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A 250-TW laser system (FLAME – Frascati laser for acceleration and multidisciplinary experiments) is
now in its commissioning phase in a new laboratory at LNF–INFN in the framework of the PLASMONX
(Plasma acceleration and monochromatic X-ray generation) project. The laser will deliver <25 fs duration
pulses with an energy up to 6 J, at a 10 Hz repetition rate. An ad hoc target area has also been designed and
is currently being set up, allowing the first test experiments of electron laser wakefield acceleration to be
carried out over the next few months in a safe, radiation-protected environment. An overview of the main
features of the laser system and target area is given, along with a survey of the design and set-up of the
self-injection test experiment, which is expected to reach the production of sub-GeV electron bunches.

Keywords: laser-plasma accelerations; laser wakefield acceleration; Thomson scattering

1. Introduction

The field of electron acceleration via laser–matter interaction, after its first proposal by Tajima and
Dawson in 1979 (1), has experienced outstanding development in the latter decade, mainly due
to the availability of multi-terawatt, ultrashort pulse duration laser systems based on the chirped
pulse amplification (CPA) technique (2). In particular, laser wakefield acceleration (LWFA) (1)
has been explored as the most promising technique for the acceleration of electron bunches, which
takes advantage of the high longitudinal electric fields supported by electron plasma waves in a
plasma. In the LWFA, electrons are trapped in the plasma wave that has a phase velocity very
close to the speed of light, and gain energy as long as they are in phase with the accelerating region
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of the field (3). Recent experiments (4–6) show that quasi-monoenergetic electron bunches can
be accelerated from the background electron plasma population up to high (>100 MeV) energies.
Numerical simulations (7–9) show that for sufficiently short and intense laser pulses, the so-
called bubble regime of LWFA is activated, in which a single accelerating cavity is produced and
effective trapping of electrons occurs. A similar scheme was used in the demonstration of GeV
acceleration of electrons (10).

The strong convergence of the synchrotron radiation and X-ray free-electron laser community
on femtosecond, high field physics, is giving a thrust to the installation of medium- and high-
energy laser systems integrated in LINAC and FEL laboratories. The plasma acceleration and
monochromatic X-ray generation (PLASMONX) project (11, 12), funded by the INFN (Istituto
Nazionale di Fisica Nucleare) aims at exploiting the capabilities of an ultrashort pulse duration,
sub-PW class laser system and the 10 Hz, 150 MeV SPARC (13) linear accelerator based at the
LNF (Laboratori Nazionali di Frascati) to explore laser-driven particle acceleration in both the
self-injection and the external injection schemes and to study innovative X-ray sources based on
Thomson scattering. In this paper, we give an overview of the Frascati laser for acceleration and
multidisciplinary experiments (FLAME) and we describe the design of a self-injection accelera-
tion test experiment, which has been planned to establish the performances of the FLAME and to
assess the degree of control of critical laser parameters.

2. The FLAME and the new laboratory

A new laboratory has been built to host the FLAME at LNF-INFN. The FLAME laboratory
includes an ISO7 clean room for the laser system, whose internal layout is shown in Figure 1(a),
and a radiation shielded, underground target area, shown in Figure 1(b). Furthermore, the laser
pulse can be delivered via a small tunnel intentionally drilled to the bunker where the SPARC
linac is hosted and where the external injection electron acceleration and Thomson scattering
experiments can be carried out.

The custom-made FLAME (by Amplitude Technologies) is a Ti:Sa, CPA system delivering
20 fs, 800 nm, up to 300 TW laser pulses with a 10 Hz repetition rate at a fundamental wavelength

Figure 1. (a) Schematic layout of the FLAME system; on the left-hand side, the front-end is visible, providing a 600 mJ
energy, chirped beam; the beam is then further amplified up to the 7 J level by the cryogenic amplifier stage visible on
the right side, pumped by 10 frequency doubled Nd:YAG beams; (b) the chirped (uncompressed) beam is finally sent to a
compressor hosted in the underground area (the biggest chamber at the center of the area), where it is compressed down to
the ≈ 20 fs duration. The compressed beam can then be transported under vacuum either to the LINAC bunker (transport
line on the left side) or to an interaction vacuum chamber in the same area.
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of 800 nm. The system features a high, sub-ns contrast ratio (>1010) and has a fully remotely con-
trolled operation mode. A general layout of the FLAME system footprint is shown in Figure 1(a).
The system includes a front end with pulse contrast enhancement (booster) (14, 15), bandwidth
control via DAZZLER (16, 17) and MAZZLER (18), a regenerative amplifier, and can yield
pulses of 0.7 mJ in an 80 nm bandwidth. These pulses are then further amplified by the first two
amplifiers to the 600 mJ level. The third cryogenic amplifier, based upon a 50 mm Ti:Sa crystal,
leads to a final energy in the stretched pulses in excess of 6 J. Pulses are then transported in air
to the vacuum compressor placed in the underground target area (Figure 1(b)). The final ASE (ns
level) contrast of the system is expected to be better than 1010, while the picosecond contrast up
to 10 ps before the main pulse is expected to be better than 108. Once compressed, the pulse can
be transported under vacuum either to the LINAC bunker, for external injection and/or Thomson
scattering experiments, or to the self-injection experiment target area shown in Figure 1.

