PHYSICAL REVIEW E 114, 055201 (2026)

Editors’ Suggestion
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Self-guided femtosecond laser pulses propagating in low-pressure gas can generate plasma filaments, es-
tablishing a framework for plasma wakefield acceleration (PWFA). This method exploits the intrinsic nonlinear
light-matter interaction, reducing the energy required to generate plasma while enabling the realization of plasma
stages suitable for PWFA. Here we report a proof-of-principle experimental demonstration of beam-driven
wakefield acceleration of electron bunches with an accelerating field exceeding 250 MV/m in a laser-generated
plasma filament. The witness bunch is accelerated while preserving both its charge and relative energy spread.
The robustness and reproducibility of both the plasma source and the acceleration process are demonstrated
with successful witness acceleration observed in 95% of the events and an rms energy jitter below 0.5%. The
experimental observations are in agreement with particle-in-cell simulations, providing a consistent description
of the underlying physical processes. These results demonstrate that laser-generated plasma filaments can serve
as reliable plasma stages, delivering beam quality and operational reproducibility comparable to those achieved
with established plasma-generation techniques. The concept bridges laser filamentation physics and compact
accelerator technologies, offering a promising route toward sustainable, high-repetition-rate plasma-based facil-

ities.

DOI: 10.1103/qjd9-p6dy

I. INTRODUCTION

The propagation of ultrashort, high-intensity laser pulses
in gases is governed by a dynamic balance between self-
focusing and defocusing due to low-density plasma generated
via multiphoton or tunnel ionization [1,2]. This balance leads
to intensity clamping [3,4] and to the formation of extended
plasma channels [5,6], commonly referred to as filaments.
Under suitable conditions, filaments can extend over tens of
meters [7,8] and have been observed over distances approach-
ing two kilometers in atmospheric propagation [9].

Among numerous applications [10-12], the adoption of
laser-plasma filaments as stages for plasma wakefield accel-
eration (PWFA [13]) represents another potential direction.
When a charged particle bunch (the driver) travels in plasma,
the plasma electrons move to shield the electromagnetic fields
of the bunch [14], resulting in a plasma electron density os-
cillation behind the bunch. The plasma density wake sustains
longitudinal and transverse wakefields [15] that can be used to
accelerate a trailing bunch (the witness) to high energies over
short distances [16,17], with quality suitable for applications
such as radiation generation [18-20].
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Conventionally, plasma stages for PWFA are generated
by ionizing gas using high-current discharge capillaries
[21-25], field ionization induced by relativistic charged-
particle bunches [26], or laser-driven optical-field ionization
techniques [27-35]. The latter include hydrodynamic optical-
field-ionized (HOFI) plasma channels generated using quasi-
Bessel beams, which have demonstrated efficient plasma-
channel formation and compatibility with high-repetition-rate
operation [31-35].

These techniques have enabled remarkable progress in
plasma-based acceleration, including stable operation, low
plasma density jitter, preservation of beam quality, and
high-efficiency acceleration [22,24,36]. Nevertheless, they
generally rely on dedicated discharge (high-voltage) circuits,
high-energy laser systems, or tailored laser beam-shaping op-
tics to generate and control the plasma stage.

In this paper, we present an alternative approach exploiting
the intrinsic nonlinear propagation of an ultrashort laser pulse,
leading to the formation of a self-guided plasma filament,
eliminating the need for external dedicated subsystems or
beam-shaping optics. The reduced deposited energy is dis-
tributed over the filament volume, reducing the thermal load
per unit length and thereby offering a promising route toward
high-repetition-rate operation. Moreover, the plasma filament
transverse dimensions and length can be adjusted by varying
the laser and gas parameters [37], and, in principle, the lat-
ter can be scaled to significantly longer interaction lengths
through optimization of the propagation conditions.

We report a proof-of-principle experimental demonstra-
tion of the use of laser-plasma filaments as plasma stages
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for PWFA, achieving high-gradient acceleration exceeding
250 MV /m. The witness bunch is accelerated while preserv-
ing both its charge and relative energy spread. The robustness
and reproducibility of both the plasma source and the accel-
eration process are demonstrated over 100 consecutive shots,
with successful witness acceleration observed in ~95% of the
events and an rms energy jitter below 0.5%.

