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Frequency and spatially chirped free-electron laser pulses
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We have produced hard x-ray free-electron laser (FEL) pulses, which are chirped both in photon energy and in
spatial position. The experiments have been carried out at the hard x-ray beamline Aramis at SwissFEL, located
at the Paul Scherrer Institute in Switzerland. The FEL beamline was operated without any external focusing
and with a tilted, energy-chirped electron bunch, whose properties are then transferred to the photon beam.
The resulting FEL pulses were used for a single-shot absorption x-ray spectroscopy experiment at the Alvra
endstation. But, as will be outlined, applications of this type of tailored FEL pulse go beyond such experiments,
allowing for x-ray pulse compression and control of the transverse coherence within the pulse.
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With the realization of hard x-ray free-electron lasers
(FELs) worldwide [1–5] coherent light sources became avail-
able for studies in fields related to material science, chemistry,
biology, and beyond.

The basic principle of the exponential amplification of
spontaneous undulator radiation, the self-amplified sponta-
neous emission (SASE) process [6,7], increases the emitted
radiation by several orders of magnitude. While the transverse
coherence of the process almost reaches its maximum, the
longitudinal coherence is limited. Although the relative width
of the SASE spectrum, below 0.1%, may be considered small,
it still exhibits many spikes and fluctuates from shot to shot
due to the underlying unstable seed signal of the incoherent
spontaneous radiation [8].

Some classes of user experiments benefit from an in-
creased spectral bandwidth of the FEL signal, in particular
x-ray crystallography [9–12], x-ray emission and absorption
spectroscopy [13], stimulated Raman spectroscopy [10], and
multiple wavelength anomalous diffraction [14]. There is also
an operational benefit if the spectrum covers the entire photon
energy range of interest: the desired photon energy can be
selected with a monochromator while keeping the machine
part of the FEL unchanged.

Most of the user experiments requiring high resolution of
the spectral content, like x-ray absorption spectroscopy, scan a
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monochromator to measure the absorption curve. This is time
consuming since it requires a reference measurement with-
out the sample and sufficient statistics since a filtered SASE
signal is prone to large pulse energy fluctuations [8]. Thus it
takes many shots per monochromator setting to overcome the
stochastic error in the measurement. These classes of experi-
ments become more efficient if the FEL pulse is split by a zone
plate [15] and then dispersed in frequency in the perpendicular
plane [16], thereby providing all information in a single shot.
Only one of the split pulses interacts with the sample. The
basic idea, presented here, is to provide a frequency-dispersed
FEL pulse already from its undulator source. This avoids the
optical element, which disperses the FEL signal but might also
reduce the spectral intensity—namely in the soft x-ray regime.
Secondly, the dispersed signal is available at all user stations,
offering more versatility to single shot spectrally resolved
experiments.

We report on the demonstration of a spatially tilted,
frequency-chirped FEL pulse. It was realized at the hard x-ray
beamline Aramis at SwissFEL [17] in conjunction with a user
experiment at the Alvra endstation following the experimental
methods of dispersive x-ray absorption spectroscopy [18–21]
but without the need of the dispersive element at the user end-
station. Our report will focus exclusively on the machine-side
implementation of this mode, leaving the discussion and re-
sults of the user experiments to a separate publication. Besides
single-shot spectroscopy there are additional applications of
such spatially and frequency chirped pulses, such as FEL
pulse compression [22] or transverse coherence control, to
avoid speckle noise in coherent diffraction experiments with
noncrystalline samples [23]. We will get back to this towards
the end of this Letter.

Our approach to implement this special operation mode
combines three elements, described in the following: (1) the
generation of a correlated energy chirp along the bunch, (2)
the formation of a spatial tilt of the beam by means of leaking
dispersion, and (3) the propagation through the undulator
without any focusing to guarantee that both transverse and
energy chirps of the electron beam are imprinted on the FEL
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FIG. 1. Schematics of the Aramis beamline at SwissFEL.

pulse. Each of these elements had been demonstrated individ-
ually, in particular the demonstration of a large bandwidth by
means of overcompression in the second bunch compressor
[24] and the slicing of the FEL pulse by means of leaked
dispersion [25]. The work, presented here, goes beyond those
works by adding a nonoscillating beam tilt in the undula-
tor beamline and by operating the hard x-ray FEL beamline
Aramis without any external focusing. Note that a similar
idea has been proposed for the soft x-ray beamline Athos at
SwissFEL [26], where the requirement of a chirped energy
electron bunch is replaced or supplemented by a transverse
gradient undulator field of the undulator modules [27].

