the
plasma channel length to optimize the conditions for the acceleration process.

The experimental diagnostic setup consists of an objective with a focal length of 70 mm
coupled with a CCD (Basler scA640-70gm) (Basler AG, Ahrensburg, Germany) and a band-
pass filter centered at 800 nm. It collects the Thomson scattering light at 90◦ with respect to
the laser propagation axis and obtains a magnified image of the interaction point.

Scintillator Screen Diagnostics

Lanex screens are used to measure the beam profile and the electron energy spectrum
when they are coupled with a magnetic spectrometer.

A lanex foil is a Gd2O2S:Tb inorganic scintillator with a high conversion efficiency of
both X-ray and electron beams, emitting in the blue–green spectral region. The light pro-
duced by the screen is collected by a CCD camera. These diagnostics provide information
about the electron divergence when the lanex foil is placed after the interaction point, in the
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direction of laser propagation, and observed by a CCD (in this case, a Basler scA640-70gm)
as shown in Figure 16.

Figure 16. Electron beam profile with 30 mrad FWHM divergence.

By coupling the lanex screen to a magnetic spectrometer, the energy spectrum of the
electrons can be measured as shown in Figure 17, where the scintillator foil is placed at 32◦

with respect to the laser propagation axis, as mentioned above.

Figure 17. Electron beam spectral content retrieved by coupling the lanex screen to a magnetic

spectrometer.

3.2.2. Laser–Gas Jet Interaction Experimental Campaign

LWFA experiments have been performed with the FLAME laser at SPARC_LAB since
2016. Non-linear excitation of electron plasma waves in the wake of an ultra-intense laser
pulse allows for the generation of extremely large local electric fields. These fields can be
used for the acceleration of electron beams to ultra-relativistic energies. Electron beams
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at FLAME were accelerated in the laser-driven plasma wakefields via the self-injection
scheme. In this scheme, the background plasma acts as the reservoir of the electrons that
form the final accelerated beam. Plasma electrons can be injected from the rear-front of
the plasma wave. In 2016, at FLAME we reached an acceleration of electrons to several
hundred MeV in a few mm, corresponding to an acceleration gradient of the order of
GV/cm. In Figure 18, a typical spectrum of electron kinetic energy is reported, showing
a mean energy of 320 MeV and a relative energy spread of 20% for a bunch of electrons
carrying ∼100 pC charge.

Acceleration to 320 MeV was obtained by the interaction between the laser pulse and
the helium gas ejected by a supersonic gas nozzle, over an acceleration length of ∼1 mm
and nep ∼ 1019 cm−3. The length of the plasma channel has been measured by means
of Thomson scattered light. The electron plasma density was characterized through of a
Mach–Zehnder interferometer.

Electron acceleration in laser–plasma wakefields is accompanied by the emission of
so-called betatron radiation. Acceleration is due to an electric field polarized along the
propagation direction of the laser driver pulse. However, plasma wakefields also provide
transverse focusing fields putting the injected electrons into oscillation. Such oscillations
are called betatron oscillations. Focusing fields provide transverse oscillations, with the
consequence of an efficient emission of radiation. Betatron radiation is synchrotron-like,
where the radiation spectra can extend from soft X-rays to γ-rays [45–49].

Figure 18. Energy spectrum of LWFA electron beams generated by the FLAME laser. Mean electron

kinetic energy ∼320 MeV, relative spread 20%, bunch charge ∼100 pC.

Figure 19 shows the betatron radiation spectrum emitted by the electron beam with
the energy spectral content reported in Figure 18. In analogy with synchrotron radiation,
the critical energy of the spectral distribution lays around 4 keV. The emitted photon
number is about 108 per pulse, corresponding to a electron-to-photon conversion efficiency
of 10%.

The critical energy is connected with the electron beam emittance, offering the pos-
sibility of diagnosing the latter [39,50,51]. Furthermore, betatron X-rays show interesting
features of directionality. Figure 20 shows the betatron radiation angular distribution
corresponding to the spectrum depicted in Figure 19.
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Figure 19. Betatron radiation spectrum from LWFA electron beams generated by the FLAME laser.

Critical energy ≲4 keV, emitted photon number ∼108 in a single shot.

Figure 20. Betatron radiation angular distribution measured with a X-ray scintillator. Divergence:

∼7 mrad.

The X-ray beam divergence is smaller than 10 mrad, which is useful for intense
irradiation of small samples [52]. The divergence of betatron radiation is approximately
equal to the divergence of the electron beam accelerated in the plasma wakefields. In 2023,
within the EuAPS framework, we restarted the experimental activity on LWFA and the
production of betatron radiation, with the aim of realizing an X-ray source for users.
The FLAME laser was enhanced in performance, allowing the increment of critical energy of
the betatron spectrum (working at lower electron plasma density to increase the acceleration
length but also the betatron oscillation amplitude). A typical spectrum from the most recent
results is reported in Figure 21.
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Figure 21. Betatron radiation spectrum with the optimized FLAME laser system.