The plasma evolution is characterized through the anal-
ysis of the recombination light and is benchmarked against
particle-in-cell simulations, showing excellent agreement and
providing a consistent description of the underlying physical
processes.

Beyond demonstrating an alternative plasma-generation
scheme, this work establishes filament-generated plasmas as
a viable and reliable platform for beam-driven plasma wake-
field acceleration, bridging laser filamentation physics and
compact accelerator technologies, delivering beam quality
and operational reproducibility comparable to those achieved
with established plasma-generation techniques and offering a
promising route toward sustainable, high-repetition-rate user
plasma-based facilities.

II. FILAMENTATION PHYSICS

Filamentation of high-power femtosecond laser pulses
involves [38] several nonlinear effects such as diffraction, self-
focusing, and group-velocity dispersion, as well as plasma
generation and energy losses due to multiphoton and tunnel
ionization [39,40]. To investigate the phenomenon, we adopt
a theoretical model based on the nonlinear wave equation us-
ing the slowly varying envelope approximation [39,41-44]
describing the electric field A = A(x, y, z, 1) as [37]
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where I = |A(x, y, z, t)|? is the intensity of the laser pulse, w
and k the laser frequency and wave number. On the right-
hand side, the first term accounts for diffraction within the
transverse planes; the second term for the group velocity
dispersion (GVD) of an ultrashort laser pulse, where k” (in
units of fs?>/cm) is the GVD coefficient; and the third for the
Kerr effect [39,41-43,45,46]. A constant factor kony, where
ko = wot./ny (t. the characteristic time for electron-neutral
inverse Bremsstrahlung, nj the linear index of refraction) and
n, (in units of cm? /W) is the nonlinear index of refraction,
accounting for the nonlinear effects arising from the specific
laser and gas parameters involved [47,48], is multiplied by the
instantaneous and delayed Kerr components given in paren-
theses, where f = 0.5 is the coefficient due to stimulated
molecular Raman scattering [39,49] and R(¢) is the exponen-
tial function with a characteristic time (tg) of about 70 fs;
the fourth term for plasma absorption and defocusing where
o is the cross-section for the inverse Bremsstrahlung process
following the Drude model [41,50], and n,. = np.(x, ¥, 2, ) the
electron density of the plasma generated by ionization; finally,
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FIG. 1. Laser filamentation simulations. (a) Laser pulse nonlin-
ear propagation retrieved via the envelope equation [Eq. (1)] in
nitrogen gas (blue continuous line) and in vacuum (blue dashed line);
laser pulse nonlinear propagation (blue circles) and plasma filament
width (violet squares) retrieved from PIC simulation. (b) Longitudi-
nal plasma density distribution retrieved from PIC simulations (green
squares) and from transverse imaging of the filament (orange circles)
as in the inset of Fig. 3.

the last term accounts for energy absorption due to ioniza-
tion, where B is the multi-photon ionization rate parameter
[43,51], and K the number of photons needed to ionize each
atom or molecule once.

The solid blue line in Fig. 1 shows the transverse envelope
of a laser pulse with central wavelength A = 800 nm, root
mean square (rms) transverse size at waist wy = 20 um in
vacuum (Rayleigh length Zg = rw3 /A = 1.5mm) and full
width half maximum (FWHM) duration T = 350 fs, interact-
ing with neutral nitrogen gas with density ny = 10'©cm™3,
obtained solving Eq. (1). We consider a longitudinal density
profile with a plateau from 5 to 35 mm and smooth ramps
at the entrance and exit. Calculations show that, because of
the occurrence of filamentation, the pulse is self-guided for
~45mm, corresponding to ~30Zg, with an average trans-
verse size wy; ~ 70 um. The dashed blue line shows the
corresponding envelope of the pulse when propagating in
vacuum. When filamentation occurs, the focal plane is shifted
upstream, and the waist is larger than when propagating in
vacuum.