3. Self-injection test experiment

An experiment has been designed and is now in preparation in the underground target area,
mainly aiming at assessing the main figures of the laser system by demonstrating the production
of high-quality, reproducible electron acceleration in the sub-GeV energy range under controlled
interaction conditions. Indeed, as is already known, well-consolidated techniques have been estab-
lished to measure laser features such as, e.g. the temporal contrast, the intensity distribution in
the focal spot, the beam pointing stability, and so on. Nevertheless, several constraints do actually
apply to some of these techniques in the case of a high energy, ultrashort duration and large
aperture beam, as in the FLAME system. It is therefore clear that a correct evaluation of laser
performance, including the above parameters, should be carried out “in line”, i.e. in operational
conditions and at the laser–target interaction point.

In the planned experiment, the main laser pulse will be focused onto a gas-jet target using
an F/10 off-axis parabola at a maximum intensity above 5 · 1019 W/cm2 (see Figure 2(a) for
a schematic view of the interaction geometry). Several diagnostics are under implementation
to investigate the laser–target interaction and accelerated electrons as shown schematically in
Figure 2(b). The main optical specifications of these diagnostics were established during previous
extensive experimental campaigns (19–22) and a pilot experiment recently carried out at the ILIL
Laboratory of the CNR in Pisa (Italy). Thomson scattering and Nomarski interferometry are set
up perpendicularly to the main laser pulse propagation axis to study and characterize ionization
and basic laser–plasma interaction issues. A second group of diagnostics, including scintilla-
tors coupled to photomultipliers, a phosphor screen (LANEX), a custom (23), dose-sensitive,
radiochromic film stack, enables indirect and direct detection and characterization of the accel-
erated electron bunches. Moreover, a magnetic spectrometer is currently being developed, which
will provide a better than 10% energy resolution for an electron energy range up to about 1 GeV.

In what follows, we present some results from the simulations of the gas ionization by the laser
pulse and a PIC simulation of the pulse interaction with the plasma.

3.1. Modelling of ionization

We have performed a numerical simulation to gain quantitative information about the electron
density evolution and its effect on the laser pulse. The simulation is based on a tunnel ionization
model (24). Our code calculates the rate of tunnel ionization in a non-adiabatic regime, i.e. as a
function of the instantaneous laser phase. According to this model, the rate of ionization is given
as follows: � = N(t) exp[−(E2f 2(t)/ω3

L)φ(γ, θ)], where E is the laser electric field amplitude,
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790 L. Labate et al.

Figure 2. Interaction geometry for the self-injection test experiment (a) and schematic layout of the main diagnostics (b).

f (t) the pulse envelope, and ωL the laser frequency. In the above equation, the term φ(γ, θ)

includes the dependence upon the Keldysh parameter γ , the ionization potential Ip, the average
energy of electron oscillations in the laser field Up, and the phase of the laser field θ .

In the simulation discussed below, a laser pulse with the time profile shown in Figure 3(a)
was focused at the center of a step-like uniform density profile of the neutral gas medium. The
maximum neutral atomic density was set to 1.5 · 1018 W/cm2. The intensity profile of the Gaussian
beam had a spatial dependence of the form I = I0(w

2
0/w(z)2) exp[−2(r2/w(z)2)], where w(z)

is the spot size as a function of propagation distance, including the M2 factor for our real beam.
Simulations were performed for helium and nitrogen gases. The input laser parameters in the
code were as follows: pulse duration 30 fs, energy 5 J, peak power 166 TW, spot size = 9 μm,
intensity = 6.54 · 1019 W/cm2, a0 = 5.5, Rayleigh range 141.37 μm, M2 = 1.5. The population
of electrons is then computed from the rate equations, neglecting recombination.

