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We present the generation of x-ray pulses with average pulse energies up to one millijoule and rms pulse
durations down to the femtosecond level. We have produced these intense and short pulses by employing
the fresh-slice multistage amplification scheme with a transversely tilted electron beam in a free-electron
laser. In this scheme, a short pulse is produced in the first stage and later amplified by fresh parts of the
electron bunch in up to a total of four stages of amplification. Our implementation is efficient, since
practically the full electron beam contributes to produce the x-ray pulse. Our implementation is also
compact, utilizing only 32 m of undulator. The demonstration was done at Athos, the soft x-ray beamline of
SwissFEL, which was designed with high flexibility to take full advantage of the multistage amplification
scheme. It opens the door for scientific opportunities following ultrafast dynamics using nonlinear x-ray
spectroscopy techniques or avoiding electronic damage when capturing structures with a single intense
pulse via single-particle imaging.
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X-ray free-electron lasers (FELs) are modern scientific
instruments capable of studying matter with spatial and
temporal resolutions at the scale of atomic processes
[1–10]. The x-ray FEL radiation is produced by a high-
brightness electron beam with GeV energies traveling
through an undulator beamline. Standard x-ray FEL pulses
have durations of few tens of femtoseconds and peak
powers of tens of gigawatts, corresponding to pulse
energies at the millijoule level.
Newly emerging experimental techniques, such as non-

linear x-ray spectroscopy [11–17], stimulated Raman
scattering [18], or single-particle imaging [19–23], greatly
benefit from higher-power and shorter x-ray pulses than in
standard FEL configurations. These applications require
the absorption of multiple x-ray photons each of which
individually triggers an electronic relaxation cascade by
creating a core or inner-valence hole, which decays within a
few femtoseconds or faster, e.g., via Auger decay. Thus,
within a standard FEL pulse duration of a few tens of
femtoseconds, multiple photoionization-Auger cycles can
occur, producing an increasingly charged and excited target
over the course of the x-ray pulse [24]. For instance, single-
particle imaging aims at taking a snapshot of a particle with
one intense FEL pulse before the structure is destroyed.
Thus, in order to outrun electronic damage [25], which is
caused by multiple photoionization and decay cycles,
pulses shorter than Auger lifetimes are required [26].
To first approximation, the FEL pulse duration is

determined by the extent of the part of the electron pulse
whose quality is sufficient to drive the FEL process.
Femtosecond and subfemtosecond x-ray FEL pulses have

been achieved either by strongly compressing the electron
beam or by limiting the lasing part of the electron beam to a
small region with spoiling schemes. See Refs. [27–33] for
demonstration examples of x-ray FEL pulses with sub-
femtosecond durations.
Methods based on fresh-slice multistage amplification

following the so-called superradiance regime [34,35] have
been proposed to increase the power of short FEL pulses
[36–39]. These schemes are based on tailoring the electron
beam in such a way that a fresh part of the electron beam
can be provided at each amplification stage. Several
approaches have been proposed to achieve this, based on
current peaks in the electron distribution with external
lasers [36,39], spoiling the electron beam emittance with
multiple-slotted foils [37], or exploiting a transverse tilt of
the electron beam [38]. The latter approach, proposed by
some of the authors of this work, has important advantages:
it is efficient, since potentially the full electron beam can
contribute to the FEL pulse; the pulse duration can easily be
tuned by adjusting the tilt amplitude [larger (smaller) tilts
correspond to shorter (longer) pulses with less (more)
energy]; and it is relatively simple, since, besides standard
components of an FEL facility, from which the tilt can be
generated, it only requires small magnetic chicanes
between certain undulator modules. One disadvantage is
that, since the transverse extension of the beam is large
because of the tilted beam, there can be operational issues
related to beam loss. Fresh-slice multistage amplification
has so far only been demonstrated at the Linac Coherent
Light Source applying the beam tilt method [40]: the
authors reported the production of 670 eV pulses with
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pulse energies of a few hundreds of microjoules and
durations of a few femtoseconds using up to three ampli-
fication stages.
Here, we report the generation of x-ray pulses with

unprecedented performance using the fresh-slice multistage
amplification scheme with a transversely tilted beam. We
demonstrate the efficient use of practically the entire
electron beam with up to four amplification stages, result-
ing in the production of x-ray pulses with millijoule
energies and estimated rms durations at the femtosecond
level. We present time-resolved and gain curve measure-
ments showing these results. This performance level is
achieved with only 32 m of undulator length, which is
possible thanks to the use of the optical klystron mecha-
nism [41] in the first modules to reduce the required length
of the first amplification stage. The demonstration was
done at the soft x-ray beamline of SwissFEL called Athos
[42], which has been in user operation since 2022 and
whose design was optimized to fully exploit the fresh-slice
multistage amplification method. In particular, Athos has a
magnetic chicane between every two undulator modules, so
that the number of amplification stages can be freely chosen
to achieve the best performance in a given case.
Figure 1 shows a sketch of Athos along with an

