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X-ray free-electron lasers (FELs) are modern research tools with applications in multiple scientific
fields. Standard x-ray FEL pulses are produced by the self-amplified spontaneous emission (SASE)
mechanism. SASE-FEL pulses have high power, short duration, and excellent transverse coherence but
exhibit poor temporal coherence with power and spectral profiles consisting of multiple randomly
distributed spikes. Here, we present the demonstration of two modes that enhance the temporal coherence
of SASE-FEL radiation: mode-coupled and high-brightness SASE. Both schemes are based on delaying
the electron beam with magnetic chicanes placed between the undulator modules of the FEL facility. First,
we show the generation of frequency combs with tunable peak separation via the mode-coupled SASE
scheme. Second, we present a proof-of-principle demonstration of the high-brightness SASE mechanism,
producing FEL pulses with a bandwidth reduction up to a factor of 3 with respect to standard SASE pulses.
The demonstration was done at Athos, the soft x-ray beamline of SwissFEL, for photon energies between
500 and 600 eV. Our work will benefit current applications and may open up new research areas requiring

frequency combs or narrow bandwidths.

DOI: 10.1103/PhysRevLett.133.205001

X-ray free-electron lasers (FELs) are cutting-edge
research instruments capable of studying matter with
time and spatial resolution at the scale of atomic processes
[1-10]. In an x-ray FEL, a high-brightness electron beam
with multi-GeV energy travels through an undulator to
produce the FEL radiation. X-ray FELs generate radiation
pulses with peak powers of tens of GW or higher, and
durations of several tens of femtoseconds or shorter. Most
of the x-ray FEL facilities are based on the self-amplified
spontaneous emission (SASE) process [11,12], which starts
from the shot noise of the electron beam. The SASE
process results in pulses with excellent transverse coher-
ence but limited temporal coherence. In fact, a typical
SASE-FEL pulse consists of multiple uncorrelated spikes
in both time and spectral domains. The relative bandwidth
of the SASE-FEL pulses is on the order of the Pierce
parameter [12], which for x rays is at the 1073 level.

There are mainly two ways to improve the temporal
coherence of SASE x-ray FELs: with seeding schemes and
with slippage-enhancement methods. Fully coherent pulses
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can also be obtained by reducing the pulse duration to
match one single spike [13-17], but in this case the
temporal coherence and bandwidth are not improved.
Seeding schemes typically amplify a coherent signal with
narrow bandwidth, resulting in an improvement of the
temporal coherence and a bandwidth reduction with respect
to SASE. There are two main options for seeding: self-
seeding and external seeding. In the self-seeding mecha-
nism, a SASE pulse generated in a first undulator section
passes through a monochromator before being amplified
as a more coherent signal in a second undulator section.
Self-seeding has been shown to work for soft and hard
x rays [18,19]. Better results have been obtained for hard
x rays: the bandwidth has been reduced by 2 orders of
magnitude and pulses close to the Fourier limit have been
generated [20]. External seeding employs optical lasers
in combination with modulators and magnetic chicanes
to produce coherent FEL radiation. External seeding is
currently limited to the soft x-ray regime [21], and reaching
hard x rays seems difficult due to wavelength limitations of
available external lasers and noise degradation issues [22].

The temporal coherence of SASE-FELs can also be
improved by enhancing the slippage of the radiation field.
This can be achieved with harmonic lasing schemes, which
so far have delivered moderate improvements in bandwidth
(Iess than a factor of 2) in the soft x-ray regime [23,24].
Another option to increase the slippage length is by
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delaying the electrons with respect to the photons with
magnetic chicanes within the undulator. This was proposed
in [25,26], putting forward two related schemes with
different aims: mode-coupled SASE (MC-SASE) [25]
and high-brightness SASE (HB-SASE) [26].

MC-SASE generates a set of longitudinal radiation
modes by implementing a series of equal delay and
slippage per undulator module. Each mode acquires spec-
tral bands that overlap neighboring modes. The modes are
coupled due to their collective interaction with the electron
beam over regions of a coherence length, within which a
series of regularly spaced radiation spikes of approximately
uniform length may develop. The pulse duration of the
modes is shorter than the SASE spikes since, due to the
periodicity of the pulse pattern, the effective slippage
occurs only within one undulator module (rather than in
the entire undulator length as in SASE). Consequently, the
spectral envelope of MC-SASE spanning all bands is larger
than the SASE spectrum. The photon energy separation
between the bands in the spectrum corresponds to the
chicane delay (plus the slippage within one module), thus
the spectral separation between the bands can easily be
tuned by changing the magnetic strength of the chicanes.

