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Abstract: We report on the technological commissioning of the Laser–Plasma Ion Accelerator section
of the ELIMAIA user beamline at the ELI Beamlines facility in the Czech Republic. The high-peak,
high-average power L3-HAPLS laser system was used with an energy of ~10 J and pulse duration
of ~30 fs on target, both in single-pulse and high repetition-rate (~0.5 Hz) mode. The laser pulse
was tightly focused to reach ultrahigh intensity on target (~1021 W/cm2) and sustain such laser–
plasma interaction regime during high repetition-rate operations. The laser beam, ion beam, and
laser–plasma emission were monitored on a shot-to-shot basis, and online data analysis at 0.5 Hz
was demonstrated through the full set of used diagnostics (e.g., far and near field, laser temporal
diagnostics, X- and gamma-ray detectors, Thomson Parabola ion spectrometer, time-of-flight ion
detectors, plasma imaging, etc.). The capability and reliability of the ELIMAIA Ion Accelerator
was successfully demonstrated at a repetition rate of 0.5 Hz for several hundreds of consecutive
laser shots.

Keywords: laser–plasma accelerator; user facility; laser–plasma diagnostics; ion diagnostics; high
repetition rate

1. Introduction

Laser–plasma-driven particle acceleration is a new and rapidly evolving field of
physics thanks to the fast development of high-power laser technologies, thus enabling
researchers to explore innovative regimes of ultrahigh intensity (>1020 W/cm2) laser–
matter interaction. Extremely high electric and magnetic fields can be generated in a
laser-produced plasma, thus enabling efficient acceleration of ions (up to ~100 MeV for
protons) in extremely short distances (~1 µm) [1–3]. Such a non-conventional acceleration
technique has been actively investigated in the last two decades both for fundamental
and applied research [4–9]; however, this effort is still confined to the relatively small
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laser–plasma community given the fact that laser-driven ion sources are mostly not mature
for societal applications, especially in terms of particle beam quality and reliability.

ELI (Extreme Light Infrastructure) is the largest international photonic project world-
wide and currently in its commissioning and initial user operation phases. The ELI facilities
aim at offering primary (ultrahigh-intensity laser pulses) and secondary (photons and
particles generated by laser–matter interaction) sources to a broad user community for
basic and applied scientific research. ELI will not only explore innovative laser–plasma
interaction regimes but also operate cutting-edge laser technologies in terms of peak and
average power and deliver secondary sources, thus promising a strong impact in industrial
and societal applications, including potential medical ones [10].

ELI Beamlines is the ELI pillar operating in the Czech Republic. Its main mission is to
provide secondary plasma-based sources (ions, electrons, and X-rays) to users from various
disciplines (physics, biology, medicine, material science, chemistry, etc.) and, in addition, to
offer advanced experimental platforms to the plasma community interested in exploiting
the available unique laser beams [11–14]. The L3-HAPLS laser system can provide pulses
with a peak power of 1 PW (30 J/30 fs) at an unprecedented repetition rate (10 Hz), while
the L4-ATON system can reach a peak power of 10 PW (1.5 kJ/150 fs) at a rate of one shot
every 3 min, with an additional capability of delivering uncompressed pulses (~3 ns with
temporal shaping capability) [11,15,16]. Optimization of the secondary source quality and
reproducibility (energy, flux, divergence, spatial pointing, and homogeneity) is a key aspect,
especially for applied research in the biomedical field [11].

ELIMAIA (ELI Multidisciplinary Applications of laser–Ion Acceleration) is the ion
beamline aiming at offering proton/ion beams with unique features to a broad range of
multidisciplinary users and also at exploring innovative laser–plasma acceleration regimes
exploiting the advanced capabilities currently offered by the PW-class L3-HAPLS (ultrahigh
intensity and high repetition rate) and, in the future, by the 10PW-class L4-ATON (kJ-class)
laser systems. In the following, the basic commissioning of the Ion Accelerator section
of ELIMAIA will be presented along with the related technological solutions available
to users.

The ELIMAIA Ion Accelerator is driven by the L3-HAPLS laser, which is a Ti:sapphire-
based chirped pulse amplification system with an 8-pass preamplifier and 4-pass main
amplifier, currently providing energy of about 12 J (with maximum energy above 30 J
foreseen in the near future) [15,16]. The system delivers pulses of sub-30 fs duration
(FWHM) at a center wavelength of 813 nm (with 88 nm bandwidth) and repetition rate
up to 3.3 Hz (single-shot mode is also available). The squared beam with super-Gaussian
spatial intensity profile (214 mm in FWHM) is focused onto a target by an f/1.5 off-axis
parabolic mirror to a ~2 µm spot (FWHM) resulting in an irradiance exceeding 1021 W/cm2.
The first commissioning phase of the Ion Accelerator was carried out in 2021 with the
goal of demonstrating the functionality and robustness of the developed technologies for
future user operations. The main technological achievement is the demonstration of our
capability to provide a fully automated laser-driven end-station, not limited to the target
technology [17–20], capable of working at high repetition rate and provide online data from
a full set of diagnostics devices. Here, the discussion is limited to the 0.5 Hz repetition rate;
however, the ELIMAIA technology (in terms of operation, data acquisition, transfer, and
analysis) has been successfully tested in simulation mode up to 1 Hz.

