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Abstract
Recent advances in laser-plasma accelerators (LPAs) have

generated high-quality electron beams characterized by high
peak currents and low emittance, making them suitable for
compact, next-generation free-electron lasers (FELs). How-
ever, variations in laser performance from shot to shot cause
mismatches in position and angle at the injection point, com-
plicating efficient beam transport and stable FEL operation.
To preserve the electron bunch quality during beam propa-
gation through the transport system, an active plasma lens
(APL) can be used as part of the capture mechanism. This
report investigates how injection errors influence electron
beam properties along the beamline and their subsequent
effect on FEL radiation in the extreme-ultraviolet (EUV)
range. The results demonstrate an acceptable range of injec-
tion errors and emphasize the strengths and limitations of
APL as capture system for optimal FEL performance. This
work emphasizes the potential of APL technology to develop
compact FELs and improve LPA beam applications. Such
progress is vital for future FEL facilities at ELI ERIC in the
Czech Republic and for the EuPRAXIA project.

INTRODUCTION
Laser–plasma accelerators provide accelerating gradi-

ents that are orders of magnitude higher than those achiev-
able with conventional RF linacs, allowing much more
compact configurations for generating high-energy electron
beams. These beams are attractive candidates for driving
next-generation free-electron lasers, capable of delivering
ultrashort, high-brightness X-ray pulses. Such radiation
sources open new opportunities for femtosecond-scale stud-
ies in physics, chemistry, biology, and materials science, as
well as for applications in medicine and industry [1].

However, the intrinsically large energy spread and diver-
gence of LPA-based beams present significant challenges for
applications such as FELs. Active plasma lens provides an
effective and compact solution, offering strong, azimuthally
symmetric focusing with high field gradients that signifi-
cantly reduce chromatic emittance growth. When operated
in the linear regime, APL preserve beam emittance [2], mak-
ing them particularly well suited for high-brightness appli-
cations. Their integration into the beamline is therefore a
key step toward achieving efficient and reliable LPA-driven
FEL operation. Laser pointing stability limits stable FEL
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operation. These fluctuations translate into transverse and
angular offsets of the electron beam, leading to charge loss
at beamline apertures. This work presents a tolerance anal-
ysis of injection error and determines the threshold values
required to keep saturation within the undulator.

FEL FRAMEWORK

Undulator Configuration
The undulator section under consideration consists of two

consecutive SwissFEL-type U19 modules [3], each with an
undulator period of 19 mm and a length of 2 m, resulting
in a total interaction length of 4 m. The beam is matched
at the entrance of the undulator such that a beam waist is
formed at the center of the 4 m section, minimizing the aver-
age transverse beam size throughout the undulator section.
This matching condition is essential for maintaining strong
FEL coupling and efficient radiation gain. The undulator
parameter, Ku, is a tunable quantity and can be adjusted in
the range 1.2 to 1.9 by varying the size of the gap.

Electron Beam
The objective is to achieve saturation with the undulator

section. To meet this requirement, the electron beam at
the undulator entrance must satisfy specific conditions. For
an electron beam of 300 MeV, these include an RMS slice
normalized emittance below 0.4 mm mrad in both transverse
planes, an RMS relative slice energy spread below 0.25%
and a peak current of approximately 2.6 kA.

Laser–plasma accelerator technology has recently
achieved significant advances that enable stable operation
and the generation of high-quality electron beams. In this
study, an electron beam of about 300 MeV is used, obtained
with the shock-front injection method, as experimentally
demonstrated [4, 5]. The initial electron beam is obtained
using the OSIRIS PIC code [6]. Its projected parameters are
as follows: the RMS divergence is 0.55 mrad (horizontal)
and 0.71 mrad (vertical), and the RMS normalized emittance
is 0.23 mm mrad (horizontal) and 0.37 mm mrad (vertical).
The larger values in the vertical plane are because of the
vertical laser polarization. The bunch charge is 24.71 pC,
with a bunch length of 0.48 µm. These parameters indicate
a high-quality electron beam for a beam obtained from
laser–plasma acceleration.