The modes can be phase locked by introducing a
modulation in the electron beam with the same period as
the mode spacing, in the so-called mode-locked SASE [25].
The modulation can be achieved with an external laser with
a wavelength matching the delay and slippage. The
modulation favors the formation of spikes only in certain
periodic regions of the bunch, resulting in a single temporal
train of equally spaced pulses, in contrast to MC-SASE,
where the spikes can develop at any position.

HB-SASE also uses several magnetic chicanes, but they
are tuned to different delays. With the right setting of
unequal delays, the spectral bands supported by each
undulator and chicane can become unique in a way that
only the frequencies at the resonant frequency will receive
amplification. Simulations with isochronous chicanes
(introducing only delay) show that the bandwidth can be
improved by about 2 orders of magnitude with respect to
SASE-FEL radiation, obtaining pulses close to the Fourier
limit, while for standard dispersive chicanes (introducing
delay and longitudinal dispersion) the improvements are
limited to a factor of 10 [26]. In comparison to the seeding
schemes, HB-SASE is more compact and cost-efficient,
can potentially work at any wavelength or repetition rate,
and does not require an external laser or a monochromator.

In both MC-SASE and HB-SASE, the undulator length
of each module should be shorter than the FEL gain length
for an efficient implementation of the schemes [25,26].
Although MC-SASE and HB-SASE were proposed more
than a decade ago, to our knowledge an experimental
demonstration has not been given yet. In this Letter we
present a proof-of-principle experiment of the MC-SASE
and HB-SASE schemes in an x-ray FEL, showing the
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FIG. 1. Schematic layout of the SwissFEL Athos beamline (not
to scale), adapted from Fig. 1 in [29].

production of frequency combs and narrow bandwidth FEL
pulses.

The demonstration was performed in Athos [27], the soft
x-ray beamline of SwissFEL [10]. A sketch of the Athos
undulator beamline is shown in Fig. 1. The Athos undulator
consists of 16 APPLE-X modules [28] capable of providing
variable polarization and transverse gradient. Each module
has a total length of 2 m, a period 4, of 38 mm, and a
maximum K value of around 3.8. There is a small magnetic
chicane of 0.2 m between every two adjacent undulator
modules. These intraundulator chicanes are the key com-
ponents for MC-SASE and HB-SASE. The chicanes can
also be employed to reduce the FEL saturation length via
the optical klystron effect [29], or to generate high-power
and short FEL pulses with the fresh-slice multi-stage
amplification scheme [30]. In the middle of the undulator
beamline there is a larger chicane for the production of
widely tunable two-color FEL pulses [31].

The intraundulator magnetic chicanes consist of four
dipoles and introduce both a delay and longitudinal
dispersion, where the latter amounts to approximately
twice the equivalent delay. The chicanes can give a
maximum delay of about 5 fs (for an electron beam energy
of 3.4 GeV), corresponding to 1.5 pm photon path length.
From now on, we will refer to delays either in units of time
or corresponding path length. The chicanes have sufficient
precision to control the delay on a subwavelength scale and
can therefore act as phase matchers. In case of using
dispersive chicanes, like we have in Athos, the bandwidth
improvement is limited to a factor of 10 [26], as already
mentioned. The longitudinal dispersion also reduces the
saturation length via the optical klystron effect [29], thus
enabling a more compact FEL structure. In short, the
dispersion accelerates the conversion from energy modu-
lation to density modulation, or microbunching, in the FEL
process. Simulations for Athos show that in the HB-SASE
scheme the bandwidth can be improved by a factor of
between 3 to 9 (for photon energies between 250 eV and
1.8 keV, respectively) and that the saturation length can be
reduced by at least 20% [32,33].

We employed a photon spectrometer to measure the FEL
spectra [34]. The dispersive element of the spectrometer is a
grating monochromator with the dispersed spectrum at the
exit slit imaged on a yttrium-aluminum-garnet screen
viewed with a 2D CMOS detector. The photon energy is
calibrated by photon absorption lines and the geometry of
the spectrometer. We occasionally cross check the calibra-
tion by changing the photon energy with the undulator
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field. The resolution of the spectrometer is expected to be
better than 0.2 eV at a central photon energy of 500 eV. An
x-ray gas monitor measures the FEL pulse energy [35].