2. The Laser–Plasma Ion Accelerator in the E4 Hall

The Laser–Plasma Ion Accelerator section of the ELIMAIA beamline is located in the
experimental hall E4 (27 m × 36 m large) of ELI Beamlines. The target area is a bunker
hall with 1.6 m concrete walls to ensure safe operation of the beamline from the local
control room. Detailed Monte Carlo simulations reported elsewhere [21,22] demonstrate
that the Ion Accelerator can be operated for several millions of shots per year, both in terms
of prompt radiation and potential activation of the experimental equipment, under the
assumption of a broad proton energy distribution with cutoff energy of about 250 MeV.
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The hall is equipped with main services (such as central vacuum, electricity, radiation
monitoring systems, machine, and personal safety systems) to ensure the correct and
safe operation of the target area and the workers. The hall also hosts the ELIMED (ELI
MEDical application) section of the ELIMAIA beamline. ELIMED contains customized ion
beam transport, dosimetry, and sample irradiation solutions to enable applied research
in multidisciplinary fields, especially the biomedical one, benefitting from the unique
features (e.g., ultrashort pulse duration and ultrahigh dose rate) of laser-accelerated ion
beams [11,23–25]. The operators and the users can control the technology in the E4 hall
from an adjacent, dedicated local control room (see Figure 1). Safe operations from the
control room are guaranteed by the concrete walls and the above-mentioned radiation
monitoring system. This is based on commercial detectors for environmental monitoring
of gamma and neutron dose rates for pulsed radiation (Berthold LB 6419 [26,27]), nuclear
activation monitors VF Nuclear Smart dose rate meters type MDG [28], and custom-
made emergency indicators, which are installed in the critical points, e.g., around the Ion
Accelerator (interaction chamber) and ELIMED.
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Figure 1. Photo of the E4 local control room. The screens show some key control software (central
vacuum and mechanics). The dose rate monitor LB 6419 is visible next to the second large screen on
the wall. The E4 hall access is interlocked and has EMP shielding. The graphic interfaces for some of
the ELIMAIA controls are detailed in the next sections.

The ELIMAIA Ion Accelerator is connected to the L3-HAPLS laser system through
an 80 m long highly stable laser beam transport system (see Figure 2) consisting of a set
of DN500 vacuum pipes and a set of chambers equipped with dielectric coated mirrors to
deliver the laser beam to the E4 hall with s-polarization on target. Figure 3 shows a detail
of the last section of the L3 Beam Transport (L3BT in the following) and an overview of the
ELIMAIA accelerator. After the L3BT periscope, the beam is first injected into the ECU-D1
(Experimental Chamber Unit D1) Plasma Mirror chamber. This has a vacuum volume of
about 8 cubic meters capable of reaching a pressure of 6 × 10−6 mbar in ~30 minutes (air-
to-vacuum transition time); the vacuum level reaches a stable regime of ~8 × 10−7 mbar
after one night of continuous pumping. In the next future, the ECU-D1 chamber will be
equipped with a double-plasma mirror dedicated optical setup [29] to further improve the
L3 intensity contrast if required by the users. During the Ion Accelerator technological
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commissioning reported here, the chamber was equipped with a turning mirror required
to deliver the beam into a second vacuum chamber (CH60) and finally into the ECU-
D2 Interaction chamber, where the laser–plasma ion acceleration process takes place. A
detailed view of the optical setup in the interaction chamber is shown in Figure 4. The
vacuum volume of ECU-D2 is about 9 cubic meters and the chamber can reach a pressure
of 3 × 10−5 mbar in ~40 min (the steady vacuum level is ~3 × 10−6 mbar after one night of
continuous pumping). Both ECU chambers are equipped with a 130 mm thick aluminum
breadboard decoupled from the vacuum vessel and sitting on independent and decoupled
supports to improve the stability of the structures hosting the optical setup.
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Figure 2. Overview of the L3 Beam Transport (BT) system. CH10 is the first chamber underneath the
L3 compressor; CH26 is a switchyard chamber used to deliver the L3 beam to the E3 hall. SGV504 is
the Safety Gate Valve isolating the L3 BT path leading to the E4 Hall.

