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We present measurements of two-color x-ray free electron laser (FEL) pulses generated with a novel
scheme utilizing a sextupole magnet. The sextupole, in combination with a standard orbit control tool, is
used to suppress the radiation from the bunch core, while keeping the head and the tail of the beam lasing,
each at a different photon energy. The method is simple, cost-effective and applicable at any repetition rate.
We demonstrate the tunability of the scheme and discuss its advantages and practical limitations.
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X-ray free-electron lasers (FEL) emit radiation at very
short wavelengths down to the angstrom level. The pulses
can reach peak powers of several tens of gigawatts and
typically have durations between a few and 100 fs [1,2].
The light generated at x-ray facilities is used to advance
research areas such as physics, chemistry, and biology (see
e.g., [3–6]). There is special scientific interest in two-color
FEL pulses with time delay and central photon energy
separation both adjustable.
Among the use cases are pump-probe [7–11] experi-

ments, coherent stimulated x-ray Raman spectroscopy
[12–15], multiwavelength anomalous diffraction [16],
time-resolved coherent diffraction imaging [17], and static
two-color imaging [18].
The FEL wavelength resonance condition for planar

undulators is a function of the electron beam Lorentz factor
γ, the undulator period length λu, and the undulator field
strength parameter K [19]:

λ ¼ λu
2γ2

�
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�
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The photon energy is given by E ¼ hc=λ, with h the Planck
constant and c the speed of light. Since the undulator period
is fixed for a given beamline, there are generally two
possibilities for two-color pulse generation: a change of K
(provided the undulator gap can be varied) or of γ.

In the first case, a single electron bunch is lasing in two
subsequent undulator sections with different undulator
strengths [20–22]. In this scheme the power of the two
FEL pulses is limited, since the same bunch is used to
generate FEL radiation in the two stages. This disadvantage
can be overcome by allowing only a part of the beam to lase
at each section. For instance a beam tilt [23–25] (i.e., a
correlation between the transverse and longitudinal posi-
tions of the electrons) or a longitudinal slice-dependent
optics mismatch [26,27] can be used to this end. The first
color is produced with only a part of the bunch, whereas the
second color is emitted by another, still unspoiled part. A
drawback of these methods is the need for a long undulator
beamline with two sections. An advantage is the large and
independent tunability of two important properties: the
temporal separation of the two pulses can be varied widely
with a delaying chicane between the two undulator sec-
tions, and the energy separation can be tuned by adjusting
the undulator strength of each section.
A second option to obtain two-color FEL pulses employs

two separated ensembles of electrons at different energies
with all undulators tuned at the same strength. Compared to
the first type of schemes, this approach has the advantage of
being compact, since only one undulator section is
required. It was first realized with two bunches at different
energies [28–30]. Several methods have been proposed to
achieve the same with a single energy-chirped bunch. They
all share the necessity to suppress lasing from the central
parts of the bunch, using two current spikes and an
otherwise low current [31], a longitudinally shaped laser
heater pulse [32], or a slotted foil as an emittance spoiler
[33–35]. A downside of the spoiler technique is that it
generates significant radiation losses, which may limit the
repetition rate of the accelerator and hence the produced
x-ray pulses.
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In this paper we present experimental results of a novel,
simple and cost-effective method using a single bunch [36].
The demonstration has been carried out at SwissFEL [37] at
the Paul Scherrer Institute in Switzerland. We first explain
our method in detail before briefly describing the
SwissFEL facility. We then show measurements of electron
beam and photon pulse properties.
Our method of two-color generation makes use of the

fact that the FEL process requires sufficient transverse
overlap between the electron distribution and the radiation
field. Off-axis bunch slices lose transverse overlap due to
kicks from the quadrupoles that are periodically placed
between the undulator modules. The threshold of orbit
misplacement, above which the FEL process is suppressed,
depends on the photon energy and on electron beam
parameters such as the transverse size [38–40]. Our
simulations show that for SwissFEL parameters and a
photon energy of 12 keV, a root-mean-square trajectory
misplacement of about 20 μm is required for a suppression
of the FEL power by a factor 5. To generate two pulses
separated in time, we employ a quadratically tilted beam to
obtain a suitable correlation of the trajectory with the slice
position, for which the bunch tails propagate on axis and
the central part off axis.
Tuning a sextupole magnet in a dispersive bunch com-

pressor of the FEL facility is an elegant way to impose a
quadratic beam tilt. In the following we assume a bunch
compressor acting in the horizontal plane, although the
principle works in either transverse plane. The beam is
necessarily energy-chirped while undergoing compression.
When the bunch core is at an energy equal to the chicane
reference energy, it travels on axis, whereas the other slices,
with different energies, are offset in the horizontal plane.
A sextupole field has a quadratic dependence on the hori-
zontal position, therefore it kicks both bunch tails to one side
leaving the bunch core unaffected. The result is a kick with
strength depending quadratically on the longitudinal particle
position, generating the desired second-order beam tilt.
If the whole bunch lases when the sextupole is turned off,