We compare the theoretical results with particle-in-
cell (PIC) numerical simulation results obtained with
FBPIC [52].!

To capture the filamentation process self-consistently, we
modified the PIC code to include the Kerr response as an
additional polarization current in Ampere’s law, alongside the
free-electron plasma current. The nonlinear polarization is
written as the sum of an instantaneous and a delayed term,
as in Eq. (1),

Pren(1) = 80)((3)14[(1 I+ f / Rt —1)I(") dr’}, @
where g is the vacuum permittivity and x® is the third-
order nonlinear susceptibility of the neutral gas, responsible

for the Kerr effect, so that both Kerr contributions evolve
self-consistently with the plasma.

"For the code documentation, see [53].

055201-2



EXPERIMENTAL DEMONSTRATION OF BEAM-DRIVEN ...

PHYSICAL REVIEW E 114, 055201 (2026)

1200+ ' / 7w0=56;'1m, Plasmé On Prop'agation, LIF = 64cml B
1000 wo=59pm, Plasma On Propagation, LF =51cm
w0=62pm, Plasma On Propagation, LF =32cm
= 800 —w,=65pm, Plasma On Propagation, L_ = 25¢cm
.g: 6001 —w,=20um, Plasma Off Propagation
400
2001
0 h 1 1 f |
0 100 200 300 400 500 600
L [mm]

FIG. 2. Solution of the laser envelope equation for the same laser
pulse energy and gas density used in the experiment, varying only the
initial laser spot size. The red curve shows the corresponding vacuum
propagation for a tightly focused Gaussian beam, illustrating the
extension of the interaction length, enabled by the balance between
Kerr self-focusing and plasma defocusing, through the transverse
matching conditions without increasing the laser pulse energy.

The Gaussian laser is initialized with the same parame-
ters as those experimentally measured, and its evolution is
computed using the OpenPMD library.> The laser interacts
with a ~ 3-cm-long column of neutral nitrogen gas of ny =
10 cm™> adopting the longitudinal neutral density distri-
bution retrieved from OPENFOAM simulations. Ionization is
modeled using the Ammosov-Delone-Krainov theory [55].

The transverse size of the laser pulse, calculated from
the laser electromagnetic fields (blue circles in Fig. 1), is in
good agreement with the theoretical one. We also extract the
width of the plasma channel wgy, (purple squares in Fig. 1),
calculating the rms of the transverse distribution of the plasma
electron density of the filament after the pulse has passed. The
width of the filament is ~70 um on average, and it oscillates
between 60 um and 85 um, with a behavior similar to that of
the laser pulse envelope. The on-axis plasma electron density
obtained from the PIC simulations (7, PIC, green squares in
Fig. 1) reaches an average value of ~8 x 10'*cm™3, along
the 3-cm-long plateau corresponding to that of the neutral gas
density distribution.

The agreement between the experimental observations and
the numerical description of the filament propagation provides
confidence that the model can be employed to investigate the
scalability of the proposed plasma source beyond the condi-
tions accessible in the present experiment.

While the experimental campaign was performed for a
single set of plasma parameters, corresponding to the in-
teraction length required by the available PWFA setup, the
filamentation process intrinsically offers a broad degree of
flexibility. In particular, besides the plasma density, which
can be adjusted through the gas pressure and laser pulse
parameters [37], the interaction length can be controlled by
properly matching the laser beam to the nonlinear propagation
conditions.

To illustrate this capability, Fig. 2 reports the solution of
the laser envelope equation for the same laser pulse energy

2For documentation, see [54].
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FIG. 3. Experimental setup. Schematic layout of the
SPARC_LAB linac interaction chamber arranged for the plasma
filament-based acceleration experimental campaign. (a) 45°,
single-inlet capillary design. (b) Typical filament snapshots taken via
the side imaging technique and (c) relative transverse profile (blue
line) fitted with a Gaussian function with & = 70 um (red line).

and gas density adopted in the experiment, while varying
only the initial transverse beam size. Despite identical laser
energy and propagation medium, different transverse match-
ing conditions produce stable self-guided propagation over
substantially different distances, with filament length ranging
from approximately 25 cm up to more than 60 cm. In contrast,
the propagation of a Gaussian beam in vacuum (red curve)
rapidly diverges after the focal plane and cannot sustain high
intensity over comparable distances.

