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ABSTRACT
We demonstrate the generation of coherent soft x-ray free-electron laser (FEL) pulses with a duration below 1 fs using nonlinear compression
with a low-charge electron beam (10 pC). The approach is simple, and it does not require any special hardware, so it can be readily imple-
mented at any x-ray FEL facility. We present temporal and spectral diagnostics confirming the production of single-spike sub-femtosecond
pulses for photon energies of 642 and 1111 eV. Our work will be important for ultrafast FEL applications requiring soft x-rays.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0164666

X-ray free-electron lasers (FELs) are unique scientific instru-
ments to study matter at atomic time and length scales.1–3 The FEL
radiation is produced by a high-brightness electron beam traveling
through an undulator beamline. Standard x-ray FEL facilities gen-
erate transversely coherent radiation with gigawatt powers and a
duration of a few tens of femtoseconds.4–10 Most of the FEL facil-
ities are based on the self-amplified spontaneous emission (SASE)
process,11 which results in FEL pulses with multiple spikes in both
time and spectral domains, thus with limited longitudinal coherence.
There are different ways to improve the longitudinal coherence of
FEL pulses, most importantly via seeding schemes.7,12–14

Short x-ray FEL pulses at the femtosecond level and below are
required to study ultrafast atomic and molecular processes.15 In par-
ticular, there is a strong scientific interest in sub-femtosecond FEL
pulses in the soft x-ray regime to study coherent electron motion.16

Another advantage of shortening the pulse duration is related to
the longitudinal coherence: if the pulses are made of only one
spike, they are also fully coherent. The lower limit of the FEL pulse
duration is the cooperation length, which is of the order of a few
hundred attoseconds for hard x-ray FELs. The cooperation length
scales in good approximation linearly with the radiation wavelength;

therefore, it is more difficult to produce short FEL pulses for soft
x-rays than for hard x-rays.

Sub-femtosecond FEL pulses in the hard x-ray regime have
been generated by either strong nonlinear compression of a low-
charge (≈10–20 pC) electron beam17,18 or by limiting the lasing of
a standard-charge (≈200 pC) electron bunch to a small region using
spoiling methods.19,20 So far, sub-femtosecond pulses in the soft x-
ray regime have been produced for standard-charge electron beams
with the ESASE mechanism.21,22 The original idea21 was to induce
an energy modulation in the electron beam in a wiggler with the
help of an external laser and later convert the energy modulation
to a density modulation in a magnetic chicane. The method has
been demonstrated as originally proposed22 and also by generating
the energy modulation in a small longitudinal fraction of the beam
without using an external laser.23

In this letter, we demonstrate the generation of coherent sub-
femtosecond FEL pulses in the soft x-ray regime by fully compress-
ing a low-charge electron beam. We employ nonlinear full compres-
sion, as performed previously in Refs. 17 and 18, for the hard x-ray
regime. Nonlinear compression, where higher-order transport ele-
ments dominate the profile, is preferred to linear compression at

APL Photon. 8, 111302 (2023); doi: 10.1063/5.0164666 8, 111302-1

© Author(s) 2023

 09 January 2024 14:29:57

https://pubs.aip.org/aip/app
https://doi.org/10.1063/5.0164666
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0164666
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0164666&domain=pdf&date_stamp=2023-November-15
https://doi.org/10.1063/5.0164666
https://orcid.org/0000-0002-7065-7417
https://orcid.org/0000-0003-2932-196X
https://orcid.org/0000-0001-8195-6773
https://orcid.org/0000-0002-7797-6736
https://orcid.org/0000-0002-2701-538X
https://orcid.org/0009-0008-4124-3005
mailto:eduard.prat@psi.ch
https://doi.org/10.1063/5.0164666


APL Photonics LETTER pubs.aip.org/aip/app

very strong compression factors since it is much more robust against
jitters in the radiofrequency (RF) accelerator cavities of the FEL facil-
ity.24 The demonstration has been performed at Athos,25 the soft
x-ray beamline of SwissFEL.10 The approach has certain advantages
with respect to previous work.21–23 The method does not require
any additional hardware besides the standard components of an FEL
facility. For SwissFEL, and perhaps also for other facilities, operat-
ing with low-charge electron beams has the additional advantage of
having fewer issues related to beam loss.