It corresponds to a critical energy of 8.7 keV and a photon number of ≃108 per pulse.
The Ross filter technique was adopted to retrieve such a betatron spectrum. The current
electron parameters are as follows: beam energy of about 300 MeV (relative energy spread
≳30%), beam charge ≃200 pC, and beam divergence between 20 and 30 mrad, obtained
by means of a 5 mm long nozzle corresponding to an electron plasma density of about
≃5 × 1018 cm−3. The gas target was a mixture of 90% helium and 10% nitrogen. Finally,
the radiation has been used to make some shadowgraph tests for X-ray applications.
The idea is to demonstrate imaging applications, from shadowgraph to phase-contrast
imaging. In Figure 22, we report a shadowgraph of an iron slab (left) close to a tilted Allen
key (right).

Figure 22. Shadowgraph of an iron slab (left) close to a tilted Allen key (right).

The studies will continue on a dedicated beamline under construction, where, thanks
to larger footprints, phase-contrast applications will be possible.

3.2.3. Laser–Solid Target Interaction Experimental Campaign

Ion acceleration from high-intensity laser–target interaction can generate large amounts
of particles with MeV energies [53–55]. According to models [56–58], the process begins
with electrons being accelerated by the laser at the front of the target where a plasma is
generated and, in turn, directed towards the target (normally a thin foil). Some of these
electrons, the fastest, more energetic component, can reach the rear of the target [59]. When
escaping the target, they induce a huge electrostatic field close to the surface due to the
unbalanced positive charge [60] left on it and the runaway electron locked nearby. The gen-
erated electric field can accelerate rear surface ions in a process called Target Normal Sheath
Acceleration (TNSA) [57].
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At FLAME [15,23], we have performed temporally resolved measurements of the fast
electrons component escaping the target and of the electromagnetic pulses produced during
the laser–target interaction. We exploited Electro-Optical Sampling (see Figure 10) [18]
diagnostics, which are widely adopted in conventional accelerators [19,61,62], presenting
sub-picosecond resolution. Moreover, we investigated the contribution of the target proper-
ties, such as shape [19] and material [60], in the fast electron emission. Several extensive
experimental campaigns [19,20,22] have been carried out with the FLAME laser system
adopting the setup in Figure 10.

In the following, we provide information on three experiments performed at SPARC_LAB:
one devoted to fast electron characterization, one to EMPs detection, and the last one re-
garding electron–proton beam correlation.

Fast Electron Beams Detection

Adopting the designed setup shown in Figure 10, we successfully detected the fast
electron beams [63,64], which were accelerated during the interaction process between the
FLAME main laser beamline and a solid target.

In our experimental setup, since the distance between the EOS crystal and the target is
significantly greater than the Debye length of approximately 1 µm, only the highly energetic
electrons overcoming the potential barrier can reach our diagnostics. The high-resolution
EOS diagnostic method enables us to work within the same temporal scale as the process,
which is defined by the duration of the main laser pulse [60,65].

Earlier research on laser-driven ion acceleration has indicated a notable rise in the
energy of accelerated ions when structured targets [66–68] were utilized, in contrast to
the traditional thin aluminum foils used in the TNSA scheme. To achieve this goal, we
experimented with various target geometries: a 10 µm thick aluminum foil and the tip
of a needle. By measuring the charge amount and energy of the escaping electrons using
the EOS detector, as previously described, we obtained the necessary evidence for the
field-enhancement hypothesis, as summarized in Figure 23.

Figure 23. Fast electrons bunches for different target shapes (1) planar and (2) tip targets. The emitted

charges are, respectively, (1) 1.2 nC (Bunch 1—B1) and 3 nC (Bunch 2—B2) and (2) 7 nC (Bunch 1—B1)

and 3 nC (Bunch 2—B2). Adapted from Ref. [19].

A clear indication of increased charge and energy with sharp tips can be inferred by
the presence of a second ultra-short electron bunch in the nC range.

Electromagnetic Pulses Detection

The interaction of an ultra-intense laser with a solid target generates a significant
amount of EMPs. In addition to the capability of detecting fast electrons, our EOS diagnos-
tics have enabled us to uncover these EMPs.

Figure 24 displays the temporal evolution of the EMPs emitted during the interaction
process. The retrieved trace was recorded by incrementally delaying the probe laser arrival
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time with respect to the main pulse by 2.5 ps steps, meaning increasing the probe path
by 750 µm steps. As the probe laser is delayed relative to the main laser pulse, the EMPs
signal shifts to the left and its amplitude diminishes as reported in Ref. [22].

Figure 24. Evolution of the EMPs emitted by the target. The horizontal axis represents the relative

arrival time of the probe (tp) linked to each pixel corresponding to different temporal slices of the

EOS time window. The ∆t0 indicates the delay between the main and probe laser pulses (1—∆t0 = 0

ps, 2—∆t0 = 12.5 ps, 3—∆t0 = 15 ps, 4—∆t0 = 20 ps). Adapted from Ref. [22].