illustration of the method. Athos covers the photon energy
range between 0.26 and 1.9 keV. SwissFEL usually
operates with electron beams with charges of 200 pC
and electron pulse durations between 15 and 30 fs (rms).
The electron beam energy at Athos is normally around
3.4 GeV, but can be tuned down to 2.9 GeV. The undulator
beamline consists of 16 APPLE-X modules [43] of 2 m
total length each, featuring 38 mm period and capable of
providing variable field and polarization. There is a small
magnetic chicane (0.2 m length) between every two
undulator modules. The chicanes consist of four dipole
magnets and are fundamental for the work demonstrated
here. Each chicane can delay the electron beam by up to
about 7 fs and produce a transverse offset up to a few
hundreds of micrometers. The space between two undulator

modules measures 0.8m and it hosts, besides the chicanes, a
quadrupole magnet, a dipole corrector magnet, and a
beam-position monitor used to control the electron beam
trajectory. A larger chicane, primarily used for two-color
operation [44], is installed in the middle of the undulator
beamline. After the undulator beamline an x-band radio
frequency transverse deflecting structure (TDS) enables
measurements of the time-resolved properties of the electron
beam with a resolution below one femtosecond [45]. A
scintillator screen placed at the Athos beam dump after the
undulator allows, in combination with the TDS, the longi-
tudinal phase space (LPS, energy vs time) of the electron
beam to be measured. Comparing the LPS between lasing-
on and lasing-off conditions we can reconstruct the FEL
power profile [46,47]. A gas detector after the undulator
beamline measures the pulse energy of the FEL radiation
[48]. Moreover, a photon spectrometer [49] is available to
measure the FEL spectra.
The bottom of Fig. 1 shows a sketch of the method. In

our implementation, the electron beam is transversely tilted
before the undulator beamline. To this end we leak out
dispersion in the Athos switchyard by changing the field of
a quadrupole magnet in a dispersive location. This, com-
bined with the fact that the beam has a residual energy chirp
from the bunch compression at the location of the quadru-
pole magnet, results in a transversely tilted beam [50].
Specifically in our case, the dispersion value at the quadru-
pole magnet is around 0.2 m, the energy chirp is around
0.5% (rms), and we change the quadrupole magnet strength
by about 10%–20% (the initial integrated normalized
gradient along the quadrupole is 0.264 m−1). This results
in dispersion values at the undulator of up to 10 cm, which
correspond to tilted beams with transverse beam sizes of up
to about 0.5 mm (rms). This type of dispersion-based
streaking is simple, uses standard components of the
facility, and produces linear beam tilts as long as the
energy chirp is linear. In our case, the transverse tilt could
also be achieved by employing the wakefields of corru-
gated structures, as it was done in Ref. [40], which are

FIG. 1. Top: schematic layout of the Athos beamline (not to scale). The undulator beamline consists of 16 undulator modules
interleaved with magnetic chicanes. In addition, there is a larger chicane in the middle of the beamline (two-color chicane). Bottom:
illustration of the fresh-slice multistage scheme for four amplification stages. The electron beam (gray ellipse) is transversely tilted in the
switchyard before the undulator beamline. The tilt orientation changes due to the focusing strength of the quadrupole magnets along the
undulator. The beam tail produces a short FEL pulse (shown in red) in the first stage (undulators U1–U7), which is later amplified by
other parts of the electron beam in the next stages (U8–10, U11–13, and U14–16). The longitudinal overlap between the FEL pulse and
the electrons is achieved with the chicane delays, and the transverse overlap by trajectory correction. An x-band transverse deflecting
structure (TDS) is used for time-resolved diagnostics of the electron and photon beams. See text for more details.
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installed in Athos before the undulator (not shown in
Fig. 1). This approach has, however, the disadvantage of
producing a nonlinear tilt, which makes it difficult to utilize
the full electron bunch in the fresh-slice multistage ampli-
fication approach. Moreover, the dispersion-based tilt is
more robust against trajectory jitter of the electron beam.
Finally, in our case, dispersion-based streaking entails
lower beam losses than the wakefield method.
Once the beam is transversely tilted, we align the tail of