Figure 1 shows a schematic layout of the SwissFEL fa-
cility. The photoelectron gun produces bunches with 200 pC
charge and 20 A peak current at a repetition rate of 100 Hz.
The bunch length is then reduced in two magnetic chicanes
(bunch compressors) at 300 MeV and 2.2 GeV. For the hard
x-ray beamline Aramis, the main linac tunes the bunch energy
between 3 and 6 GeV, resulting in resonant photon energies
of the FEL between 2 and 12 keV. An energy collimator
protects the undulator against failure of rf stations as well as
from irradiation by bremsstrahlung from the main linac. Its
configuration plays a significant role in the demonstration of
the spatially tilted beam.

The first step to produce a spatially tilted FEL pulse con-
sists in generating the energy chirp in the electron beam.
In normal operation, the run-time differences in a magnetic
chicane compress the bunch if the beam is injected with an
energy chirp along the bunch with lower-energy particles en-
tering first. At SwissFEL the residual chirp after the second
bunch compressor, with a root-mean-square (rms) width of
0.56% at about 2.2 GeV, is subsequently removed by the
wakefields of the accelerating rf structures [28] of the main
linac. For our purpose we increase the initial chirp at the last
compression stage, so that the bunch is overcompressed, to
yield the same peak current value of about 2 kA but with
opposite energy chirp, where higher energetic particles leave
the magnetic chicane first. In this configuration the wakefields
increase the chirp, roughly doubling the absolute variation
of energy along the bunch at the undulator entrance. At a
final energy of 5.5 GeV the rms energy spread of the bunch
amounts to about 0.42% (23 MeV), when injected into the
undulator beamline. In the process of overcompression, the
electron bunch briefly goes through maximum compression.
This point is placed between the third and fourth dipole of
the magnetic chicane to avoid strong effects from coherent
synchrotron radiation (CSR) [29], otherwise destroying the
electron beam quality. In fact overcompression also removes
the horn structure in the current profile [24], typical for
standard compression configuration, and overall the current
distribution is smoother, similar to a Gaussian distribution.
Not all parts of the electron bunch will contribute to the
chirped FEL pulse, since in the head and tail of the bunch the

beam current is too low to reach saturation within the length
of the undulator. This causes an effective cut in the achievable
photon energy chirp. The utility of wakefields to achieve such
a large energy chirp is most pronounced at SwissFEL owing
to the stronger wakefields in the accelerating structures and
the lowest beam energy when compared to other hard x-ray
facilities. The chirp could further be enhanced by lowering
the path length dependence of the last bunch compressor,
expressed by the R56 value, and by additional wakefields from
passive structures [30].

The second step entails tilting the electron bunch horizon-
tally for the injection into the undulator beamline. Several
methods are available, like transverse deflecting structures
[31,32], transverse wakefields from passive structures [33],
or dispersion with an energy-chirped electron bunch [25,34].
Since the beam has a large energy chirp, leaking dispersion is
the most suitable approach. This avoids the instability from
phase jitters in rf deflecting structures or the nonlinear tilt
generated with the transverse wakefields of passive structures
[35]. The beam transport is configured so that the tilt has
its maximum spatial extent at the undulator entrance, which
is then preserved during the FEL interaction, as discussed
in the next paragraph. The leak is generated in the Aramis
energy collimator of SwissFEL, a magnetic chicane similar
to the bunch compressors, but with strong quadrupole mag-
nets bending back the dispersion function so that there is
no energy dependence on the time of flight through the en-
ergy collimator. For the nominal isochronous configuration
six quadrupoles provide sufficient control of the dispersion
function as shown in the upper plot of Fig. 2 (the collimator
is located between z = 440 m and z = 461 m). Modifying
the strength of the fourth and sixth quadrupole allows for
a dispersion leakage with the least disruption of the optical
Twiss functions. Quadrupoles between the energy collimator
and the undulator provide the matching of the beam at the
undulator entrance and the right betatron phase advance �φ,
which has to fulfill the condition | sin(�φ)| ≈ 1. We mea-
sured the dispersion for the configuration of a 4 cm dispersion
function value along the undulator to verify the setup. The
measured dispersion (green dots) does not match the the-
oretical prediction very well (blue line) and diverges over
the undulator beamline, located between z = 475 m and z =
565 m. However, a postexperiment analysis explains this with
an error in the assumed energy of the electron beam. Adjusting
all quadrupoles by just 0.2% in strength gives a reasonable
agreement of the model with the measurements (orange line in
the plot). Systematic errors of each measurement point arise
from the calibration uncertainty of the beam position monitor
readings, which can be up to 20% for large amplitudes. For the
measurement of the spatially tilted FEL beam, optics settings
for the mentioned 4 cm dispersion as well as for 10 and 20 cm
have been provided to control the spatial size of the tilt. The
impact of an energy error on the optics is shown in the lower
plot of Fig. 2. The deviation is up to 2 m for betatron values
of around 40 m at the undulator beamline location. It should
not have any significant impact on the FEL performance.

