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Abstract
Gas-filled capillary discharge has emerged as a promising

source in plasma-based accelerators. Pre-formed plasma
channels enhance stability in Laser-Wakefield Accelerators
by overcoming diffraction effects and maintaining laser fo-
cus over longer distances, thereby increasing energy transfer
efficiency. Also, due to their limited gas consumption, they
are well-suited for high repetition rate applications. Using
Stark broadening, we measured profiles under varying condi-
tions, achieving densities of (2–3) × 1018 cm−3. Moreover,
we present three-dimensional (3D) Particle-In-Cell (PIC)
simulations incorporating experimentally measured plasma
density profiles. The simulation results reveal electron in-
jection and acceleration, with electrons attaining a mean
energy of 0.5 GeV using a laser pulse of 2.0 J energy. This
type of plasma source is a crucial technology for the 100 Hz
plasma accelerator-based Free Electron Laser (FEL) being
developed at ELI-ERIC and for the EuPRAXIA project.

INTRODUCTION
Plasma-based accelerators (PBAs) have demonstrated the

ability to accelerate electrons either by using ultra-intense
laser pulses, as in laser wakefield acceleration (LWFA) [1],
or by employing charged particle beams to drive plasma
waves, as in plasma wakefield acceleration (PWFA) [2].

Recent developments in PBAs community have achieved
long term shot-to-shot stability [3] and high quality electron
beam [4], reaching parameters suitable for Free Electron
Laser (FEL) applications [5] [6]. The generation of high-
repetition-rate electron beams, required for many applica-
tions, using emerging 100 TW-class laser systems operating
at 100 Hz [7] remains one of the most interesting aspects of
current research. However, transitioning to high-repetition
operation imposes dual challenges: laser systems must reli-
ably deliver ultrashort pulses, while target systems require
plasma sources capable of sustaining high repetition rate
operation.

In this work, we propose the use of a gas-filled capillary
in which the plasma is generated by applying a high voltage
electrical pulsed discharge. In a previously published paper,
a three-dimensional magnetohydrodynamics simulations of
a hydrogen gas filling process and discharge plasma forma-
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tion was performed in [8]. This approach ionises the gas and
creates a plasma channel that acts as a waveguide for the
laser pulse. The preformed plasma channel allows the laser
to propagate over longer distances within the plasma, com-
pared to channels ionised solely by the laser pulse, effectively
overcoming diffraction limitations. Enabling the possibility
to use laser systems with lower peak power [9] thus mak-
ing the high repetition rates accessible. Furthermore, these
channels enhance the efficiency of energy transfer from the
laser pulse to the plasma wave, resulting in lower transmis-
sion and coupling losses [10]. When the capillary is filled
with hydrogen, the plasma can be fully ionised, which helps
to minimise both spectral and temporal distortions of the
guided laser pulse [11, 12].

Longitudinal plasma density profiles were obtained from
time-resolved emission spectroscopy, utilising Stark broad-
ening analysis of the hydrogen Balmer-𝛼 (H𝛼) line at
656.3 nm. Complementary 3D particle-in-cell (PIC) simu-
lations, incorporating experimentally measured plasma den-
sity profiles, confirm the gas filled capillary discharge’s abil-
ity to produce GeV-class electron beams.

DENSITY MEASUREMENT METHOD
Experimental Setup

The plasma source characterised in this study is a 15 mm
long sapphire capillary with a square cross-section of 300
× 300 𝜇m, filled with hydrogen. The hydrogen is supplied
continuously from an electrolytic generator and introduced
into the capillary via two inlets, with the flow regulated by
two independent mass flow controllers. The experimental
setup is shown in Fig. 1. Plasma is generated by applying
a high-voltage electrical discharge, with a duration of ap-
proximately 300 ns (full width at half maximum (FWHM)),
across two electrodes placed at each end of the capillary.
This discharge provides a current of about 300 A at 25 kV.
The light emitted from the plasma is collected and then
focused into a spectrometer (Andor Kymera 328i). The col-
lected light is dispersed by a diffraction grating with 1200
lines/mm and recorded by an intensified scientific Comple-
mentary Metal-Oxide-Semiconductor (sCMOS) camera (An-
dor iStar). An internal delay can be introduced to measure
the temporal evolution of the plasma.

