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Abstract

Laser-plasma accelerators (LPAs) can generate high-
energy, high-quality electron beams, paving the way for
a new generation of compact free-electron lasers (FELs). To
achieve this, beam stability and repeatability must improve,
relying on advances in high-power lasers and plasma-source
development. These are key technologies for the 100 Hz
LPA-based FEL, under development at ELI ERIC in the
frame of the EuPRAXIA project. In this report, we analyse
a plasma-target concept designed to generate stable, high-
quality electron beams essential for compact Extreme Ul-
traviolet (EUV) FEL applications. We present a gas filled
capillary receiving a high-voltage electrical discharge cre-
ating a plasma channels along it. These channels enhance
LPA stability by guiding the laser pulse, and maintaining the
laser’s focus, thereby improving energy transfer. The char-
acteristics of the channel are influenced by the capillary’s
shape, gas conditions, and discharge setup. Furthermore, we
investigate the laser-plasma interaction and electron beam
acceleration for the plasma targets using Particle-In-Cell
modelling and assess whether the resulting electron beam
quality is suitable for LPA-based EUV FEL.

INTRODUCTION

Electron acceleration in plasma-based accelerators
(PBAs) can be achieved either with ultra-intense laser pulses,
as in laser wakefield acceleration (LWFA) [1], or by using rel-
ativistic charged particle beams to drive plasma waves, as in
plasma wakefield acceleration (PWFA) [2]. Recent progress
within the PBA community has led to improved shot-to-shot
stability over long timescales [3,4] and the production of
high-quality electron beams [5], with beam parameters now
approaching those required for Free Electron Laser (FEL)
applications [6-10]. In parallel, generating electron beams
at high repetition rate remains a major focus, particularly
with emerging 100 TW-class laser systems operating at 100
Hz [11]. Nonetheless, moving to high-repetition-rate op-
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eration introduces two major requirements: the laser must
consistently provide ultrashort pulses, and the target must
support a plasma source that can operate reliably at the same
rate. In this work, the considered plasma target is a gas-filled
capillary in which the plasma is generated by a high-voltage
pulsed electrical discharge. A three-dimensional magnetohy-
drodynamic study of hydrogen filling and discharge-plasma
formation was previously reported in [12], together with ex-
perimental characterisation [13, 14] and a theoretical study
of capillary-discharge operation at high repetition rate [15].
In this discharge-driven configuration, the gas is ionised to
form a plasma channel that serves as a waveguide for the
laser pulse. This preformed channel enables propagation
over distances, thereby mitigating diffraction limitations and
allowing the use of lower-peak-power laser systems. Plasma
targets of this type have already demonstrated the ability to
accelerate multi-GeV electron beams [16], and is particu-
larly relevant for extending laser-plasma acceleration to high
repetition rates, since lower-peak-power laser systems oper-
ating at kilohertz repetition frequencies are already available,
and high-repetition-rate capillary discharge waveguides have
been demonstrated in [17]. This work contributes to the de-
velopment of the EUV-FEL at ELI-ERIC [18, 19], driven
by the 100 Hz L2-DUHA laser system [11], and for the Eu-
PRAXIA project [20]. The longitudinal plasma density pro-
file was obtained from time-resolved emission spectroscopy
using Stark broadening analysis of the hydrogen Balmer-«
(He) line at 656.3 nm [14]. Three-dimensional particle-in-
cell (PIC) simulations, using the experimentally measured
plasma density profiles, confirm this target configuration is
capable of producing GeV-class electron beams.

PLASMA DISCHARGE CAPILLARY
Experimental Method

The plasma source investigated in this study consists of a
15 mm-long sapphire capillary with a square cross-section
of 300 x 300 um?, filled with hydrogen. The length of the
capillary was selected to be less than the dephasing length
of the expected electron beam. The experimental method
and Stark broadening analysis were described previously in
details in [14]. The plasma is produced by a high-voltage
electrical discharge applied between electrodes positioned
at both ends of the capillary, delivering a current of about
300 A at 25 kV, sufficient to cause rapid electron heating and



trigger gas ionisation through collisional processes [21].The
plasma emission is collected and coupled into a spectrometer
(Andor Kymera 328i). The light is dispersed using a 1200
lines/mm diffraction grating and recorded with an intensified
scientific Complementary Metal-Oxide-Semiconductor (sC-
MOS) camera (Andor iStar). By introducing an adjustable
internal delay, the temporal evolution of the plasma can be
resolved. Plasma density is then retrieved using Stark broad-
ening analysis, and the resulting longitudinal density profile
is shown in Fig. 1.
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Figure 1: Longitudinal plasma density profiles averaged
over 50 images for gas inlet flows of 0.150 mg/s. Discharge
parameters: 25 kV voltage, ~300 A current. Dashed black
regions indicate gas inlet positions. Top-right values denote
camera acquisition delays (10 ns resolution) relative to dis-
charge triggering.

Laser Guiding Structure

During plasma formation, the electron density is higher
near the capillary walls than on axis, producing a parabolic
plasma channel. The associated radial variation in density
modifies the plasma refractive index and enables laser guid-
ing along the capillary axis.In the transverse direction, the
electron density profile can be approximated by a parabolic
form [21]:

2
n(r) = n,(0) |1+ 0335 ] : (1
cap
where R, is the capillary radius, equal in this work to
150 pym.