This behavior highlights one of the distinctive features
of filamentation. The achievable plasma length is not lim-
ited by the diffraction-limited Rayleigh range of the incident
laser beam, but is instead determined by the dynamic balance
between Kerr self-focusing and plasma defocusing, which
continuously replenishes the laser intensity and sustains the
self-guided propagation. As a consequence, for a fixed laser
pulse energy and gas density, the plasma length becomes a
design parameter that can be tailored through the transverse
matching conditions. These results suggest that filament-
generated plasma stages may offer a promising route toward
longer interaction lengths while preserving the low deposited
energy and operational simplicity that make this approach
attractive for future high-repetition-rate plasma wakefield
accelerators.

III. EXPERIMENTAL SETUP

The experiment took place at the SPARC_LAB facility at
the INFN-Frascati National Laboratory [56,57] (see Fig. 3).
The SPARC_LAB bunker hosts a Ti:Sapphire chirped pulse
amplification [58] laser system, which delivers 80 mJ laser
pulses at 800 nm central wavelength, with a transform-limited
duration of 30 fs at FWHM, and a repetition rate of 10 Hz.
The output of the laser system [19,57,59] is split into two
beamlines.

In the first one (linac beamline), the pulse is frequency-
doubled to generate electron (e~) bunches illuminating a
copper cathode within a radio frequency (1f) gun. Multiple
bunches in the same rf bucket can be generated by split-
ting and delaying the main pulse in replicas with adjustable
delay and relative intensity [59,60]. The bunches are then
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accelerated (E ~ 97MeV) and longitudinally compressed
(subpicosecond) via velocity-bunching [61,62] in the rf linac,
and transversally focused with a triplet of permanent magnet
quadrupoles at the entrance of a 2-mm-diameter, 3-cm-long,
single-inlet dielectric capillary.

The second beamline (filament beamline) delivers pulses
with ~10mJ (~0.7% energy jitter), 350 fs (FWHM), and
transverse size ~25mm at 1/¢® intensity at a 2” 1-m-focal-
length lens location, focusing the pulse at the entrance of the
capillary, after being reflected by a 45° holed mirror through
which the electron bunches propagate.

We measure the time of arrival of the electron bunches
with respect to the peak of the IR laser pulse with the analog
signal generated by a beam position monitor upstream of
the vacuum chamber with a GHz scope. The timing jitter
between the bunch and the IR laser is negligible, being gen-
erated by the same main laser system. As a result, the plasma
density at the electron bunches’ arrival time is constant from
event to event. By varying the delay between the laser pulse
and the electron bunches’ arrival time, we vary np, due to
recombination of the plasma. The laser pulse reaches the
capillary entrance approximately 100 ps before the arrival of
the electron bunches to optimize the acceleration process.

The capillary, shown in Fig. 3(a), is filled with nitrogen gas
through a solenoid valve 1.5 ms before the arrival of the laser
pulse, and plasma is generated by filamentation. The inset
of Fig. 3(b) shows the plasma filament obtained by imaging
the recombination light of the plasma onto a multichannel
plate coupled to a CCD camera (side imaging technique).
From these snapshots, we calculate the length of about 45 mm
(full width at tenth maximum) and rms transverse size around
70 um. The black regions along the filament are due to the
metallic electrodes installed on the capillary for the ionization
with the high-current discharge.

We obtain the longitudinal density profile of the plasma by
projecting the pixel counts along the vertical axis. The inten-
sity of the plasma-emitted light is directly related, through the
Einstein coefficient, to the number of ions in the excited state,
which, up to a calibration factor, provides a measure of the
plasma density [6,63]. To determine the plasma density, the
emitted light intensity is calibrated using the Stark broadening
technique. The trend of the resulting intensity profile (orange
dots in Fig. 1) is in good agreement with the longitudinal
plasma density profile obtained by numerical simulations.
Since the intensity of the light is correlated with the plasma
density, we estimate a density jitter of 6.8% in the plateau
region (5-35 mm, shown in Fig. 1).