The following paragraphs provide an overview of the technological commissioning
(sometimes referred as “basic commissioning” in the following) of the experimental systems
of the ELIMAIA Ion Accelerator that is propaedeutic to the following phase of “advanced
commissioning”, discussed elsewhere [30], and ultimately to user operations.

2.1. Alignment System

The L3 laser fine alignment along the pre-aligned optical path of the ELIMAIA Ion
Accelerator is a routine operation performed every day to use the L3 high-power beam
for laser–plasma ion acceleration experiments. The procedure takes less than an hour
and includes the alignment check of all mirrors along the L3 Beam Transport (L3 BT), the
off-axis parabola (OAP), and the optical path in the Beam Diagnostics Station (BDS).

The alignment technique is based on the use of the apodised (circular) L3 front-end
beam operating at 100 Hz (25 mm diameter, ~20 µJ). Each mirror in the Ion Accelerator
system shown in Figure 4 is equipped with a reference cross on a mechanical arm (see
Figure 5A). The reference crosses can be elevated in front of a mirror marking the reference
beam position. The alignment beam is then extracted right after the reflection in the last
LMo6 (acronym of Laser Mirror, the number indicates the position of the mirror in the local
optical chain) mirror; this is carried out by using a small pickup mirror mounted on another
identical mechanical arm and sent to the alignment station after passing through a viewport
installed on the interaction chamber allowing, then, the performance of the alignment with
the full system under vacuum. The alignment station consists of a telescope with adjustable
focus. The different object planes correspond to the position of each reference cross in front



Quantum Beam Sci. 2022, 6, 30 5 of 23

of each mirror. An example of the cross image after the alignment of a mirror is shown in
Figure 5B. The crosshair in the picture is not straight; in fact, every reference cross has a
different rotation angle allowing for an almost simultaneous alignment of all the mirrors.
This technique applies to all mirrors but those preceding the ECU D1 chamber, as the
optomechanics of those mirrors is equipped with a fixed reference cross on the back side,
and a camera box installed directly on a viewport behind the mirror is used to visualize the
beam position (see Figure 5C,D and [31]).
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Figure 3. Details of the final L3BT section before the injection of the L3 beam into the ELIMAIA
plasma accelerator. The BT Periscope redirects the L3 beam down and injects it into the ECU-D1
Plasma Mirror Chamber. The valve EGV502 (equipped with 100 mm window) allows operation with
the following vacuum section in air, or in vacuum, as it is equipped with a glass window. In the
current configuration, the ECU-D1 chamber is equipped with a turning mirror (no plasma mirror is
used), and the laser beam is sent into the next turning chamber (CH060) and finally into the ECU-D2
Interaction Chamber. The optical setup in the Interaction Chamber can be arranged symmetrically in
two configurations using the same optical elements. The ion beams can be either accelerated along
the ELIMED or the Ion Diagnostics axes (both setups are visible in the schematic). A leak mirror in
ECU-D2 sends the beam to the Beam Diagnostic Station for online, full-power laser characterization.
A detailed view of the optical setup is shown in Figure 4.
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Figure 4. Detailed view of the optical setup arranged to accelerate the ion beams towards the Ion
Diagnostics line (Ion Accelerator commissioning setup), including the position of the L3 laser beam,
ion diagnostics, and alignment station. The angle of incidence of each mirror in the optical setup is
specified. The mirror LMo4 (15◦) is a leak mirror and transmits a fraction of the laser energy towards
the BDS for online analysis. The last mirror LMo6 (17.5◦) is installed to send the beam towards the
OAP set on the main axis of the Ion Diagnostics Chamber, but it can be turned by 90deg to send
the beam in the opposite direction (assuming that the OAP would be installed on the main axis of
ELIMED).