Figure 1 displays a sketch of SwissFEL. Two bunches separated
by 28 ns are produced at a repetition rate of 100 Hz and accelerated
up to 300 MeV in the injector, which includes five S-band (3 GHz)
RF stations and one X-band (12 GHz) RF station. Linac 1 and linac
2, made of C-band (5.7 GHz) RF sections, accelerate the two bunches
further up to an energy of 3.17 GeV. Two magnetic chicanes called
bunch compressors 1 and 2 (BC1 and BC2) longitudinally compress
the bunches after the injector and linac 1, respectively. After linac 2,
the second bunch is sent to the switchyard and the Athos beamline
with a fast kicker, while the first bunch continues straight for further
acceleration in linac 3 and toward the Aramis beamline. The FEL
wavelength depends on the electron beam energy and the undulator
parameters as11

λ =
λu

2γ2 (1 +
K2

2
), (1)

where γ is the Lorentz factor of the electron beam, λu is the undula-
tor period, and K is the undulator deflection parameter. The Aramis
beamline consists of 13 modules, each of which has a length of
4 m, a period of 15 mm, and a maximum deflection parameter K
of 1.8. The Athos beamline consists of 16 units with a length of
2 m each, a period of 38 mm, and a maximum K value of 3.8.
Aramis covers a photon energy range between 1.8 and 12.4 keV,
while Athos produces FEL radiation with photon energies between
0.26 and 1.9 keV. In both beamlines, the photon energy tuning is
achieved by both changing the electron beam energy and the K para-
meter of the undulator modules. The energy of the Athos bunch
can presently be tuned by about ±240 MeV with one C-band RF
station.

SwissFEL normally operates with electron beams with a charge
of 200 pC. For the results shown here, we operated with bunch
charges of 10 pC. The results presented here for Athos were obtained
in parallel operation with the Aramis beamline, which was also

working with a fully compressed low-charge beam to deliver sub-
femtosecond pulses to scientific users at the Cristallina experimental
station.

We generate in the injector an electron beam with a charge of
10 pC and an rms pulse duration of 1.3 ps. We use three dispersive
sections to compress the electron beam prior to its injection into the
Athos undulator: BC1, BC2, and the switchyard, with longitudinal
dispersion R56 values of 63.3, 20.6, and 2.2 mm, respectively. Using
three compression stages instead of the usual two is helpful to ren-
der operations more robust against RF jitters.18,26 The injector and
linac 1 RF phases are chosen in such a way that the beam is fully com-
pressed at the Athos undulators. The RF settings of the second bunch
can be tuned independently of the first bunch.27 Besides tuning the
compression settings, we also optimized the number of undulator
modules and the reverse taper amplitude for maximum FEL power
at the core of the bunch. Reverse taper is necessary to compensate
for the large energy chirp in the electron bunch due to space-charge
forces.28,29

Three main diagnostics are used to characterize and optimize
the electron beam and the FEL radiation at Athos. First, we employ
an X-band RF transverse deflecting structure (TDS)30 to measure the
longitudinal phase space (LPS) of the electron beam (energy vs time)
after the undulator. The TDS is placed after the undulator beamline,
so it can be used to reconstruct the FEL power profile by compar-
ing the LPS between lasing-on and lasing-off conditions.31–33 This
method may be affected by resolution and FEL slippage effects. A
TDS is very important for setup and diagnostic purposes, but it is
not strictly necessary since the standard compression monitors may
be sufficient to setup a fully compressed electron beam.17 Second,
we employ a photon gas detector to measure the FEL pulse energy.34