The larger jitter observed in the integrated plasma fila-
ment signal (~6.8%), compared with the laser energy jitter
(~0.7%), likely arises from the combined fluctuations in
pulse’s energy and spatiotemporal profile, and in gas-target
properties (density distribution, flow, turbulence).

We measure the position and transverse distribution of the
electron bunches and of the attenuated laser pulse at the capil-
lary entrance using an aluminated silicon screen. The screen is
installed below the entrance of the capillary, and it is inserted
in the beam path by moving the capillary vertically with a step
motor. The optical transition radiation (OTR) emitted by the
electrons or the reflected laser pulse is imaged onto the chip
of a digital camera.
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FIG. 4. Experimental energy spectra. Energy spectrum of driver
and witness bunches in the (a) laser-off and (b) laser-on configu-
rations, while gas is present in the capillary. The color bar is the
same for both panels. The color scale is linear. Solid lines: Energy
distribution of driver (red) and witness (green).

We characterize the electron bunches’ energy and longi-
tudinal distribution using a magnetic spectrometer composed
of a triplet of electromagnetic quadrupoles, a transverse
deflection structure [64] (introducing a head-to-tail verti-
cal correlation to the bunch), a magnetic dipole (dispersing
the beam in the horizontal plane), and a scintillating
screen.

The rms duration of the driver and witness bunches (ob-
tained by calculating the rms of the longitudinal bunch
distribution on the screen with TDS turned on) is o, =
(0.6,0.2) £ 0.1 ps, respectively. The temporal distance be-
tween the two bunches is Ar = 2.7 £ 0.1 ps. We calculate
the bunch density n, = (Q/q)/(2n)**co;02, where Q is
the charge per bunch and o, is the rms transverse size
at the plasma entrance (measured with the OTR screen). The
bunches have Q = (500, 50) £ 1pC, and o, = (27,20) £ 3
um, thus n, = (1.5, 0.82) x 10'> cm™3. Hence, we expect the
driver bunch to generate wakefields in the blowout regime
(np > np, =8 x 10 cm™3) and the witness bunch to be
placed in the accelerating and focusing phase of the wake-
fields. The normalized emittance of the bunches is ~2.9 um
(measured with a quadrupole scan technique).

IV. EXPERIMENTAL RESULTS

Figure 4 shows the energy spectra of driver and witness
bunches averaged over 100 consecutive events after propa-
gation through the gas-filled capillary without (a) and with
(b) the ionizing laser pulse. The red and green projections on
the energy axis show the energy distribution of the driver and
witness bunch, respectively. By comparing the spectra, we re-
trieve a maximum deceleration of the driver’ AE, ~ 4 MeV
and an average acceleration of the witness AE,, ~ 8 MeV,
reaching a final energy Ey = 104.5 + 0.4 MeV, when the
laser pulse is present. This is due to the fact that the laser pulse
interacts with the gas, generating the plasma filament within

3We define the minimum and maximum energy of each bunch as
the values where the amplitude of the energy distribution reaches
10% of its own maximum on the low and high-energy sides, while
the mean energy is the centroid of the spectral distribution.
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FIG. 5. Waterfall plot of experimental energy distributions. En-
ergy distribution of driver and witness bunches of 100 consecutive
events in the (a) laser-on and (b) discharge-on configuration, while
gas is present in the capillary with similar initial beam parameters
and the same average plasma electron density. The intensity of each
plot is normalised with respect to the maximum of (a). The color
scale in both panels is linear.

which the electron bunch drives the wakefields. Considering a
3-cm-long plasma, the average accelerating gradient is E ~
266 MeV /m. We note that the charge and the relative energy
spread of the witness bunch are preserved upon acceleration.