only the central part keeps lasing after switching it on. We
add a global transverse shift to the electron beam to obtain
two separate regions that are well aligned to the nominal
trajectory. For this purpose we employ a standard orbit
control tool using beam-position monitors (BPM) and
dipole corrector magnets. The BPMs measure the centroid
variations induced by the sextupole magnet along the
accelerator. An adjustment of the amplitude of these
variations allows us to align different parts of the bunch.
For a measurement of the initial orbit deviation we
record the BPM readings when the sextupole is off (x1)
and on (x2). After that we impose a new orbit:
x3 ¼ x2 þ c · ðx1 − x2Þ, where c is an adjustment factor.
For c ¼ 0 the bunch core remains aligned and lases. For
c > 0 two colors can be generated. The effect is illustrated
schematically in Fig. 1.

The time separation between the two pulses is adjusted
by tweaking c. The bunch duration is an upper limit of the
separation, while the requirement that lasing from the
central part is suppressed imposes a lower limit. The
individual pulse duration depends on the local slope
(dx=dt) of the aligned slice (shorter pulse for a larger
slope). The local slope increases linearly with the sextupole
strength and with the distance of the aligned slice from the
bunch center (see Fig. 1). The temporal separation and the
individual pulse duration are therefore anticorrelated for
constant sextupole strength. The longitudinal dispersion of
a dispersive section could be used to further improve the
tunability of the method [35].
When the head and the tail of the bunch exhibit different

energies while passing the undulator section, they emit
radiation at different central wavelengths according to
Eq. (1). The energy chirp can be obtained with off-crest
acceleration or wakefield dechirper modules [41]. For a
given time separation, the photon energy separation of the
two pulses can be varied independently by adjusting the
energy chirp.
The performance of the scheme is limited by three effects

of the sextupole magnet that are detrimental to the electron
beam quality. First, the slice horizontal beam emittance
increases, scaling with the third power of the beam size and
linearly with the sextupole strength [42]. Second, beam
chromaticity is generated, which translates to a slice optics
mismatch [43]. Third, the sextupole kick changes the path
length of the particles through the bunch compressor
chicane depending on their energy, causing a current profile
skewness along the bunch. The first two effects can be
mitigated with a small β function at the location of the
sextupole [36]. Moreover, the chromaticity can be corrected
without changing the tilt by using additional quadrupoles
and sextupoles [44].
We report on the demonstration of our method at the

SwissFEL facility, schematically shown in Fig. 2. Electrons
originate from an rf photocathode with a repetition rate of

FIG. 1. Schematic showing the effect of a sextupole magnet on
the slice alignment at a location downstream of the sextupole.
Dashed lines correspond to a weaker sextupole strength. The
crosses (strong sextupole field) and dots (weak) depict the center
of mass. For positive values of the orbit adjustment factor c, two
colors can be generated. The threshold of orbit misalignment
necessary to suppress FEL radiation is indicated in red.
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up to 100 Hz and are accelerated to an energy of up to
5.8 GeV. Two bunch compressors (BC1 and BC2), acting in
the horizontal plane, shorten the bunch length. Two normal
quadrupole, two skew quadrupole, and two sextupole
corrector magnets are located in each bunch compressor
and in the energy collimator (EC). In standard operation,
these magnets correct first- and second-order beam tilts
[44]. Any of the six available sextupoles can impose the
beam tilt required for two-pulse generation, as discussed
above. Two transverse-deflecting structures (TDS) [45],
streaking in the vertical plane, can be used in combination
with a profile monitor [46] to measure longitudinal electron
properties such as bunch length and current profile, as well
as horizontal slice properties such as slice emittance, beam
tilt and optics mismatch [47]. The undulator beamline
contains 13 planar variable-gap undulator modules with a
period of 15 mm. Photon pulse energies and spectra are
measured by a gas detector and a single-shot photon
spectrometer (PSSS), respectively [48]. Moreover, a mono-
chromator followed by a photodiode is suitable for meas-
uring the average spectral intensity over a large photon
energy range. For the moment, in the absence of direct
measurements of the photon pulse in the time domain, we
rely on energy-chirped electron bunches to relate spectral
and temporal properties of the photon pulse.
To verify our method of beam tilt generation, we can

measure the beam after BC1 or BC2 using a TDS. The
betatron phase advance is varied by up to 180° with a
quadrupole scan [49]. At every step, an image taken from a
beam screen is divided into vertical slices. For each slice,
the centroid positions are determined with respect to a
reference slice. Using the linear beam transport formalism
[49], we obtain the slice centroid position and angle at a
reconstruction point upstream of all varied quadrupoles.
Figure 3 shows measurements of the beam tilt, slice