The third step deals with transporting the electron beam
without focusing in the undulator beamline to preserve the tilt
orientation. Otherwise the tilt would oscillate, suppressing the
FEL amplification. (Parts of the beam that are not aligned to
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FIG. 2. Upper plot: leaked dispersion from the energy collimator
through the undulator beamline. Green circles indicate dispersion
measurements at available beam position monitors, while the blue
line marks the design optics for the dispersion function. Adjusting
the beam energy in the beamline for an unknown systematic shift
in the beam energy measurement results in the orange prediction
(best fit to the measurement data). Lower plot: Twiss parameters βx

and βy along the Aramis undulator line (blue and red, respectively).
The design optics are drawn with a dashed line, while the solid lines
include the energy error of 0.2% in all magnets.

the undulator axis will not experience FEL gain, which results
in a reduction of the photon pulse length.) The penalty for
operating an FEL without focusing is the reduced electron
density and thus a reduced gain. For SwissFEL the average
Twiss β function increases from a mean value of 10 m to
about 40 m in both planes. Simulations with Genesis 1.3 [36]
show a drop of the FEL pulse energy by 30% at a photon
energy of 8.5 keV, while the saturation length increases from
32 m to 41 m. Both cases saturate within the given length
of the Aramis undulator and the drop in pulse energy in one
case is tolerable. This has also been verified experimentally
by turning off the focusing in preparation for the setup but
disabling the generation of the tilt. Here, the pulse energy
dropped from 300 µJ to 200 µJ. Even though the numbers are
very similar in experiment and simulation, the experimental
setup was not fully optimized for best performance, mainly
due to lack of time. Thus even better performance could be
expected with more time for optimization. When the tilt is
applied, the pulse energy drops only by a few percent for the 4
and 10 cm dispersion cases, but significantly more for 20 cm.

FIG. 3. Exemplary impact of mean electron energy jitter for two
shots in the spectral-spatial distribution of the FEL pulse. As long as
the region of interest for x-ray absorption spectroscopy (XAS) lies
within each bandwidth of each pulse there is an active stabilization
of the position for a given photon energy.

Leaked dispersion makes the electron bunch orbit sensitive
to mean energy jitter and consequently causes a jitter in the
mean position of the FEL pulse. However, the dispersion
defines the orbit for a given electron energy deviation in-
dependent of its cause, which can be a combination of the
bunch mean energy, the longitudinal position along the energy
chirped bunch and within the distribution of the uncorrelated
slice energy spread. The same idea for “sorting” the orbit
with leaked dispersion has been used in the proposal to over-
come large energy spread in laser-plasma driven accelerators
[37]. Figure 3 illustrates the impact of energy jitter on the
observed FEL pulse. While the envelope jitters with the elec-
tron bunch energy, the frequency components are stabilized
for the single-shot x-ray absorption spectroscopy experiment.
For SwissFEL the relative energy jitter is typically below
2 × 10−4, which corresponds to an orbit jitter of up to 20 µm
for the case of 10 cm dispersion within the undulator. This is
less than 10% of the total streaked rms beam size of several
hundreds of micrometers. Compared to the other available
method at SwissFEL of generating a beam tilt, the C-band
transverse deflector has a phase error of 0.036◦. This corre-
sponds to an effective arrival jitter of about 20 fs and thus
comparable to the rms bunch duration. As a result, the orbit
jitter would be similar to the rms size of the streaked beam,
much more than when the streaking is done with dispersion.