Third, we use a photon spectrometer to measure the FEL spectra.35

The beamline grating monochromator is the dispersive element of
the spectrometer, while a YAG screen and a 2D CMOS detector
image the dispersed spectrum at the exit slit plane. We employ the
spectrometer to derive the FEL pulse duration from the weighted
average spike width.17,36

In the following, we present results obtained in two different
shifts. On the first day, we operated with a photon energy of 642 eV
and an electron beam energy of 3.35 GeV. In the second shift, we
produced FEL radiation with a photon energy of 1111 eV and oper-
ated with an electron beam energy of 3.42 GeV. For 642 eV, we
operated with a K value of 2.6; we worked with 11 undulator mod-
ules (from the fifth to the fifteenth), and we found the optimum taper
to be a K increase of 0.0012 per module. For 1111 eV, the K value was

FIG. 1. Schematic layout of SwissFEL and its two beamlines: the hard x-ray beamline Aramis and the soft x-ray beamline Athos.
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1.8. We operated with all 16 modules except the last one, with a K
increase of 0.0025 per module. The X-band TDS was only available
during the first measurement shift.

Figure 2 shows a single-shot image of the final LPS of the
electron beam for 642 eV for lasing-enabled and lasing-disabled con-
ditions, as well as the FEL power profile reconstruction obtained by
comparing the LPS for the two conditions. The pulse energy for this
case was around 20 μJ. The lasing was disabled by slightly detuning
the undulator modules. The imprint of the FEL process is clearly vis-
ible in the core of the bunch, where the central energy is reduced
and the energy spread is increased. The time axis was calibrated
by synchronously recording the horizontal centroid of the streaked
image and the RF phase for hundreds of shots. The resulting cal-
ibration was 45.0 ± 2.1 μm/fs. The energy axis was obtained with
the transverse dispersion value of 0.3 m defined by the dipole and
quadrupole magnets before the screen. In the figure, one can observe
the characteristic K-shape resulting from the space-charge forces
of a fully compressed electron beam (as anticipated in simulations
and also observed in Ref. 18). The bottom plot of the figure dis-
plays the reconstructed FEL power profile for 20 consecutive shots,
which is obtained from the time-resolved energy loss of the electrons
due to lasing. In the figure, the pulses are aligned in time for better
visualization. As a reference for lasing-off conditions, we take the

FIG. 2. Time-resolved results for a photon energy of 642 eV. Top: single-shot image
of the electron beam LPS for lasing-on (left) and lasing-off (right) conditions. Bot-
tom: FEL power profile reconstruction. The dashed lines indicate 20 consecutive
shot-to-shot values, while the solid line shows the average value over the 20 shots.
See the text for more details.

median of the time-resolved energy over 20 additional shots when
lasing was disabled. This reference value is then compared to the
time-resolved energy of the lasing-on conditions on a shot-to-shot
basis. The time-resolved energies are obtained from the LPS mea-
surements, as shown for a single shot in the top plots of Fig. 2. The
dashed lines in the plot correspond to the single shot power pro-
files, while the solid line indicates the average value over all shots.
The total pulse energy obtained using this method, which considers
the time-resolved energy loss as well as the electron beam current,
fits very well with the pulse energy measured by the gas detector.
The reconstructed average FEL rms pulse duration and peak power
over the 20 shots are 0.76 ± 0.05 fs and 8.6 ± 1.0 GW. The mini-
mum pulse duration over the 20 shots is 0.69 fs. The reconstructed
pulse duration is limited by the present time resolution of the TDS,
which was found to be at similar values as the measured pulse dura-
tion, and by slippage effects. Therefore, we can expect the true pulse
duration to be significantly lower than the reconstructed values and,
correspondingly, the peak power to be higher. Moreover, we can
expect the pulses to look less uniform than shown in the figure. Nev-
ertheless, to our knowledge, these are the shortest pulse durations
ever obtained from time-resolved measurements of the electron
beam.