the bunch in the first undulator section using standard
trajectory correction methods. The tail produces a short
FEL pulse in the first undulator section until the FEL
process has reached saturation, while the other parts of the
electron beam are misaligned and therefore do not con-
tribute to lasing. We use the optical klystron effect [41] in
the first undulator stage to reduce the required undulator
length to reach FEL saturation by about 20%–25%, such
that more modules are available in subsequent stages. For
this, we optimize the longitudinal dispersion of the first
three to four chicanes (the longitudinal dispersion is about
twice the delay), with corresponding delay values of about
1 fs or less in each chicane. The short FEL pulse produced
in the first stage is later amplified by the other parts of the
electron beam in the next stages. To achieve that, we need
to overlap the FEL pulse with the fresh electrons, both
temporally and transversely, before the beginning of each
amplification stage. The temporal overlap is achieved with
the chicanes between the modules. For the transverse
overlap, we use the offset produced by the chicanes and
the corrector magnets in the undulator to align the fresh part
of the electron beam in the undulator. We taper the
undulator field of the last two modules of the first stage
to maximize the extracted FEL power. Moreover, we also
optimize the undulator field of the modules of the next
stages for maximum pulse energy.
Figure 2 shows the results obtained for a photon energy

of 520 eV. The total duration of the electron beam was
around 10 fs (rms), the current profile was rather flat except
at the bunch head and tail, the bunch charge was 200 pC,
and the beam energy was 3.4 GeV. The number of
amplification stages was chosen to maximize the output
power. We worked with four stages of amplification: the
first stage with seven undulator modules, the rest with three
undulator modules each. The delays between the amplifi-
cation stages were set to 5 fs each. To maximize the pulse
energy, we worked with a tilt amplitude for which virtually
the entire bunch contributed to lasing after four stages,
corresponding to an approximate FEL pulse duration equal
to the total electron beam duration divided by the number of
stages. If shorter pulses are needed, the tilt can be increased
and smaller delays can be used, which would allow for
more stages (requiring a longer undulator) or allow
operating with shorter electron bunches.
Figure 2(a) displays single-shot LPS measurements

without lasing (top plot) and after each amplification stage

(subsequent plots). The beam was horizontally streaked,
thus adding up the TDS tilt and the dispersion-based tilt
used to create the short pulses. The time calibration, i.e., the
parameter converting the transverse coordinate in the
streaking direction to the time coordinate along the bunch,
is calculated to be 92 μm=fs based on the implemented
delays and the FEL slippage between the different ampli-
fication stages (see Supplemental Material [51]). The
energy axis of the LPS is obtained by scaling the vertical
coordinates with the vertical dispersion value of 19.4 cm
defined by the dipole and quadrupole magnets before the
screen.
The effect of the FEL process, i.e., an energy loss and an

energy spread increase, is clearly seen in Fig. 2(a). In the
first stage only the tail (right-hand part) of the bunch is
lasing, in the next stages the other parts of the electron
beam are subsequently contributing to the FEL process. At
the end, most of the electron beam has contributed to
enhance one short FEL pulse. Figure 2(b) shows the FEL
gain curve measured with the gas detector. In the first stage,
the FEL process reaches saturation. The FEL pulse energy
is further increased well beyond saturation in the sub-
sequent stages with different parts of the bunch, a likely
indication of the FEL superradiance regime. To unequivo-
cally prove superradiance, an increase of the peak power
with the square of the undulator length and a reduction of
the spike FEL duration with the square root of the undulator
length would have to be demonstrated, something that was
not possible with our setup. The final average pulse energy
is 1.05 mJ.
Figures 2(c) and 2(d) display reconstructed FEL power

profiles for 20 consecutive shots. The profiles are derived
from the time-resolved energy loss and energy spread
increase between the different amplification stages (see
Supplemental Material [51]). The energy loss method
provides an absolute measurement of the FEL profiles,
while the relative results from the energy spread approach
are calibrated with the pulse energies measured with the gas
detector. The nature of the multistage amplification process
precludes a rigorously accurate shot-to-shot reconstruction
of the FEL power profile based on electron energy loss and
energy spread increase. In order to still arrive at estimates
for peak power and pulse durations, we apply two approxi-
mate methods for reconstructing FEL power profiles. In the
first, shown in Fig. 2(c), we construct FEL power profiles
by comparing the shot-to-shot time-resolved energy proper-
ties of the final stage and the average properties of the
previous amplification stage, assuming that all pulse energy
goes to this final FEL power profile. This is rather well
justified considering that there is a clean and consistent
amplification between the different stages. Nevertheless,
this method may overestimate the real performance, since
only in an ideal case all the FEL pulse in a certain stage will
be amplified in the following stage. In particular, the FEL
power profile from the first stage is somewhat longer than
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the ones from the next stages. On the other hand, the true
FEL performance may also be underestimated due to
resolution and slippage effects.
In this way we reconstruct average peak powers of