After the alignment of all mirrors is completed, the low-power full-aperture L3 is
used to optimize the focus of the main OAP. The image of the focal spot is acquired
with a 20× microscope objective onto a CCD camera. The OAP optomechanics, which
is provided with five fully controllable axes (both in single mode and in gearing mode
with the longitudinal axis motion linked to the horizontal axis according to a certain ratio),
allows for the optimization of the focal spot, namely reaching minimum size and maximum
energy within its FWHM. The image of the focal spot is acquired and processed several
times during the optimization procedure in order to reach optimal performance. Finally, the
processed image is scaled for 10 J of laser energy in order to estimate the laser parameters
on target during high-power operations. An example of raw focal spot image and the
corresponding processed image is shown in Figure 6. As it can be seen in Figure 6B, the
resulting focal spot in this particular case has an FWHM size of 2.7 × 1.9 µm, and the
estimated mean intensity is above 1021 W/cm2 (FWHM). The energy within FWHM is
calculated as the ratio of integral over FWHM and the integral of the whole image, and
it normally reaches 20–25%. The OAP control interface is shown in Figure 6. The same
interface allows switching between the control of the focusing OAP in the D2 chamber
and the diagnostic OAP in the L3 BDS that will be described in the next section. The OAP
control interface is shown in Figure 7. The same interface allows switching between the
control of the focusing OAP in the D2 chamber and the diagnostic OAP in the L3 BDS that
will be described in the next section.
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Figure 6. Typical example of focal spot at the ELIMAIA interaction chamber (A) and processed image
for the calculation of the laser intensity on target (B). In this case, the energy at FWHM is 21.1%.

Once the main OAP is aligned, the image of the focal spot is acquired and processed
to verify the beam spot size and intensity distribution. An example of focal spot image and
corresponding processed image is shown in Figure 8. As it can be seen in Figure 8B, the
resulting focal spot has an FWHM size of 2.7 × 1.9 µm. The estimated mean intensity is
above 1021 W/cm2, calculated at FWHM for ~10 J of incident laser energy on target. No
deformable mirror (DFM) has been used to correct the laser wavefront thus far; however,
two deformable mirrors are available and planned to be used in two locations: before
the L3-HAPLS compressor and in the ELIMAIA interaction chamber. This would allow
enhancing the encircled energy in the focal spot.
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The whole alignment process is performed in a vacuum and remotely from the E4
control room for the full optical beam path (from the L3 compressor to the ELIMAIA interac-
tion chamber). Some specific cases might require having the full ELIMAIA Ion Accelerator
at atmospheric pressure during the alignment, such as for installation and alignment of
additional optics or specialized optical diagnostic lines based on user requirements.

The L3 beam from the first stage of amplification (namely the Alpha-amplifier) was
used to verify the pulse duration at the ELIMAIA End Station. The beam was sent outside
the ELIMAIA interaction chamber through a glass window. The spectral phase introduced
by the glass window in the vacuum chamber was dominated by the second-order disper-
sion, or Group Delay Dispersion (GDD). The measured value of GDD in the glass window
was 253 fs2; thus, the pulse duration measurement was adjusted accordingly. The energy of
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the beam was around 100 µJ within a diameter of about 50 mm. The calculated B integral in
the window was 0.01; therefore, the nonlinear spectral phase contribution can be considered
negligible. The laser beam was down-collimated with two telescopes from 50 mm to 3 mm.

The pulse duration was measured using an FC SPIDER from APE [32]. The L3
pulse duration measurement at ELIMAIA was compared with the simultaneous SPIDER
measurement at the L3 hall for calibration purposes. The difference between the pulse
duration at the laser hall and at ELIMAIA was around 2 fs and thus comparable with
the accuracy of the measurement method itself. The shortest achievable pulse duration
measured at the ELIMAIA target position was about 28.5 ± 0.5 fs, as shown in Figure 8.

2.2. Beam Diagnostic Station

The Beam Diagnostic Station (BDS) at the ELIMAIA beamline was initially designed
for the adoption of a deformable mirror [12], but it is currently used to perform shot-to-shot
measurements and to monitor the key spatial and temporal features of the L3 laser beam at
full-power close to the laser–target interaction point. The analyzed beam is the L3 leak of
mirror LMo4, shown in Figure 4, extracted from the chamber through a DN 400 viewport.
The beam is then downsized on a dedicated optical table using a telescope consisting
of OAP with a focal length of 4400 mm (detailed simulation on focusing capability are
in [12]) and a lens with a focal length of 125 mm. The beam size of the telescope reaches
approximately 7 mm in FWHM.

The optical setup is shown in Figure 9. After the focal point, the size of the beam is
kept small and, using 2” optics, it is divided by a beam splitter (BS) into the four branches
of the BDS, where the near field (NF) and far field (FF) are monitored on a shot-by-shot
basis during full-power operation using cameras equipped with ND filters, while the
nanosecond-level intensity contrast of the beam is monitored using two fast photodiodes.
The setup is extremely versatile and can be extended to additional branches to include
other diagnostics, such as a wave-front sensor coupled with a deformable mirror inside
D2 [12] or others.
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Figure 9. BDS optical setup. The laser beam is sent to the long focal-length OAP through a high-
quality window available in the D2 vacuum chamber. After the focal point, the size of the beam is
kept small, and it is split using a 2” beam splitter (BS) into four branches of the BDS: near field (NF),
far field (FF) equipped with cameras and ND filters, and the two branches for the nanosecond-level
intensity contrast of the beam, which is monitored using two fast photodiodes.
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As the beam passes through the leak mirror and the optical window, it may cumulate
linear and non-linear spectral phases, which may destroy the laser pulse beam quality. In
general, the total on-axis nonlinear phase shift accumulated by a femtosecond compressed
pulse can be expressed as its B-integral [33]. The leak mirror transmits a very small fraction
of the energy, and then the B-integral (estimated for both leak mirror and window) is very
small (<0.22 rad), and nonlinear effects do not distort the leaked beam [34–36].