Figure 3 shows the measured spectra for the 642 and 1111 eV
cases. The average pulse energies were around 20 and 5 μJ, respec-
tively. In both configurations, more than 70% of the spectra consist
of a single spike, and the rest consist of two spikes; therefore, most
of the pulses are longitudinally coherent. The FWHM (full width at

FIG. 3. Spectral results. Top: 100 consecutive single-shot measured spectra for a
central photon energy of 1111 eV. Bottom: The same for a central photon energy
of 642 eV.
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half maximum value) spectral bandwidth averaged over 100 shots is
2.18 ± 0.53 eV for 642 eV and 5.11 ± 1.09 eV for 1111 eV.

We reconstruct the FEL rms pulse duration σt from the spike
width using the following equation:17

σt =

√

ln 2

π
√

Δ f 2
+

√

Δ f 4
− (4 ln 2α f0/π)2

, (2)

where Δ f is the FWHM spectral bandwidth in Hertz, f0 is the central
frequency in Hertz, and α is the photon chirp defined as the relative
change of instantaneous frequency over time.

We estimate the photon chirp in two ways. First, we obtain
the electron beam chirp from the measured LPS of the electron
beam for the 642 eV case (see Fig. 2). We perform a linear fit to
the LPS of the lasing-off conditions at the core region of the bunch
that lases. This gives an electron beam chirp of about 3 MeV/fs or
8.9 × 1011 s−1. This, considering that the relative FEL chirp is about
twice the relative electron beam chirp [see Eq. (1)], translates to
α = 1.78 × 1012 s−1. Second, the electron beam chirp can be esti-
mated from the optimum taper amplitude as23

dγ/γ
dt
= c

K
2 + K2

dK
dz

λu

λ
, (3)

where c is the speed of light, dK
dz is the optimum taper amplitude,

i.e., the optimum variation of the K parameter along the position
in the undulator beamline z. The optimum taper amplitude was
4.29 × 10−4 m−1 and 8.93 × 10−4 m−1 for 642 and 1111 eV, respec-
tively, corresponding to an electron beam chirp of 7.47 × 1011 s−1

and 3.12 × 1012 s−1, and to an FEL chirp of α = 1.49 × 1012 s−1

and α = 6.24 × 1012 s−1. For the 642 eV photon energy, the chirp
estimation from the two methods agrees within 20%.

We can now calculate the photon pulse duration using Eq. (2)
(for 642 eV, we take the photon chirp as the average of the two
obtained values). The rms pulse duration averaged over all shots is
0.40 ± 0.10 fs for 642 eV and 0.19 ± 0.04 fs for 1111 eV. For 642 eV,
these numbers are significantly lower than the values obtained from
the LPS in Fig. 2. This is expected since, as mentioned earlier, the LPS
values are limited by resolution and slippage effects. An even larger
disagreement could be expected for a photon energy of 1111 eV,
since here the reconstructed pulse duration from spectral informa-
tion is shorter than for 642 eV (although slippage effects would be
less important at 1111 eV).

To conclude, we have demonstrated the generation of coherent
sub-femtosecond FEL pulses in the soft x-ray regime by nonlin-
ear compression. The average FEL rms pulse duration estimated
from spectral diagnostics is about 0.4 fs for 642 eV and 0.2 fs for
1111 eV. Time-resolved diagnostics of the electron beam, somewhat
limited by resolution and slippage effects, indicate FEL pulse dura-
tions of about 0.75 fs or less for 642 eV. The method is simple, does
not require any additional hardware, and can be implemented at
any existing or planned FEL facility. It employs a low-charge elec-
tron beam, which in principle corresponds to fewer issues related
to beam loss. We think that our work will open the door for sig-
nificant advances in ultrafast FEL applications in the soft x-ray

regime, making sub-femtosecond pulses widely available for user
experiments.
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