The robustness and reproducibility of the plasma filament
generation and of the acceleration process are clearly evi-
denced by Fig. 5(a), where we show the energy distribution
of 100 consecutive events. The witness bunch is accelerated
in 95% of the events, and the rms energy jitter is <0.5%,
meaning a plasma stage with minimized density and timing
jitter. Notably, the fact that the witness beam energy jitter
remains well below 1% suggests that the filament core, rele-
vant to the wakefield excitation, is more reproducible (<6.8%)
than the integrated Intensified CCD (charge-coupled device)
signal indicates; we plan future work to further characterize
this aspect.

An additional demonstration of reliable and repeatable op-
eration of the proposed setup is directly given by a direct
comparison with the discharge-based plasma source without
the stabilization subsystem, which is an established setup for
PWFA [18-20].

These results demonstrate that a filament-generated plasma
can sustain beam-driven wakefield acceleration with beam
quality, operational reproducibility, and shot-to-shot stabil-
ity comparable to state-of-the-art stabilized discharge plasma
sources [22-25,36,65], maintaining a simple and compact
setup.

Differently from conventional discharge-based plasma
sources, which typically rely on high-voltage discharge
systems, dedicated synchronization and stabilization subsys-
tems, and supporting plasma-source structures such as sap-
phire/ceraminc capillary discharges [22,23,36,65] or water-
cooled alumina capillaries for long-term high-repetition-rate
operation [24,25], the present approach requires only a gas
target (3D-printed plastic capillary) and a low-energy ultra-
short laser pulse to generate the plasma stage.

Furthermore, it should be noted that in this setup, the
capillary serves solely as a gas containment cell, so its di-
ameter could be increased or completely removed. The only
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FIG. 6. Comparison between the filament-based PWFA and the
discharge-based PWFA. Histogram of the accelerated witness energy
Ey in both filament-based (orange area) and discharge-based (blue
area) configurations.

constraint is given by the beamline pumping system, which
could be upgraded to zero the wall load.

Figure 5(b) shows that the witness bunch is accelerated in a
discharge-based plasma (7 kV, 233 A, preserving the plasma
stage structure and without additional stabilization methods
[66,67]) in only 75% of the events, with rms energy jitter
of ~1.3%, meaning a threefold increase with respect to the
filament configuration, with a comparable energy gain but a
relative energy spread of approximately 4%. This is due to the
fact that in the discharge configuration, the ionization process
is initiated in a stochastic manner, affecting the plasma density
and therefore the acceleration process.

We calculate the average energy of the witness bunch Ey
of each successful acceleration event. The corresponding his-
tograms in Fig. 6 clearly show that the energy variation in
the filament case (orange area) is much smaller than in the
discharge case (blue area). This is due to the higher repro-
ducibility and inherent synchronization of the system with the
rf linac.

V. DISCUSSION

In the present work, we conducted a proof-of-principle
experiment to demonstrate the use of laser filamentation for
the generation of plasma stages suitable for PWFA. To ob-
tain further insights into the plasma properties, we compare
the experimental results with numerical PIC simulations. The
plasma is initialized with a transverse Gaussian distribution
with rms o, = 70 um and on-axis np,, = 8 x 10" cm—3. Fig-
ure 7 shows the longitudinal (solid blue line) and transverse
(dashed blue line) wakefields driven by an e~ bunch with
the same parameters as those experimentally measured (driver
and witness charge density distributions shown by the red and
green lines, respectively, centered at r = 0, traveling from left
to right). The plasma density distribution and the properties
of the wakefields behind the driver bunch (r < 0) are those
typical of the blowout regime, as expected by n;, > np,.