IPAC'26 Preliminary proceedings (edited version): THP2058



PREPRIN
T

ACTIVE PLASMA LENS AS A CAPTURE
BLOCK

Electron beams generated from plasma sources typically
exhibit relatively high divergence and non-negligible en-
ergy spread, leading to intrinsic emittance growth in the
first drift [7]. Strong focusing is required to capture the
beam but the high magnetic gradients introduce chromatic
aberrations, which further increase the emittance and de-
grade beam quality [8]. In this section, a novel APL-based
beamline is presented and compared with a conventional
PQMs-based beamline. The comparison focuses on the abil-
ity of each system to preserve electron beam quality during
transport. Despite significant advances in laser technology,
laser pointing stability remains a limiting factor. These off-
sets are transferred to the generated electron beam, resulting
in similar pointing and displacement errors. The errors are
random and cannot be corrected along the beamline. As a
result, they can lead to particle loss and degradation of beam
quality. It is therefore important to analyze this effect and
determine acceptable tolerance thresholds under which FEL
saturation in the undulator can still be achieved.

Electron Beam Transport
In the case of a beamline based on a novel focusing sys-

tem, the electron beam captured and focused with an active
plasma lens [9, 10]. To limit emittance growth in the early
stage of transport, the distance between the plasma source
and the first focusing element must be minimized. In this
setup, the APL is placed 15 cm downstream of the target,
which is the minimum distance allowed by mechanical con-
straints. The APL operates with an argon gas fill in order to
maintain a linear magnetic field profile, which supports the
preservation of beam emittance [2,11]. The lens has a length
of 7 cm and a radius of approximately 1 mm, producing a
magnetic field gradient of about 90 T/m. This configuration
is currently under development at ELI ERIC. Downstream
of the APL, there is space reserved for a chicane, followed
by a matching section of three electromagnetic quadrupole
magnets used to match the beam at the undulator entrance.
The total beamline length is about 12 m. To mitigate the
effects of beam halo generated by chromatic aberrations and
space-charge forces, horizontal and vertical collimators are
installed along the beamline. Their positions are chosen
based on the phase-space evolution of the bunch. As the
phase space rotates during transport, the collimators are
placed where the halo is predominantly in position space.
The placement is also guided by injection error studies, se-
lecting locations where the beam offset is minimal (beam
crosses the reference axis). In the APL-based beamline, two
collimators are used. The first is located 2.5 m downstream
of the source and has apertures of 0.21 mm (horizontal) and
0.28 mm (vertical), which removes a significant portion of
the halo produced by chromatic effects. The second colli-
mator is positioned 15 cm upstream of the undulator, with
apertures of 0.40 mm (horizontal) and 0.22 mm (vertical),
to further reduce the remaining halo.

In the case of a beamline based on a standard focusing
system using permanent quadrupole magnets (PQMs), the
overall layout remains the same [12]. The focusing section
consists of two permanent quadrupole magnets followed by
one electromagnetic quadrupole magnet. The first PQM is
located 5 cm downstream of the target, with a gradient of
395 T/m, a length of 40 mm, and an aperture of 3 mm. It is
followed by a 5 cm drift and a second PQM with a gradient of
225 T/m, a length of 50 mm, and an aperture of 6 mm. These
magnets will be installed in vacuum. The third quadrupole
magnet is placed 15 cm downstream. In the PQM-based
beamline, the first collimator is located at the same position
as in the APL-based beamline, with apertures of 0.32 mm
(horizontal) and 0.22 mm (vertical). The second collimator
is located 1.8 m upstream of the undulator entrance. This
location is chosen where the beam offset is small and the
phase-space orientation allows effective halo removal. The
apertures of this collimator are 0.40 mm (horizontal) and
0.28 mm (vertical), respectively. In a beamline of this length,
the electron bunch experiences strong space-charge forces,
which gradually introduce an energy chirp along the bunch
that is detrimental for FEL operation. To handle this, ad-
ditional elements such as an active plasma dechirper or a
dielectric structure are considered.