For the experiments presented in this paper, we selected
the hydrogen H𝛼 line at 656.3 nm because it has a higher
transition probability compared to the hydrogen Balmer-𝛽
line at 486.1 nm, thereby enhancing the signal-to-noise ratio.
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Figure 1: Schematic diagram of the experimental setup.
Labels: MFG - mass flow controller, VG - vacuum gauge,
L - lens, M - mirror.

Stark Broadening Method
The application of a high-voltage electrical discharge to

the electrodes induces rapid electron temperature elevation,
driving gas ionisation through collisional processes [12].
This results in a plasma that is either fully or partially ionised,
depending on discharge parameters.

The Stark broadening method exploits spectral line broad-
ening caused primarily by microscopic electric field fluctu-
ations within the plasma [13]. Plasma electron density 𝑛𝑒
is determined from the spectral line width using the rela-
tion [14]:

𝑛𝑒 [cm−3] = 8.02 × 1012 (Δ𝜆𝐹𝑊𝐻𝑀
𝛼𝐻𝛼

)
3/2

, (1)

where Δ𝜆𝐹𝑊𝐻𝑀 represents the FWHM of the Stark-
broadened spectral line in angstroms, and the constant
𝛼𝐻𝛼 = 0.0214 denotes the fractional intensity width of the
𝐻𝛼 line, derived from electron temperature and density de-
pendencies [15]. As shown in Eq. 1, broader spectral line
widths measured by the camera correspond directly to higher
electron densities.

EXPERIMENTAL RESULTS
Using the experimental setup described in the previous

section, we measured longitudinal electron density profiles
by systematically varying both the camera’s internal delay
timing and the gas flow through the inlets.

Figure 2 shows the maximum electron densities measured
at flow rates of 0.150 mg/s and 0.075 mg/s per inlet. The
peak plasma densities reached 2.4 x 1018 cm−3 and 1.3 x
1018 cm−3, respectively. These values fall within the typical
range for laser waveguiding in plasma channels (1017-1018

cm−3), confirming that the discharge plasma satisfies this
condition. However, optimal electron acceleration in LWFA
requires operation within the 1018 cm−3 range, where the
wakefield’s accelerating gradient scales as 𝐸 ∝ √𝑛𝑒. This
density regime is localised between the gas inlets, limiting

the effective accelerating region to approximately 60 % of
the capillary length.

Figure 2(a) exhibits a higher density compared to Fig. 2(b),
consistent with the measured total pressures of 170 mbar
and 110 mbar, respectively. However, the higher flow regime
showed increased instabilities, likely due to incomplete ioni-
sation within the channel. As the discharge current rises, it
may remain insufficient to fully ionise the bulk gas before
thermal equilibrium is achieved [10].

The impact of these density fluctuations on LWFA perfor-
mance is investigated via 3D PIC simulations in the follow-
ing section.

(a)

(b)

Figure 2: Longitudinal plasma density profiles averaged
over 50 images for gas inlet flows of (a) 0.150 mg/s and
(b) 0.075 mg/s. Discharge parameters: 25 kV voltage,
∼300 A current. Dashed black regions indicate gas inlet
positions. Top-right values denote camera acquisition de-
lays (10 ns resolution) relative to discharge triggering.

PIC SIMULATIONS
Particle-in-cell (PIC) simulations were performed using

SMILEI code [16] in a quasi-3D (azimuthal symmetry) ge-
ometry. A moving window with speed 𝑐 was used in the
simulation, with a transverse radius of 100𝜆 (grid resolution
𝜆/10) and a length of 80𝜆 (grid resolution 𝜆/50), and a time
step of 𝜆/51𝑐. The driver laser is considered a Gaussian
pulse, linearly polarized along the 𝑦 direction and propa-
gating in the 𝑥 direction. The laser parameters used in the
simulation are the following: 820 nm wavelength, 2 J en-
ergy, 30 fs pulse duration (FWHM), and 20 𝜇m beam waist.
The laser was initially focused at a position 𝑥 = 8.0 mm
(Fig. 3(a)). The experimentally measured plasma density
profile, shown in Fig. 2, was used as input for the simulation.
In the transverse direction, a parabolic density profile of the
form 𝑛𝑒(𝑟) = 𝑛𝑒(0)[1 + 0.33(𝑟2/𝑅2