We studied the effect of the picosecond precursor to the main pulse, as measured for the FLAME
system by the manufacturing company. In detail, the contrast up to 10 ps before the main pulse
is expected to be better than 108, which corresponds to a precursor intensity in the focal spot
below 5·1011 W/cm2. It can be shown that this intensity produces a negligible ionization in the
gas, if any, and gives no significant contribution to the interaction dynamics. On the other hand,
for times before the main pulse smaller than 10 ps, the intensity is expected to increase up to 10−5

of the peak intensity. It is therefore interesting to evaluate the effect of this laser intensity on the
gas in the focal region. We modelled this case, taking a simplified intensity profile as the one
plotted in Figure 3(a) and assuming a level for the intensity of the picosecond pedestal of 3 · 10−5

times the peak intensity. The color map of Figure 3(b) (color online only) shows the result of the
calculation. According to this plot, the precursor picosecond pulse gives rise to a narrow channel
of partial ionization along the axis of the propagation of the laser pulse. This effect was clearly

Figure 3. (a) Simplified intensity profile used to estimate the effect on the gas of a precursor radiation in the focal spot
in the picosecond time domain as expected for the FLAME system. (b) Color map (online only) showing the ionization
induced in the gas by the laser pulse as shown on the left.
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observed in a previous experiment (25) carried out at moderately relativistic intensities, using
femtosecond plasma interferometry. In that study, it was shown that this precursor ionization acts
on the main pulse mainly via refraction, and no evidence was found of detrimental effects on
a stable propagation. In fact, the presence of a precursor ionization may initiate a channelling
process that may support propagation for longer distances than that set by focusing optics. These
circumstances will be verified using high resolution, femtosecond interferometry.

3.2. PIC simulations of the electron self-injection and acceleration

As anticipated above, the ultimate goal of the self-injection test experiment is the production of
sub-GeV-class electron bunches from laser–plasma interaction using a gas-jet of a few millimeters,
without external guiding for the laser, entering directly into the so-called “bubble regime” (26,
27). In the bubble regime, a short (cτ < λp/2) and intense (a0 > 2) laser pulse expels the plasma
electrons outward, creating a bare ion column. The blown-out electrons form a narrow sheath
outside the ion channel and the space charge generated by the charge separation pulls the electrons
back, creating a bubble-like wake. For sufficiently high laser intensities, (a0 > 3.5/4) electrons
at the back of the bubble can be injected into the cavity, where the longitudinal accelerating field
is of the order of ∼ 100

√
n(cm−3) V/m.

The FLAME meets both conditions of short pulse length and high intensity. The working
point we have considered for our experiment is given by the following parameters: gas jet length
Lgas jet = 4 mm (Figure 3(a)), electron density ne = 3 · 1018 W/cm3, pulse duration τ = 30 fs,
maximum intensity I0 = 5.2 · 1019 W/cm2 and waist size w0 = 16 μm. In this case, following
the phenomenological description given in (28), we expect to obtain a quasi-monochromatic (few
% momentum spread) bunch with a charge of ∼0.6 nC and an energy of approximately 1.0 GeV
after 4 mm. The acceleration process has also been investigated through 3D particle-in-cell (PIC)
simulations performed with the fully self-consistent, relativistic, electromagnetic code ALaDyn
(29, 30). The results are summarized in Figure 4, where we show the electron density and energy
spectrum at the time when the pulse has gone through the whole plasma length. At the end of
the simulation, a bunch with an energy of 0.9 GeV and a momentum spread (rms) of 3.3% is
obtained; the charge is 0.6 nC, the bunch length 1.8 μm (average current ∼50 kA), and the beam
divergence (rms) 2.8 mrad. The results are in good agreement with Lu et al. (28).

Figure 4. Electron density map (a) and energy spectrum (b) as obtained from the 3D PIC simulation of the self-injection
test experiment.
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4. Summary and conclusions

A new high-power, sub-GeV, ultrashort duration laser system is now in an advanced commis-
sioning phase at LNF–INFN, where a new laboratory, close to an existing 150 MeV LINAC
laboratory, has been established. This new installation will allow a wide range of novel experi-
ments to be carried out, based on the combined use of high-quality electron bunches and ultrashort
and ultraintense laser pulses. Experimental schemes which can be foreseen to be feasible in the
new laboratory include self- and external injection electron acceleration based on the LWFA
scheme as well as monochromatic and tunable X-ray radiation production based upon Thomson
scattering. More advanced experiments, such as the production of X-ray generation by all-optical
schemes, could be performed as well. A first experiment is now in an advanced phase of prepa-
ration and has been discussed, mainly devoted to assessing the laser system figures by producing
high-quality, sub-GeV electron bunches produced by a self-injection LWFA scheme.
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