An example of near-field and far-field data acquired during high-power operation
with the L3 laser (pulse energy ~10 J) is shown in Figure 10. A processed far-field image is
presented together with the corresponding data acquired for the near field. The far-field
image is processed using the same analysis technique employed for the OAP focal image
processing.
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Figure 10. Processed far-field image measured at high power on the BDS table (A) and corresponding
raw near-field image (B) of the L3 laser beam.

The near-field images are mostly used to monitor the beam profile uniformity: emerg-
ing hot spots might be indicative of induced optical damage. The far-field images are
analyzed to retrieve information about the shot-to-shot changes in the intensity distribution
and in spot size in the focal plane of the Diagnostics OAP, as well as fluctuation of the focus
position, which corresponds to the pointing stability of the L3 beam. The data processing
routine was executed online during an experiment at repetition rates up to 0.5 Hz. This
allowed performing a quantitative accurate study of the long-term L3 laser beam pointing
stability both at low and full power and over a series of hundreds of consecutive shots
at 0.5 Hz. The results for the two series of 100 consecutive shots are shown in Figure 11,
demonstrating an extremely high transverse pointing stability with fluctuation statistically
smaller than 3 µrad with respect to the reference position. Figure 11 also shows that the
pointing stability has slightly higher fluctuations at high power. This probably is due to
the opening/closing of a safety mechanical shutter in the L3 system beam path before the
compressor that causes vibration. The results in Figure 11 demonstrate the robustness
of the L3 laser system (including the large compressor), the long beam transport section
(~80 m of beam path), and the plasma mirror and interaction chambers, along with all
the large-size optomechanical systems used in the entire chain up to the final laser–target
interaction point.

The photodiode measurements are aimed at the temporal characterization of the laser
emission in a nanosecond-scale time window prior to the arrival of the main ultra-intense
pulse. This allows for evaluating the laser pulse intensity contrast conditions during the
laser–target (or laser–plasma) interaction. One photodiode is set to record the presence of
early-stage pre-pulses (typically femtosecond ones coming from the laser front end) on a
time scale of about 100 ns, while the other is focused on a shorter time window of about
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10 ns, which is dominated by the rapidly growing ASE (Amplified Spontaneous Emission)
background.
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A typical example of a photodiode signal acquired in the early stage of the Ion Accel-
erator’s technological commissioning is reported in Figure 12. The two photodiodes are
equipped with different ND filters; hence (despite the scale used in the plot), the vertical
signal amplitude of the left plot is three orders of magnitude smaller than the one in the
right plot. The main pulse signal is strongly saturated in both cases in order to resolve the
weak signals in the pre-pulse region. The effect of the ASE was perceived as the limiting fac-
tor for the ultra-relativistic laser–target interaction, with substantial efforts being dedicated
to its reduction. Using the BDS, in particular the two temporal characterization branches,
an important improvement in the laser pre-pulses and ASE pedestal was possible. The ASE
laser intensity contrast was then enhanced step by step from an initial value of ~10−9 to a
final value of ~10−10 (about one order of magnitude), as shown in Figure 12 (C). The picture
shows the latest intensity contrast measurements associated with higher energy protons
that are not reported in this manuscript (details will be presented in a dedicated paper).



Quantum Beam Sci. 2022, 6, 30 12 of 23

Quantum Beam Sci. 2022, 6, x FOR PEER REVIEW 13 of 25 
 

 

dedicated to its reduction. Using the BDS, in particular the two temporal characterization 
branches, an important improvement in the laser pre-pulses and ASE pedestal was possi-
ble. The ASE laser intensity contrast was then enhanced step by step from an initial value 
of ~10−9 to a final value of ~10−10 (about one order of magnitude), as shown in Figure 12 
(C). The picture shows the latest intensity contrast measurements associated with higher 
energy protons that are not reported in this manuscript (details will be presented in a 
dedicated paper). 

  

 
Figure 12. L3 temporal profile measured at the ELIMAIA BDS for (A) pre-pulse analysis in the long time scale and (B) 
short time scale for intensity contrast estimation with respect to the main ultra-intense pulse. ASE reduction plot, associ-
ated to an increase of the L3 contrast (C). 