The performance of MC-SASE and HB-SASE is very
sensitive to the intrinsic energy spread and the energy chirp
of the electron beam. The energy chirp refers to the slope in
the variation of the mean energy along the longitudinal
position (or time) of the electron beam, while the intrinsic
energy spread refers to the variation of electron energy over
a short longitudinal section of the bunch, averaged over the
length of the bunch (uncorrelated energy spread). Smaller
uncorrelated energy spread values are desired to enable
larger delays without producing overbunching due to the
longitudinal dispersion of the chicanes. Moreover, an
energy chirp of the electron beam results in an energy
chirp of the photon beam (the chirp of the photon beam is
about twice the chirp of the electron bunch), which leads to
an increase of the FEL bandwidth.

In standard operation the electron beam in Athos is
compressed in three stages to a few kA. In the proof-of-
principle demonstration shown here, in order to reduce both
the uncorrelated energy spread and the energy chirp, we
compressed the electron beam only in the first compression
stage (a magnetic chicane) to a peak current of about 500 A.
Since the uncorrelated energy spread of the electron beam
increases at least linearly with the compression factor, by
reducing the final peak current we can also reduce the final
energy spread. While in standard operation the energy
spread is about 1 MeV or higher [36], here we measured,
using the optical klystron effect [36], energy spread values
between 200 and 300 keV. Moreover, operating with a
single compression stage gives us greater flexibility to
minimize the energy chirp of the electron beam by
changing the phase of the linear accelerators downstream
of the bunch compressor.

For our demonstration we worked with the standard
bunch charge of 200 pC and a final electron beam energy of
3.4 GeV. The undulator was set to photon energies between
500 and 600 eV in helical configuration. This photon
energy range was chosen because SASE can saturate with
the given parameters and available undulator length (sat-
uration could not be reached at significantly higher photon
energies), thus allowing a direct comparison between
SASE and MC- and HB-SASE, and because the spectrom-
eter resolution is optimal in this range. For MC-SASE, the
delays of the intraundulator chicanes between the active
undulator modules were set to the same delay. For HB-
SASE, we implemented varying delays, which decrease
monotonically along the undulator. Starting with larger
delays allows us to take advantage of the optical klystron
mechanism, and finishing with smaller delays avoids
overbunching close to the saturation point. We employed
eight chicanes, starting with the first chicane set to a
maximum delay of around 2.5 to 3 fs and the last set to
around 0.5 fs. We empirically tried many different delay

configurations and optimized the phase matchers, aiming
for the best configuration in terms of spectral bandwidth.

Figures 2 and 3 show the spectral results for standard
SASE, MC-SASE, and HB-SASE for a central photon
energy of around 578 eV. The measurements were done
during the same experimental shift and under equivalent
input beam conditions. We took 500 consecutive spectra for
each case. The FEL process was close to the saturation
point, with a pulse energy of around 70 pJ for all cases.

For MC-SASE, we used all the chicanes set to the same
delay of 600 nm or 2 fs. As is evident from the figures,
bands appear in this case, leading to a broader overall
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FIG. 2. Waterfall plot of 500 consecutive single-shot spectra for
SASE (a), MC-SASE (b), and HB-SASE (c), and average spectra
for the three cases (d). The horizontal axis is the same for all plots.
Spectral intensities are shown relative to the maximum value in
this figure and throughout the Letter.
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FIG. 3. Selected ten consecutive single-shot spectra from the
dataset shown in Fig. 2 for SASE (left), MC-SASE (center), and
HB-SASE (right). For better visibility the spectra for SASE and
HB-SASE are displayed in a narrower photon energy window
than MC-SASE.

spectrum compared to SASE. In MC-SASE, the spectral
extent of the bands is determined more by the number of
undulator periods per module (52 in our case, giving a total
bandwidth of about 1/52 or 1.9%, fitting well with the
measured spectra). The broadening of the spectrum with
respect to SASE reflects a shorter pulse duration of the
MC-SASE modes in comparison to the SASE spike
duration. The separation between the bands is about
1.76 eV and fits well with the expected value of the total
delay within one module (710 nm or 1.75 eV): 600 nm
delay of the chicane plus the slippage of around 110 nm
(equal to the number of periods, 52, times the radiation
wavelength, 2.15 nm).