around 250 GWand average rms pulse durations of around
1.9 fs. More precisely, the energy loss method gives an
average peak power of 289� 46 GW and an average pulse
duration of 1.87� 0.22 fs over the 20 shots, while we
obtain 240� 39 GW and 1.93� 0.22 fs from the energy
spread increase of the electron beam. The quoted errors
reflect standard deviations over the 20 shots, i.e., are

statistical only. The maximum peak power measured
among the 20 shots (applying the energy loss method) is
374 GW, the minimum pulse duration 1.32 fs (not from the
same shot).
In the second reconstruction method, we settle for

average values. Figure 2(d) shows the average FEL power
profiles after each amplification stage from the electron
beam properties averaged over the same 20 shots. Average
FEL power profiles from each stage are stacked, after being
shifted in time by the known time delay introduced by the
chicanes and slippage effects. The final average peak

FIG. 2. Results for a photon energy of 520 eV. (a) Single-shot LPS measurements without lasing and after each amplification stage.
The head of the bunch is on the left. (b) FEL gain curve. The dashed lines delimit the four stages of amplification. (c) Reconstructed
shot-to-shot FEL power profiles at the undulator exit for 20 consecutive shots. (d) Reconstructed average power profiles after each
amplification stage. In (c) and (d) the solid lines show results obtained from the energy loss of the electron beam, the dashed lines from
the energy spread increase.
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powers and rms pulse durations are 167 GW and 3.03 fs
from the energy loss approach, and 139 GW and 2.95 fs
from the energy spread method. These quantities under-
estimate the real performance since shot-to-shot time jitter
will result in an artificial increase of the pulse duration and
decrease of the peak power as calculated here. In general,
we observe rather good agreement between the two
approaches to reconstruct the FEL power profile (from
the energy loss and from the energy spread increase of the
electron beam). Nevertheless, the energy spread approach
gives lower peak powers than the energy loss method,
especially for the average profiles. This discrepancy could
arise from the two independent ways to obtain the FEL
pulse energy in the two methods (direct energy loss and
calibration with gas detector for the energy spread
approach). In fact, the reconstructed pulse energy from
the energy loss approach (i.e., the integral of the average
power profile) is 1.38 mJ, significantly higher than the
1.05 mJ given by the gas detector. All in all, we can claim
with some certainty that we have generated FEL pulses
with peak powers of around 200 GWand durations of a few
femtoseconds. Spectral measurements presented in the
Supplemental Material are consistent with having pulses
of a few femtoseconds or shorter [51].
We have obtained similar results in other shifts and for

different photon energies. In particular, for a photon energy
of 1 keV, we measured a pulse energy of 0.84 mJ and
reconstructed shot-to-shot peak powers of around 200 GW
along with rms pulse durations of around 1.5 fs. In this
case, we used a setup with three amplification stages. The
first stage consisted of eight modules, the second and third
of four modules each. This is consistent with the fact that
the FEL process requires more undulator length to achieve
saturation at shorter wavelengths. The two delays between
the amplification stages were set to 10 and 5 fs. We used
one small chicane and the two-color chicane to set the 10 fs
delay. In this case, the reconstructed pulse energy from the
energy loss approach is 0.85 mJ, fitting very well with the
value measured by the gas detector (0.84 mJ).
To conclude, we have generated x-ray pulses with

millijoule energies and femtosecond durations at Athos
using the fresh-slice multistage amplification schemewith a
tilted beam. We emphasize that our implementation is both
efficient, making use of essentially the entire electron
bunch in the FEL process, and compact, requiring only
32 m of undulators, thanks to the exploitation of the optical
klystron effect in the first amplification stage. The perfor-
mance of the scheme in terms of peak power and pulse
duration is limited by the available active undulator length
of only 32 m (16 modules of 2 m each) and by the beam tilt
amplitude, which cannot be increased further without
generating beam losses incompatible with safe operation.
The latter limitation arises from the effective vacuum
aperture of our undulator beamline of only about 3 mm.
We expect that the implementation of this scheme in other

x-ray FEL facilities with longer undulators and lower
sensitivity to beam losses could produce x-ray pulses with
peak powers of more than one terawatt and durations well
below half a femtosecond. The fresh-slice multistage
amplification scheme using an electron beam with
unevenly separated current peaks, as proposed in
Ref. [39], would be another possibility to achieve shorter
pulses, in principle associated to less losses. Our work
paves the way for new discoveries in FEL applications
requiring high-power and short FEL pulses such as single-
particle imaging or nonlinear spectroscopy.

We acknowledge Thomas Schietinger for improving the
language and consistency of the manuscript. We thank all
the technical groups involved in the operation of SwissFEL
for support.
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