2.3. Targetry and Interaction Diagnostics 
After the main OAP is aligned and the focal spot is optimized, the monitoring system 

is used as a reference to set the positions of individual targets in the OAP’s focus. Solid 
targets (usually thin metallic or plastic foils) are mounted in special holders that protect 
adjacent targets from heat transfer and shockwave damages induced by laser–plasma in-
teraction. Each holder represents a square matrix and contains up to 100 targets of a single 
type. The main frame of the target tower supports nine target holders (Figure 13), which 
allows making up to 900 shots in one pumping cycle. The target tower is equipped with 
five motorized axes, controlled by a dedicated positioning system (interface is shown in 
Figure 14). The motion software allows using tables to store the target positions defined 
during the alignment and recalls them during the operational (laser shooting) phase; it is 
hence possible to pre-align the whole set of nine frames. The system can be also externally 

Figure 12. L3 temporal profile measured at the ELIMAIA BDS for (A) pre-pulse analysis in the
long time scale and (B) short time scale for intensity contrast estimation with respect to the main
ultra-intense pulse. ASE reduction plot, associated to an increase of the L3 contrast (C).

2.3. Targetry and Interaction Diagnostics

After the main OAP is aligned and the focal spot is optimized, the monitoring system
is used as a reference to set the positions of individual targets in the OAP’s focus. Solid
targets (usually thin metallic or plastic foils) are mounted in special holders that protect
adjacent targets from heat transfer and shockwave damages induced by laser–plasma
interaction. Each holder represents a square matrix and contains up to 100 targets of a
single type. The main frame of the target tower supports nine target holders (Figure 13),
which allows making up to 900 shots in one pumping cycle. The target tower is equipped
with five motorized axes, controlled by a dedicated positioning system (interface is shown
in Figure 14). The motion software allows using tables to store the target positions defined
during the alignment and recalls them during the operational (laser shooting) phase; it is
hence possible to pre-align the whole set of nine frames. The system can be also externally
triggered, and in this state, it moves from one shot target to the neighboring fresh one at a
repetition rate of 1 Hz with accuracy and repeatability better than 10 µm [37]. The main
interface of the control software is shown in Figure 14. The automation of the target tower
has been tested, during the basic commissioning campaign, for five consecutive series of
100 shots, each at about 0.5 Hz, resulting in reliable and robust operations.
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The laser–target/laser–plasma interaction is routinely monitored using several de-
tectors, such as plasma imaging and spectroscopy systems for the study of the plasma
emission, gamma-ray detectors, and a calorimeter for the Bremsstrahlung emission.

The plasma imaging and spectroscopy diagnostics operate in the visible range and
are aimed at detection and characterization of the second harmonic emission (blue light in
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Figure 15A) from the target under laser irradiation and of the two-plasmon decay effect
at its quarter-critical surface (green light in Figure 15A) related to pre-plasma formation.
A two-lens optical system creates a magnified image of the target, collecting light in the
specular reflection direction of the laser, which is then captured by a CMOS camera for
the plasma imaging and a fiber-coupled visible (VIS) spectrometer placed outside the
interaction chamber. An example of acquired spectra is shown in Figure 15B. The blue and
green components represent the second harmonic emission and the two-plasmon decay.
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Figure 15. Example of plasma imaging raw picture (A) with 3.1 magnification where the laser
beam is in the right/left direction and (B) example of plasma optical spectrum. The blue and green
components represent the second harmonic emission and the two-plasmon decay.

The XUV spectroscopy is a supplementary diagnostic that allows studying the laser–
target interaction by analyzing high harmonics generation and plasma emission processes.
We use the commercial spectrometer maxLIGHT pro [38] (see Figure 16). The spectrometer
can operate in two modes: as an XUV beam profiler and as a source-imaging spectrometer
with tunable range from 7 nm to 80 nm, based on a flat-field concave reflective grating. It
is equipped with an MCP (micro-channel plate) detector assembly and an additional HV
pulser, which allows gating of the MCP in under 10 ns (rise/fall time) for time-resolved
measurements. Full optimization of this device is still in progress.