From these results, the dynamics of the target charging process can be reconstructed [22].
From the horizontal size of the detected signals, the velocity spread of the charges can
be retrieved. We calculated the velocity spread as (0.94 ± 0.03) c, in agreement with the
previous literature [69–71], where c is light speed in vacuum. Additionally, the thickness of
the traces is proportional to the average duration of the radiation pulses, which, for the
signals shown in Figure 24, is (6 ± 1) ps. The retrieved peak electric field on the EOS crystal
position was found to be 0.8 MV/m, which corresponds to approximately 0.6 TV/m at
the target one, as confirmed by PIC simulations reported in Ref. [22]. Furthermore, such a
finding allows us to confirm that only electrons with kinetic energies greater than 3 MeV
can escape, which is consistent with our previous observations [22].

Electron–Proton Beams Detection and Correlation

TOF measurements are largely used in laser–target interactions [72–76], allowing the
characterization of the ion beam parameters, namely kinetic energy, total charge, and shot-
to-shot reproducibility [73]. A typical TOF measurement is shown in Figure 25. It usually
consists of a long ion peak signal (tens of ns at a detection distance of ∼1 m) following a
short peak representing fast electrons and X-rays.

Figure 25. TOF measurement by means of a diamond detector showing the proton temporal distribu-

tion. Adapted from Ref. [77].
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In this context, semiconductor detectors are good candidates, as their response is
proportional to the energy of the incident particles. Thus, the initial peak, due to fast
electrons and photons, is lower than that of ions [73]. Moreover, diamond detectors are
sensitive to particles with energies above the band gap threshold and insensitive to visible
light, which constitutes a large background in laser–plasma experiments. EMPs are also
present in laser–plasma interactions, as reported in the previous paragraph, which can spoil
TOF measurements. However, specific designs must be realized to eliminate EMP coupling
with the desired signal [74]. The maximum detectable energy is affected by the thickness of
the detector: a thicker diamond allows for a higher maximum detectable energy.

In the experimental campaign performed, for each collected EOS signal the proton
energy was also measured using a TOF diamond detector [77,78] as shown in Figure 26.
The peak proton energy behaves as a function of the laser energy, in agreement with the
previous literature [65,79,80]. As the number of photons striking the solid target increases,
protons leave it being accelerated to a higher energy [81]. Experimentally, a correlation
between fast electrons and protons has been demonstrated. The proton energy increases
with the increase in the number of extracted fast electrons following a power law model
with an exponent of 0.6. This results directly from a stronger potential developed on the rear
surface of the target, which accelerates protons to higher energies [82]. The experimental
evidence showing a correlation between proton energy and the charge of the fast electron
supports the hypothesis reported in Ref. [19]. According to this hypothesis, shorter and
more highly charged fast electron bunches are expected to induce the production of higher
energy protons.

Figure 26. The experimental setup detects charged particles through two single time-resolved

measurements: the EOS diagnostic, described in the EOS detector paragraph, which measures

the electric field of relativistic electrons, and a TOF diamond detector coupled with an oscilloscope,

extensively described in Ref. [74], which captures the time distribution and energy spectra of incoming

protons, as shown in Figure 25. Adapted from Ref. [77].

Finally, thanks to the adopted time-resolved diagnostics, we were also able to extrapo-
late the relationship between the proton peak energy and the duration of the fast electron
bunch [82]:
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Ep[MeV] = (2.8 ± 0.1)× (τe[ps])(−0.9±0.2), (4)

It is important to note that this relationship applies within our laser energy range,
which produces picosecond-long electron bunches. Additional experimental studies at
higher laser energies are necessary to fully understand the scaling laws of the process
under investigation.

4. Conclusions

In summary, this paper reviewed recent experiments and developments at the FLAME
facility at SPARC_LAB, focusing on electron and proton acceleration, as well as related
radiation sources. These efforts are part of the EuAPS [16] and EuPRAXIA [17] Euro-
pean projects.

The FLAME high-power laser, delivering 30 fs pulses with a tight focusing, is a
powerful tool for studying high-intensity matter interactions (up to 1020 W/cm2). Research
on LWFA has been conducted using gas jets of varying sizes (from 2 mm to 5 mm) filled
with nitrogen or helium, resulting in the creation of compact electron and X-ray sources.
These sources have been used to test new single-shot diagnostics, which are crucial for
better understanding and controlling plasma-based accelerators.

Additionally, FLAME is utilized to explore interactions with solid-state matter through
the TNSA technique. Specifically, an EOS-based diagnostic was designed to probe fast
electron emission and EMPs. In fact, this innovative diagnostic can distinguish between
signals from fast electrons and waves generated by currents in the target. These studies
pave the way for new time-resolved experiments that aim to provide deeper insights into
laser–matter interaction phenomena.

Looking ahead, the potential to accelerate an electron beam from the SPARC LAB
high-brightness photoinjector using a laser wakefield accelerator is envisioned. The FLAME
laser pulse could be guided through a gas-filled capillary, where it could stimulate linear
wakefields to accelerate the external electron bunch while maintaining its initial quality,
such as low emittance and energy spread, which are essential for applications like Free
Electron Lasers (FELs), as outlined in the EuPRAXIA [17] European project.
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