For the HB-SASE case, we employed eight chicanes
with the following delays in femtoseconds: 2.53, 1.85,
1.62, 1.31, 1.03, 0.83, 0.74, and 0.44. Varying the delays
eliminates all but one band, resulting in a significant
reduction of the bandwidth with respect to the SASE case.
The single-shot bandwidths (rms values obtained from
Gaussian fits) averaged over all shots (500) are 0.913 +
0.161 eV for SASE, and 0.306 4 0.062 eV for HB-SASE.
With HB-SASE the bandwidth is reduced by a factor of 3.
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FIG. 4. Gain curves measured for the SASE and HB-SASE
configurations corresponding to the spectra shown in Fig. 2.

Simulations for similar beam and undulator parameters as
in the experiment show equivalent performance of
HB-SASE (i.e., a bandwidth reduction of about a factor
of 3).

The gain curves for the SASE and HB-SASE cases are
shown in Fig. 4. We employed 14 undulator modules for
SASE and nine for MC-SASE and HB-SASE to reach a
pulse energy of about 70 pJ. Thus, considering that the
FEL process is close to saturation for these pulse energies,
the FEL saturation length is reduced by 36% thanks to the
optical klystron mechanism. Such a reduction in saturation
length is better than the results reported in [29,37], although
here the focus is on improving the bandwidth and not only
the saturation length as in [29,37]. The reason is that in this
case the intrinsic energy spread is lower and the efficiency
of the optical klystron improves for lower energy spread
values. This result underlines the importance of having an
electron beam with low energy spread to make better use of
the optical klystron effect.

After demonstrating MC-SASE and HB-SASE, we will
now focus on the tunability of MC-SASE. Figure 5 displays
MC-SASE spectra as a function of different chicane delays
(between 400 and 1400 nm), collected during a different
experimental shift for a central photon energy of 500 eV.
We used eight undulator modules for 400 nm delay and
seven modules for all other delays. The pulse energy was
between 50 pJ (1400 nm delay) and 80 pJ (400 nm delay).
As expected the spectral envelope is similar for all cases but
the separation between the bands, and thus the number of
bands, depends on the implemented chicane delay: the
separation between the bands varies between 2.23 eV
(400 nm delay) and 0.74 eV (1400 nm delay), correspond-
ing to between three bands (400 nm delay) to about ten
bands (1400 nm delay). The difference between the
measured band separations and the expected values (based
on chicane delay plus slippage) is less than 10%.

To conclude, in the SwissFEL Athos beamline we have
demonstrated two schemes that improve the temporal
coherence of SASE-FEL pulses in the soft x-ray regime
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FIG. 5. Waterfall plot of 500 consecutive single-shot spectra of
MC-SASE for different delays [(a) to (f)] and average spectra for
some selected delays (g). The horizontal axis is the same
for all plots.

by means of gradually delaying the electron bunch with
respect to the radiation field and thus enhancing the
slippage. With MC-SASE we generated frequency combs

with tunability in the number and separation of the spectral
peaks; with HB-SASE we produced FEL radiation with
bandwidths reduced by up to a factor of 3 with respect to
standard SASE pulses, while also reducing the saturation
length by up to about 40%.

MC-SASE is also the basis for mode-locked SASE,
for which we have already observed some evidence (see,
e.g., [27]), but full proof is still missing. Future efforts at
SwissFEL will be directed toward demonstrating mode-
locked SASE, which may require time-resolved photon
diagnostics, and improving the HB-SASE performance for
higher peak currents and different photon energies. To
achieve the latter, we may attempt a further reduction of the
energy spread of the beam, improve the resolution of our
spectrometers or use optimizers to find ideal undulator and
chicane settings for best performance. For future facilities it
may be beneficial to design the undulator beamline with
shorter modules than in SwissFEL Athos and with compact
isochronous magnetic chicanes in between. This would
allow a further reduction of the bandwidth of MC-SASE
and HB-SASE, with the potential to achieve true transform-
limited pulses.

Our reported progress will be beneficial for current
applications requiring frequency combs or reduced band-
width such as resonant inelastic x-ray scattering [38], or
any experiment utilizing a monochromator. X-ray fre-
quency combs may have an impact on spectroscopy
techniques, similar to the role frequency combs have played
in the optical regime [39,40]. The work at Athos paves the
way for further developments, such as the generation of
mode-locked SASE and transform-limited pulses, which
could bring further notable benefits to FEL science
applications.
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