The amplitude of the decelerating wakefields within the
driver bunch reaches ~150 MV /m, while that of the accel-
erating wakefields within the witness bunch (r = —2.7 ps)
reaches ~260 MV /m. Considering a 3-cm long plasma, the
amplitude of the longitudinal wakefields is in agreement with
the energy loss and gain experimentally measured. Hence, we
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FIG. 7. PWFA PIC simulations. Color map: 2D plasma electron
density distribution. Right-hand side axis: blue line, the on-axis (r =
0) longitudinal (E,) wakefield; blue dashed line, the transverse (W,)
wakefields at » = o,. The charge density distribution of the driver
bunch (red line) and of the witness bunch (green line) is shown in
normalized units.

conclude that the interaction of the laser pulse with the gas
generates plasma with a longitudinal profile consistent with
the one shown in Fig. 1 and a transverse Gaussian profile with
op =70 um.

We have experimentally demonstrated the generation of an
operational PWFA stage satisfying several essential require-
ments, including controlled plasma parameters and highly
reproducible operation. The filamentation-based approach
enables plasma formation with reduced generating system
energy compared to conventional PWFA and LWFA plasma
sources for comparable plasma lengths and densities.

In the configuration presented here, a commercial GW-
class laser is sufficient to sustain the plasma channel, whereas
alternative approaches require either TW-class laser systems
for laser-ionized vapor sources [17,68,69], GeV-class rel-
ativistic electron beams as drivers in beam-driven plasma
wakefield acceleration, or high-voltage discharge circuits for
capillary-based plasma channels [22-25]. In discharge-based
systems, plasma formation relies on gas breakdown and ohmic
heating of the bulk medium, which generally requires sub-
stantially higher energy deposition compared to optical-field
or filamentation-based ionization.

The filamentation-based configuration results in negligible
thermal loading even at high repetition rates, owing to the
low deposited energy and the absence of a solid confining
structure, also because of the transverse size of the plasma
column. In the experiment presented here, we measured an
energy loss of ~2.5 mJ per laser pulse (assuming conserva-
tively that all the energy is deposited on the wall, even though
most of this energy is actually lost in the beam transport
through the recapturing permanent magnetic quadrupoles and
vacuum impedance downstream of the capillary). For a 3-cm-
long interaction region, this corresponds to an effective energy
deposition well below typical damage thresholds.

In contrast, optimized discharge-capillary systems employ
sapphire [22,23] or alumina (Al,O3) [24,25] capillaries filled
with hydrogen, where energy deposition per shot can reach
O(10%) mJ in short stages and increase further in longer ac-
celerator configurations [70,71].

In fact, in a separate experiment, we measured an en-
ergy deposition of approximately 100 mJ per discharge in
a 3-cm-long capillary, increasing to about 2 J per dis-
charge in a 60-cm-long capillary (as envisioned for the
EuPRAXIA@SPARC_LAB project [70,71]). Such systems
demonstrate excellent stability and performance, but require
careful thermal management (as cooling systems or high
thermal load material) and robust materials (high mechanical
strength) to mitigate gradual degradation of the capillary sur-
face [24,72]. Once the capillary channel is degraded through
operation, the resulting plasma profile is altered, leading to a
nonoptimized acceleration process.

The repetition rate in filamentation-based schemes is
primarily limited by the laser system. Modern mlJ-class
femtosecond lasers can operate at kHz repetition rates, consis-
tent with other laser-driven plasma channel and HOFI-based
demonstrations [31-35]. HOFI channels, in particular, pro-
vide a related regime of laser-driven plasma formation without
solid boundaries, with demonstrated scalability and kHz com-
patibility. In contrast, discharge-based capillary systems are
typically limited by the high-voltage pulser and thermal
load management, with stable operation routinely achieved
at ~100 Hz and only in specific configurations approaching
higher repetition rates [24,25]. Beam-driven plasma wakefield
acceleration in laser-ionized vapor plasmas (e.g., lithium and
rubidium plasmas) [17,68,69] employing high-energy laser
systems (Joule-class) is intrinsically limited to low repetition-
rate operation. Within this landscape, filamentation-based
plasma generation provides an additional pathway charac-
terized by low energy requirements, intrinsic simplicity, and
compatibility with high-repetition-rate operation.