Since the tilt induces a significant horizontal beam size in
the millimeter range (e.g., an rms width of 500 µm for the
10 cm dispersion case), a planar undulator type such as in
Aramis is favorable since its good-field region is sufficiently
large to accept the spatial extent of the tilted electron beam
[38]. In addition, the residual focusing, also called natural
focusing of the undulator [39], occurs for this undulator type
only in one plane, which in our case is the vertical plane.
The applied tilt must be perpendicular to preserve it along the
undulator.

We have measured the FEL transverse properties with a
YAG screen 31 m downstream of the undulator exit, as dis-
played in Fig. 4. Due to diffraction the individual modes of
the FEL appear larger on the observed screen. However, this
divergence is still small enough such that the spatial extent
still dominates.

With the optics settings for 10 cm dispersion function the
observed full-width extension of the x-ray pulse 31 m down-
stream of the undulator is about 2 mm. Due to the energy error
in the quadrupole strength the dispersion grows with distance.
The associated divergence of the electron beam is transferred
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FIG. 4. Direct imaging of the FEL pulse, 31 m downstream of
the undulator exit for 10 (top) and 20 cm dispersion (bottom).

to the photon beam. With an extrapolation from the measured
electron dispersion (Fig. 2) and scaled up to the 10 cm settings
the “effective” dispersion value would be around 18 cm at
the screen location. Comparing it with the 0.42% rms energy
spread this corresponds to 2.6 standard deviations of the bunch
lasing or a total energy width of about 1.1%. Due to the
quadratic nature of the FEL resonance equation the spectral
width of the FEL pulse should be 2.2%, which agrees, within
the limits of this rough estimate, with the observed 1.9%
obtained from a monochromator scan at the user station.

Doubling the dispersion to 20 cm stretches the electron
bunch transversely and reduces the electron density. With
lower gain a smaller fraction of the bunch can reach saturation
and the bandwidth of the FEL spectrum is narrowed down.
Indeed, the observed extension of the FEL pulse on the YAG
screen increases by only 500 µm, confirming the narrowing
in the bandwidth. Since this was too narrow for the user ex-
periment, and machine operation became rather unstable, the
experiment was continued with the 10 cm dispersion settings.

The verification of the spatially tilted, frequency-chirped
pulse was done at the Alvra user experimental station of
SwissFEL. Here a silicon crystal, bent with a bending radius
of 9.8 mm in the plane perpendicular to the tilted pulse, inter-
cepts the FEL signal [15]. The (111) Bragg reflection deflects
part of the FEL pulse upward. Since the central frequency
varies with the transverse position, the varying Bragg angle
yields a raw spectrometer image which is tilted on the screen
as well. A raw image is presented in Fig. 5, showing spatial
extension in the horizontal and photon energy in the vertical
(dispersive) direction. The spectral axis was calibrated with
monochromator scans.

The spectral resolution for a given spatial position is an
important factor for the experiment at the user station and
can be determined by the width of the distribution in the
spectrometer image. Any vertical cut in the image determines
the spectral purity, which for the example shown is on the
order of a tenth of the total spectral width of 1.8% (full width).
The resolution is limited by the intrinsic FEL mode size—the
transverse size of the FEL pulse without energy and spatial
chirps, compared to the spatial extent of the chirped FEL
pulse. Under the assumption that the intrinsic mode has the

FIG. 5. Spectrometer image obtained with a bent crystal, show-
ing a strong correlation between horizontal position (horizontal axis)
and photon pulse energy (dispersion on vertical axis). The projec-
tion shows the single-shot spectral measurement (yellow) and the
monochromator scan results for calibrating the y axis (red).

same mode size in the two transverse dimensions, the ratio
can also be derived from the distribution in the upper plot
of Fig. 4. With a full width of about 200 µm in the vertical
plane and little less than 2 mm in the horizontal, the ratio
is about 10%, in agreement with the frequency resolution of
the spectrometer. This reduced resolution is still sufficient for
x-ray absorption spectroscopy without utilizing a monochro-
mator. The resolution can further be improved by measuring
the single shot spectrum (see Fig. 5) as the basis for a deconvo-
lution algorithm. A description of the analysis of the obtained
absorption spectra is beyond the scope of this Letter.