A parabolic channel alone is not sufficient to ensure guid-
ing, the laser spot must be properly matched to the plasma
channel so that the refractive-index gradient can confine the
beam. If the matching condition is not satisfied, the laser
will instead undergo self-focusing within the plasma. The
matched spot radius is given by [21]:

Rcap [”m]
(n,[em=3])1/4°
where w,,, denotes the matched laser waist.

Assuming an electron density of 1.5 x 10'8 cm™3, the corre-
sponding matched laser radius is 26 pm.
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PIC SIMULATIONS

Particle-in-cell (PIC) simulations were carried out with
the SMILEI code [22] in a quasi-3D geometry assuming
azimuthal symmetry. The computational domain employed
a moving window propagating at the speed of light, with
a transverse extent of 1004 resolved with a grid spacing
of /10, and a longitudinal length of 804 resolved with a
grid spacing of 4 /50; the time step was set to 1/(51c). The
driving laser pulse was modelled as a linearly y-polarized
Gaussian beam propagating along the x axis. The laser pa-
rameters used in the simulations were a central wavelength
of 820 nm, an energy of 2 J, and a pulse duration of 30 fs
FWHM. The experimentally measured longitudinal plasma
density profile, shown in Fig. 1, was used in the simulations,
while the transverse density distribution was prescribed by
Eq.( 1). The simulation results are presented in Fig. 2, 3
and 4. Fig. 2 shows the on-axis plasma density profile ex-
tracted from the PIC simulations together with the evolution
of the normalized vector potential ag as a function of laser
propagation distance. Two different laser spot sizes were
studied for the same laser energy wy = 20 um and 30 pum,
with a scaled proportionally to the beam waist in the sim-
ulations. For wy = 20 um, the laser was initially focused
at x = 8.0 mm and undergoes self-focusing during propa-
gation. As a result, a, increases beyond its vacuum-focus
value of about 2.3 and reaches a peak above 4 before de-
creasing throughout the plasma density profile. In contrast,
for wyg = 30um with an initial focus at x = 4.0 mm, q,
rises above its vacuum-focus value of about 1.5 and then re-
mains nearly constant across the density plateau, indicating
effective laser guiding. These results confirm that operation
close to the matching condition is essential, for the present
plasma density, the matched radius is approximately 26 pm,
which is consistent with guiding for the larger spot size and
self-focusing for the smaller one.
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Figure 2: On-axis plasma density 7, (red) and peak normal-
ized vector potential a as a function of laser propagation
distance for a laser waist wy of 20 um (solid blue line) and
30 pm. x; represents the focal position of the laser.

In practice, the laser spot size is typically constrained
by the focusing optic upstream of the target. Although the
capillary radius R, could be reduced, this would approach
manufacturing limits and impose tighter requirements on
laser pointing stability. Alternatively, the plasma density can
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Figure 3: Plasma electron density in the x-y plane at a par-
ticular simulation time show electron injection in the first
wake structure behind the laser pulse for: (a) wy = 30 um.
(b) wg =20 pm.

be increased to achieve a larger matched laser spot size, for
the present capillary geometry and w = 20 pm, the required
density would be approximately 4 x 10'8 cm=3, which could
be obtained experimentally by raising the gas pressure in-
side the capillary, and increase accordingly the high-voltage
discharge. In both cases, electrons are injected and trapped
in the first plasma bubble behind the laser pulse relying
on self-injection mechanism and presented in Fig. 3. The
results for wy = 30 um and wy = 20 um are presented in
Fig. 3(a) and 3(b), respectively. In the guided case, Fig. 4(a)
shows that a 15 mm-long discharge capillary driven by a
2.0 J guided laser pulse can produce electron beams with a
charge of 30 pC, a mean energy of 670 MeV, and an RMS
energy spread of approximately 20 %. The beam has an
RMS divergence of about 1.2 mrad horizontally and 1.1
mrad vertically, with corresponding RMS normalized emit-
tances of 1.18 mm-mrad and 1.01 mm-mrad, respectively.
By contrast, the non-guided case in Fig. 4(b) yields sub-
stantially poorer beam quality, with a charge of 98 pC, a
mean energy of 344 MeV, and an RMS energy spread of
approximately 162 %. The corresponding RMS divergence
increases to 3.2 mrad horizontally and 2.78 mrad vertically,
with normalized emittances of 3.68 mm-mrad and 3.07 mm-
mrad, respectively. These results highlight the importance
of operation in the guided regime, since the longitudinal
plasma density profile created by electrical discharge is oth-
erwise insufficiently homogeneous to support the production
of high-quality electron beams.
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Figure 4: Electron beam energy spectrum at the end of
plasma, i.e., x = 17.5 mm for: (a) The guided laser beam
with wy = 30 um. (b) The self-focusing laser beam with w
=20 um.

CONCLUSION AND PERSPECTIVES

By using the experimentally measured density profile in
PIC simulations we demonstrated an effective acceleration of
electron beams in a 15 mm long sapphire capillary, achieving
a mean energy of 0.7 GeV in the guided regime. Although
the transverse properties of the accelerated electron beams
are reasonably good, the energy spread remains high and
is therefore incompatible with the requirements for FEL.
Meanwhile, in the non-guided regime, the electron beam
exhibits poorer beam quality but higher charge, which may
be advantageous for applications beyond light sources, such
as medical uses. However, by optimising the capillary ge-
ometry and tuning the gas parameters, the resulting plasma
density profile can be improved, which may enhance the
beam quality in both configurations.
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