An additional advantage of the proposed scheme is intrin-
sic synchronization between plasma generation and electron
beams, since both are driven by the same laser system used for
photocathode emission. In contrast, discharge-based plasma
sources require an external high-voltage pulser unit, which
must be actively synchronized with the accelerator timing
system [23]. This additional layer of timing coordination can
introduce jitter and reduce overall reproducibility. Discharge-
based systems, where the breakdown process is initiated in a
stochastic and uncontrolled manner, exhibit timing jitter that
can be minimized by implementing an additional stabilisation
system, as in Refs. [67,73].

The same issue is encountered in externally (not shared
with the photocathode system) laser-based schemes for
different laser-ionization-based approaches. HOFI channels
[31-35] and laser-ionized vapour plasmas (e.g., lithium and
rubidium systems used in Refs. [17,68,69]) require controlled
ionization timing and, in some cases, more complex coordi-
nation between laser systems and beam drivers, increasing
overall synchronization requirements.

From a scalability perspective, in filamentation-based
PWFA stages, the plasma length and density can be flexibly
tuned via laser parameters and gas conditions, as described by
Eq. (1) and shown in Fig. 2. Unlike capillary-based systems
[22], where geometry is fixed by the solid structure (typically
sapphire or alumina capillaries of 3-15 cm in present experi-
ments [23]), filamentation allows the formation of self-guided
plasma channels without physical confinement. Laser-based
plasma schemes [17,31-35,68,69] are ultimately constrained
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not only by available laser energy but also by requirements on
target control, focusing conditions, beam shaping, and non-
linear propagation control, which further impact scalability
in practical accelerator configurations. While filamentation-
based channels rely on self-organization of the laser pulse in
the medium, extension to longer interaction lengths typically
requires optimization of input energy, beam quality, and fo-
cusing geometry, as well as control of propagation dynamics
in the nonlinear regime.

Finally, this technique enables the generation of plasma
channels with adjustable transverse dimensions. For exam-
ple, it is possible to obtain plasma channels much narrower
than the driver bunch, enabling ion-channel applications [74],
since all plasma electrons would be expelled from the plasma
and are not able to restore their initial condition, as en-
visioned for future plasma-based undulators. Finite-width
plasma stages may also be suitable for positron accelera-
tion, thanks to the extended accelerating and (transversely
linear) focusing region for positively charged particles [75]
(see Fig. 7, —4.4ps <t < —4.0ps), which are required for
next-generation plasma-based lepton collider [76].

VI. CONCLUSIONS

We have conducted a proof-of-principle experimental
demonstration, supported by numerical simulations and the-
oretical analysis, showing that self-guided femtosecond laser
pulses propagating in low-pressure gas can generate plasma
filaments suitable for beam-driven plasma wakefield accel-
eration. This approach exploits the intrinsic nonlinear light—
matter interaction of laser filamentation, enabling plasma
formation with reduced energy requirements while providing
tunable interaction stages.

The experiment demonstrates beam-driven wakefield ac-
celeration of electron bunches in a laser-generated plasma
filament, with accelerating fields exceeding 250 MV /m. The
witness beam is accelerated while preserving both its charge
and relative energy spread. The robustness of the system is
confirmed over 100 consecutive shots, with successful accel-
eration observed in ~95% of the events and an rms energy
jitter below 0.5%.

These results are in excellent agreement with particle-
in-cell simulations, which reproduce the measured plasma
evolution and confirm the underlying physical mechanism.
Beyond performance, the filament-based approach provides
a reproducible and stable plasma stage, demonstrating beam
quality preservation and operational consistency compara-
ble to established plasma-generation techniques. In addition,
the low energy deposition on the gas environment and the

absence of solid confinement suggest compatibility with high-
repetition-rate operation, with potential scalability to longer
interaction lengths and larger transverse dimensions.

These features, together with a simple and low-
maintenance setup, make laser filamentation a promising
candidate for future user plasma-based accelerators. In this
context, the approach is directly aligned with the EuPRAXIA
scientific case [71], which foresees high-repetition-rate opera-
tion of plasma stages with lengths of order 60 cm and densities
around 10'> cm~3, supporting GV/m-class accelerating fields
while preserving the high brilliance of externally injected
beams.
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