0)], where 𝑅0 = 300 𝜇m
is the capillary radius, was assumed [12].
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The simulations results are shown in Figs. 3 and 4. In
Fig. 3(a), the on-axis plasma density profile extracted from
the PIC simulation, along with the evolution of the normal-
ized vector potential 𝑎0 as a function of laser propagation
distance, has been shown. Since the laser power exceeds
the critical power for relativistic self-focusing by approxi-
mately a factor of 5.0 in the plasma plateau region between
𝑥 ≈ 6.0 mm and 11 mm, the laser pulse undergoes self-
focusing. As a result, 𝑎0 increases beyond its vacuum focus
value (around 2.3) and remains nearly constant through-
out this density plateau. Electrons are injected and trapped
within the first bubble behind the laser pulse, as illustrated
in Fig. 3(b). The net injected charge in the first bubble is
approximately 60 pC.

The electron beam accelerated in the first bubble behind
the driver laser pulse is characterized after exiting the plasma
at 𝑥 = 17.5 mm, as shown in Fig. 4. The simulation results
demonstrate that a 15 mm-long capillary discharge, driven
by a 2.0 J laser pulse, can produce electron beams with
a charge of 60 pC, a mean energy of 525 MeV with an
RMS energy spread of approximately 25 %. The resultant
beam has an RMS divergence of approximately 1.3 mrad
horizontally and 1.4 mrad vertically, with corresponding
RMS normalised beam emittances of 1.8 mm-mrad and 2.2
mm-mrad, respectively.

Our PIC simulations (not presented here) suggest that
increasing the laser energy significantly boosts the beam
charge. For example, at a laser energy of 3.0 J, the net accel-
erated charge can attain levels as high as 600 pC, with mean
energies ranging between 300 and 500 MeV. However, in this
case, the quality of the beam, particularly the RMS energy
spread, divergence, and emittance, degrades considerably
due to the beam overloading effect. These high-charge ac-
celerated electron beams would have promising applications
in a hybrid staged laser and plasma accelerator setup [17],
where they could serve as drivers for the plasma wakefield
acceleration stage. Our simulation observations also indi-
cate that the position of the laser focus plays a crucial role
in achieving optimal acceleration. We found that when the
laser is focused at the beginning of the capillary (for exam-
ple, at 𝑥 = 2.0 mm), a substantial number of electrons (with
a net charge ranging from 400-500 pC, even at 2.0 J of laser
energy) are injected into the first wake structure. However,
as the laser propagates and the plasma density increases, the
wavelength of the wake structure decreases. Consequently,
electrons injected in the first wake structure, slip into the
second bubble, where they experience a decelerating and
defocusing phase of the wake electric field. This leads to
a minimal final energy gain for the beam and significantly
deteriorates its quality.

CONCLUSION AND PERSPECTIVES
We have presented the characterisation of the longitudinal

plasma density profile for a 15 mm long sapphire capillary,
achieving a peak density of 2.4 x 1018 cm−3 under the dis-
charge conditions of 25 kV and 0.150 mg/s per gas inlet. The

(a)

(b)

Figure 3: (a) On-axis plasma density 𝑛𝑒 (red) and peak
normalized vector potential 𝑎0 (blue) as a function of laser
propagation distance. (b) Plasma electron density in the x-y
plane at a particular simulation time shows electron injection
in the first wake structure behind the laser pulse.

(b)

(c) (d)

(a)

Figure 4: Electron beam parameters at the end of plasma,
i.e., 𝑥 = 17.5 mm: (a) Energy spectrum, (b) divergence in
(red) horizontal and (blue) vertical directions, and emittance
in (c) the horizontal and (d) in the vertical plane.

results reveal a stable high-density region over 1018 cm−3

covering 60 % of the capillary length. This finding motivates
further studies with extended capillaries to fully exploit the
accelerating potential over longer interaction lengths.

3D PIC simulations utilizing the experimentally measured
density profile demonstrated an effective acceleration of
electron beams along the plasma channel, achieving a mean
energy of 0.5 GeV. 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. By optimizing capillary geometries
and adjusting gas parameters, such as pressure gradients
and gas mixtures, it would be possible to refine the density
profiles and produce electron beams that meet FEL specifi-
cations.
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