Analysis of Injection Error
In our setup, the laser is focused by an off-axis parabola

at a distance of 2 m. Small angular fluctuations, on the
order of microradians, therefore translate into micrometer-
scale transverse offsets at focus. These are transferred to
the electron beam, introducing pointing and displacement
errors. Since these variations are random they cannot be
corrected along the beamline and due to the very small aper-
tures of the collimators significant charge can be lost. For
the present study, the beam is assumed to be symmetric,
such that offsets in different transverse directions lead to
comparable effects. Therefore, a worst-case scenario is con-
sidered, where equal horizontal and vertical pointing shifts
are applied. The laser pointing is varied from 0.5 μrad to
2.5 μrad in steps of 0.5 μrad. This corresponds to electron
beam offsets from 1 μm to 5 μm at the source. For each case,
multi-particle tracking simulations with TraceWin code [13]
are performed.

Fig. 1(a) shows the normalized emittance of the bunch
at the entrance of the undulator. With increasing injection
error, the beam arrives with higher emittance. This is re-
lated to the position of the collimators and the rotation of the
bunch in phase space, where halo particles are not removed
optimally, being overcut in one plane and undercut in the
other. Fig. 1(b) shows the remaining bunch charge at the
undulator entrance for different injection errors. A reduction
in charge is observed due to losses at the collimators. In
the PQMs-based beamline, the bunch orientation does not
coincide with the optimal position (where the offset is min-
imal), leading to higher losses. An important observation
is that particles within the resonance window are lost more
slowly with increasing error in the APL-based beamline.
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Figure 1: (a)Normalized transverse emittance (horizontal and vertical) at the undulator entrance as a function of injection
error, shown for both beamline configurations. (b)Total charge remaining at the undulator entrance as a function of injection
error for both beamline configurations. The charge within the resonance window (particles with kinetic energy deviation
within 0.25% of the reference energy) is also shown. (c)Saturation length as a function of injection error, shown for both
beamline configurations. The point represents the mean of the 12 shots with different shot noises and the error bar is
standard error of the mean.

This indicates that resonant electrons remain more centered
in the beam due to the more symmetric focusing.

FEL simulation

For each beam obtained at the undulator entrance from
both beamline configurations, FEL simulations are per-
formed to determine the saturation length. Time-dependent
SASE FEL simulations were performed using the GENESIS
code [14].

Fig. 1(c) shows the saturation length as a function of injec-
tion error. The saturation length is extracted from the evolu-
tion of the photon pulse energy along the undulator, defined
as the position where the growth rate significantly decreases
and the slope approaches zero. For each case, 12 simulations
are performed with different shot noise. The given satura-
tion length corresponds to the mean value, while the error
bars indicate the standard error of the mean. A comparison
between the two beamline configurations reveals a clear dif-
ference in their sensitivity to injection errors. At low errors,
both configurations have comparable charge. However, the
emittance is better preserved in the APL-based beamline,
resulting in a shorter saturation length. The saturation length
remains similar for both setups up to approximately 1.5 μrad.
For larger injection errors, the performance of the PQMs-
based beamline degrades more rapidly. As the injection error
increases, a larger fraction of the beam is intercepted by the
collimators. In particular, particles within the resonance
window are lost more rapidly in the PQMs-based beamline,
together with an increase in normalized emittance. These
effects reduce the FEL gain and hinder the process.

Overall, the APL-based beamline shows greater toler-
ance to injection errors, maintaining saturation up to about
2.5 μrad due to better preservation of beam quality and
higher transmission of resonant particles. In contrast, in
the PQMs-based beamline the threshold is reached earlier,
slightly below 2.0 μrad. This behavior is also reflected in
Fig. 2, where the pulse energy evolution along the undulator
is shown for each simulated injection error.

(b)

(a)

Figure 2: Pulse energy evolution along the undulator for the
APL-based beamline (a) and for the PQMs-based beamline
(b). For each injection error, the representative shot with
saturation length closest to the mean value is displayed.

CONCLUSION

The results demonstrate that the choice of focusing system
has a significant impact on the robustness of FEL operation.
The APL-based beamline preserves beam quality more ef-
fectively and maintains higher transmission, allowing FEL
saturation to be maintained at larger injection errors. In con-
trast, the PQMs-based beamline shows earlier degradation
due to increased particle loss and higher emittance, which
limits its operational tolerance. These findings highlight the
advantage of the APL-based configuration for stable FEL
performance under realistic conditions.
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