The gamma detector is a standard plastic scintillator (dimension 40 × 10 × 3.5 mm)
coupled to a photomultiplier in a light-proof package. The scintillator is used to convert the
gamma photons into visible light, and the photomultiplier’s (1 × 1 × 0.2 mm3) solid-state
electronic photo-sensor is used to detect low-intensity visible-light signals. An example
of gamma-ray signal acquired for different types of targets during the ELIMAIA Ion
Accelerator basic commissioning is shown in Figure 17. The measured signal shows a
typical output of the scintillator, i.e., a main peak with a typical exponential decay response.
The amplitude of the signal corresponds to the total energy received by the detector in a
given shot, which means the sum of energies of all gamma photons received in that shot.
This information is then related to the overall energy converted into photons during the
laser target interaction and hence its stability. As shown in Figure 17, the signal is stable
and presents only small variations, demonstrating also the stability of the laser–matter
interaction during the commissioning run, except in the case of a plastic target (low electron
density, hence low gamma-ray flux emitted in the target bulk).
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Figure 17. Gamma detector scintillation signal for different target materials.

The calorimeter’s design is based on the use of two different scintillating materials
in a stack configuration (scintillator array) and a CCD camera with an 8 mm focal length
objective to acquire the emitted light. The reason for this choice is due to the fact that the
Bremsstrahlung emission is the dominant radiation process generated in the laser–plasma
interaction for laser intensities below 1022 W/cm2 [39], and it has been experimentally ob-
served that such Bremsstrahlung spectrum may consist of at least two Maxwell–Boltzmann
(MB) energy distributions [40,41] caused by separate populations of accelerated electrons.
The layout of the detector allows for measuring the high- and low-energy components of
the emitted photons (more details are reported in [42,43]). An example of raw data recorded
during the Ion Accelerator technological commissioning is presented in Figure 18A, where
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the corresponding processed image is also shown in false color. The plot in Figure 18B
returns the signal amplitude detected by each crystal of the scintillator array (blue) and the
reconstructed signal using the unfolding technique (red).
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Figure 18. (A) Raw image of the scintillator emission and corresponding processed image. (B) Ana-
lyzed data showing the signal amplitude emitted by each crystal.

An IR FLIR SC7300L camera equipped with an MCL sensor (320 × 256 pixels and
30 µm pitch) is also installed in the interaction chamber and points at the target. This
is useful for monitoring the thermal response of the target and its surroundings due to
laser–target energy transfer during operations at high repetition rate.

2.4. Ion Diagnostics

The ion diagnostic station consists of a series of active and passive detectors that
are placed at different angles and distances around the interaction point, providing a full
characterization of the accelerated proton beam in terms of energy and spatial distributions.

The passive devices are nuclear track detectors (polyallyldiglycol carbonate, commonly
known as CR39), allowing the retrieval of the particle flux and energy spectrum after
the etching process. Radio-chromic films (RCF) were also used in a stack configuration,
retrieving the total ion dose within a given energy range and the particle beam spatial
profile with high lateral resolution. These detectors are placed on a motorized system
capable of handling nine sets of passive detectors and moving them in/out of the beam axis
position according to the user requirements. The mechanics has a similar control system as
the one shown for the target tower and can be eventually triggered to automatically change
the detector to be irradiated after a certain number of shots.

The active ion diagnostic devices are the most important for a user beamline such as
ELIMAIA to be able to provide online shot-to-shot feedback to the users. Two single-stage
diamond detectors (DD), a double-stage diamond detector working as a telescope (DDT) in
dE/E configuration, two silicon-carbide (SiC) detectors, and two ion collectors were used
during the technical commissioning phase of the Ion Accelerator. These detectors are used
in time-of-flight geometry and are able to acquire and process signals at 1Hz [37,44,45].
They are usually distributed around the interaction point, as in the scheme of Figure 19.
Some detectors were set in the backward direction, and the majority of them were placed
around the main proton beam axis (target normal) and in a dedicated diagnostics section to
increase the distance from the target and hence the corresponding time/energy resolution.
An ion collector with ring geometry was set along the target normal (0deg) and used
in conjunction with a Thomson Parabola Spectrometer at the end of the ion diagnostic
line [46–49]. A photo of the ion diagnostics line is shown in Figure 20. A detailed description