Several factors determine the resolution. The first is the
intrinsic mode size. It must be considered unchangeable since
changing it would require focusing of the electron beam, in
contradiction with the need for a focusing-free beam transport
along the undulator. Better control is obtained by increasing
the chirp either in photon frequency or in the spatial do-
main. For the results presented here we were at the limit,
since a larger dispersion causes unstable operation of the
machine and the electron chirp was fixed by the compression
scheme in the machine to yield best performance of the large
bandwidth mode. The additional knob of a transverse gradi-
ent in the undulator field, which would increase the photon
energy chirp independently from the electron chirp, is not
available for Aramis (in contrast to the soft x-ray beamline
Athos [27]).

In conclusion we have demonstrated a spatially tilted
frequency-chirped FEL pulse, using the hard x-ray beamline
Aramis at SwissFEL for our experiments. While the driving
motivation was providing an FEL pulse for single-shot x-
ray absorption spectroscopy without the need of dispersive
elements in the optical beam line, this mode offers further
opportunities, which we will briefly discuss in the remainder
of this Letter.

In the given configuration of the dispersive section of the
energy collimator, the nominal longitudinal dispersion R56 is
small so that it has no significant impact on the electron bunch
length. However, the flexibility of that beamline section allows
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FIG. 6. Principle method for bunch rotation. A chirped beam is
tilted with leaked dispersion and then compressed with a nonzero R56

setting of the energy collimator.

for independent control of the R56 parameter for adjustments
of the final bunch length [40], while still leaking out disper-
sion for beam tilt generation.

Bunch rotation (see Fig. 6) as the combination of shear-
ing (tilting) and compression opens the possibility to achieve
shorter pulses beyond standard compression. The tolerable
energy spread for the FEL process is given by the relation

ρ � σδ, (1)

where ρ is the FEL parameter [6] and σδ the relative rms
energy spread of the electron beam. Since ρ scales as the cubic
root of the peak current and the energy spread grows linearly
with the current, it is evident that for certain bunch lengths the
inequality of Eq. (1) gets violated. In particular for compact
x-ray FEL facilities, operating at lower beam energies, this
limit can easily be reached. The problem of increased energy
spread as well as stronger longitudinal space charge fields [41]
is mitigated by expanding the beam size transversely as in
the case of the proposed bunch rotation. The larger transverse
beam size can be partially compensated by a tighter focusing
at the user station.

Bunch rotation still causes an increase of the intrinsic
energy spread but significantly less than in conventional com-
pression schemes based on magnetic chicanes. For instance,
if the tilt extends 100 times the natural beam size within
the undulator, only electrons within a range of about 1%
of the original bunch length are mixed. Thus the degrading
effect of Landau damping due to the intrinsic energy spread is
mitigated, in contrast to conventional compression where the

intrinsic energy spread grows linearly with the compression
factor.

The advantage of shorter bunch lengths due to bunch ro-
tation has to be weighed against the penalty of the FEL
performance loss of about 50% when operating with a tilt and
no focusing. Already a compression by a factor of two in the
energy collimator would compensate this loss, recovering the
photon flux of normal SASE operation but with a shorter pulse
duration. This is effectively a form of x-ray pulse compression
without the need of intercepting optical elements and would
benefit any “diffract-before-destroy” setup for user experi-
ments [42]. To further improve the signal for certain classes
of user experiments, the photon energy chirp of the FEL pulse
could be removed by compensating the broadening by the
electron energy chirp with a matching transverse gradient of
the undulator field. This is not possible for the hard x-ray
beamline Aramis but an option to study for the soft x-ray
beamline Athos at SwissFEL.

Another application of such a rotated bunch is the control
of transverse coherence. For a constant value of the disper-
sion the transversely elongated bunch develops independent
modes, separated in space analogous to the temporal spikes
in normal SASE operation. If the dispersion function con-
verges, the transverse momentum of the electron is transferred
to these modes. At some location after the undulator these
modes will overlap in a single point. Since these modes are
not stacked behind each other but instead are emitted from the
undulator side by side of each other from the fully compressed
bunch, they will interfere, generating shot-to-shot fluctuations
in the transverse profile in full analogy to the SASE spikes
in time domain for normal SASE operation. Although such
a setup reduces the degree of transverse coherence it can be
useful if the normal SASE mode size is too large to exclude
undesired diffraction between samples on a membrane or liq-
uid media when their mean distance is smaller than the mode
size [23]. With the slope of the dispersion function the degree
of coherence can be controlled with only minor effect on other
FEL parameters such as saturation power or saturation length.

We would like to thank T. Schietinger for carefully reading
this manuscript and T. Mamyrbayev for helping in retrieving
the data from the Alvra experimental station.
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