Quantum Beam Sci. 2022, 6, 30 17 of 23

of these detectors and of the methodology used to process the experimental data and the
ion spectrum reconstruction is presented in [50,51].
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The Thomson Parabola Spectrometer (TPS) is a compact device with parallel electric
and magnetic fields that allow discriminating the different laser–plasma ion species and
reconstructing their energy spectrum on a shot-to-shot basis. The main features of the
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TPS used are described in the introduction of [46]. The ELIMAIA TPS is equipped with
a permanent magnetic dipole that can be reassembled with modular magnetic blocks
to increase/decrease the dispersion of ions and hence the detection performances. The
electrostatic dipole has a wedged shape with a variable aperture (smaller gap at the entrance
and bigger at the output) to reduce losses of information in the lowest energy range. The
TPS is coupled with a Chevron MCP coupled with a phosphor screen and a CCD camera
for the image acquisition. Examples of raw data from the TPS and from some of the TOF
detectors are shown in Figure 21.
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The use of passive detectors usually implies long processing times before any analysis
can be carried out. Moreover, a calibration curve is necessary to evaluate the response,
in fact, specific calibration curves for different ion species are useful for precise analyses.
The CR39 detectors need to be etched in NaOH or KOH base solution in order to increase
the track’s size before analysis under a microscope (see Figure 22A). The radio-chromic
films need to be digitalized with a high-resolution scanner and then analyzed with accurate
unfolding procedures. An example of a set of RCF irradiated in a stack configuration is
shown in Figure 22B. The yellow shape marks the ROI (region of interest) used for dose
estimation, the results of which span from 3205 cGy in the first film of the stack (top left) to
10 cGy for the one before the last irradiated film (middle bottom). No dose was recorded on
the sixth film, thus returning a cutoff energy of about 14 MeV for this particular laser shot.

Because of the long processing time, these passive detectors are not suitable for high
repetition-rate acquisition and online feedback; however, they are important for data
validation.

On the other hand, active detectors are suitable for high repetition-rate operation
modes as the data are acquired and transferred almost simultaneously from the oscilloscope,
or from the CCD camera, to a dedicate MATLAB program that analyzes them in real time
and provides the first set of information, such as cutoff energy of protons and corresponding
spectrum. An example of proton energy distributions reconstructed online during a set of
100 consecutive laser shots at 0.5 Hz repetition rate is shown in Figure 23. The laser energy
and its fluctuations have been monitored during this sequence, and they result in being
10.4 J ± 1.5%. Details on the data analysis and their correlation with the laser parameters
and fluctuations are reported in [30].
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Figure 23. Processed data for a high repetition-rate (0.5 Hz) series of 100 shots on 12 µm aluminum
target. The plot provides the proton energy distributions online in terms of particle flux (color bar)
and cutoff energy for each shot in the series.

3. Main Outputs of the Ion Accelerator Technological Commissioning
and Conclusions

The ELIMAIA Laser–Plasma Ion Accelerator was tested for the first time in 2021, and
its technical (basic) commissioning was successfully completed. This phase was propaedeu-
tic to start the advanced commissioning phase (results will be reported elsewhere [30]). A
total number of 2200 shots were successfully delivered on target at laser intensities around
1021 W/cm2 in a net time of 13 days, with the longest sequence being of 487 shots on
target at a 0.5 Hz repetition rate. Several target materials with different thicknesses and in
different irradiation conditions were tested. The pie chart in Figure 24 shows the number
of shots per different target material.
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During the ELIMAIA technical commissioning, several activities were carried out to
optimize and improve the whole accelerator technology, including procedures necessary to
align and deliver the L3 laser with high intensity onto a target. Additionally, data acqui-
sition and analyses in real time were tested with the goal to provide reliable and unique
feedback in terms of laser, plasma, and ion diagnostics to future ELIMAIA users. Besides
debugging the sophisticated Ion Accelerator equipment and laser/plasma diagnostics
available at ELIMAIA, a special effort was put into the improvement and optimization of
the temporal quality (i.e., intensity contrast) of the L3-HAPLS laser beam on target and of
its focusability to reach an ultra-relativistic laser intensity regime exceeding 1021 W/cm2.

The L3’s performances at full power (in single shot and ~0.5 Hz) were monitored on
target by means of the newly developed L3 Beam Diagnostics Station (BDS) of ELIMAIA,
and its experimental outputs were benchmarked with those measured directly at the L3
laser hall, i.e., after ~100 m of laser beam transport. Such an iterative process, which also
included other plasma/ion diagnostics, allowed a daily improvement and fine-tuning of
the laser’s performances on target. In fact, this approach has led to a substantial intensity
reduction of various laser pre-pulses and, ultimately, of the ns-ASE laser pedestal. As a
consequence, the laser-accelerated proton beam’s performances were drastically enhanced
both in terms of maximum energy and flux (these results will be reported elsewhere [30]).

Currently, an advanced commissioning campaign of the ELIMAIA Laser–Plasma
Ion Accelerator is ongoing to demonstrate the readiness of this section for open-access
user experiments within the newly established ELI-ERIC consortium [52]. In parallel, the
technological commissioning of the ELIMED (ion beam transport and dosimetry) section
is planned for the end of 2022. This will enable a broad range of users to exploit the
full capabilities of the ELIMAIA beamline, e.g., both advanced schemes of laser–plasma
acceleration and multidisciplinary applications of the laser’s accelerated ion beams with
unique features [11].
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