emittance, current, and optics mismatch for different
strengths of the first sextupole in BC1. As expected, we
observe a second-order beam tilt suitable for the generation
of two-color FEL pulses. (There is however a visible
asymmetry as a consequence of an initial linear tilt.
Such an asymmetry would prevent a simultaneous exact
alignment of two opposing slices in both centroid angle and
position, causing also an asymmetry in the observed FEL
spectrum. It could be corrected by imposing a linear tilt of
opposite sign in both angle and offset, using for instance
two quadrupoles in a dispersive section.) The expected

change in the current profile due to the sextupole field is
observed: current is shifted toward one side of the bunch,
depending on the sign of the sextupole polarity. Very little
mismatch and emittance increase develop in the central
parts of the bunch. In contrast, emittance and optics
mismatch of the outer slices are strongly affected by large
sextupole strengths.
Figure 4 shows examples of single-shot two-color FEL

spectra. Here the beam tilt was generated with the second
sextupole in BC1. The bunch charge was 10 pC, fulfilling a
requirement for unrelated beam studies that were per-
formed prior. A moderate energy chirp was imposed onto
the beam, so that the two pulses could be measured
simultaneously in the PSSS. In this particular case the
intensity of the higher-energy pulse is generally lower
compared to the other pulse. The average photon pulse
energy was on the order of 1 μJ. We estimate that the
duration of each of the two pulses is at the fs level. Beam-
time constraints prevented us from realizing a more bal-
anced spectrum and from obtaining higher pulse energies.

(a)

(c) (d)

(b)

FIG. 3. Effect of a sextupole magnet on the electron beam
properties. The strength (k2) of the first sextupole in BC1 was
varied in five steps in the available range. The beam was streaked
with the TDS after BC1. A: reconstructed slice position and angle
(dashed), with slice 17 as reference. B and C: measured slice
emittance and slice current. D: slice optics mismatch parameter
calculated with respect to the design optics.

FIG. 2. SwissFEL schematic (not to scale). Six sextupole magnets (marked in red) placed in the dispersive sections are available for
our two-color scheme. Two transverse-deflecting cavities (TDS) can streak the electron beam in the vertical direction for longitudinal
diagnostics.
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The integrated intensities of the two peaks are uncorrelated.
Most importantly, radiation from the core is fully
suppressed.
For themeasurementswepresent in the following,weused

the large-bandwidth mode [50,51] to demonstrate a large
energy separation between the two colors. We employed a
fixed compression setup in which the time and wavelength
separation of the two pulses are linearly coupled.
The tunability of the method could be enhanced by using

the longitudinal dispersion (R56) of the energy collimator,
as discussed in Ref. [35]. For a given energy chirp,
sextupole strength, and c parameter, the wavelength sep-
aration of the two pulses would not change but the time
difference would vary as a function of the R56 and the
energy of the two lasing slices. Based on simulation studies
presented in Ref. [35], we estimate that the time separation
of the two colors could be tuned within a maximum range
between −60 and þ80 fs. Detailed studies on this matter
are outside the scope of the paper.
SwissFEL operated with a bunch charge of 200 pC, a

central electron beam energy of about 5.7 GeV, and a
central photon energy of about 8750 eV. We obtained an
average pulse energy of 280 μJ with an untilted beam.
A final energy chirp of about 1.5%, a bunch length of about
65 fs, and an FEL bandwidth of about 1.7% (all FWHM)
were measured. From the FEL resonance condition
[Eq. (1)] we deduce that about 57% of the bunch contrib-
utes to the FWHM bandwidth, and estimate that 100 eVof
energy separation correspond to about 25 fs of time
separation. The mean photon energy spectra were obtained
with monochromator scans, since the full bandwidth of the
produced radiation exceeded one PSSS window. The
resolution of the monochromator is less than 2 eV. The
monochromator step width was set between 15 and 25 eV.
At each step we recorded the intensity of 100 shots. To
every scan we apply a double Gaussian fit to extract the key
properties of the measured spectra, i.e., peak intensities and
widths of the two pulses, and the photon energy separation
between them.

Figure 5 (A and B) shows monochromator scans of two-
color FEL pulses. Again the second sextupole in BC1 was
used for beam tilt generation, with two different strengths.
In the plots we show the average spectral intensity, with
error bars representing the estimated standard errors of the
means. A change in the orbit adjustment factor c affects the
FEL pulse as expected: when c is increased, the radiation
from the central slices is better suppressed, and the
separation of the two lasing bunch slices increases. The
pulse intensity decreases substantially, which we attribute
to the fact that the outer slices carry less beam current
and the emittance is larger (as seen in Fig. 3). The widths of
the lower-energy pulses are on the order of the photon
energy jitter (≈10 eV) and cannot be resolved with the
multi-shot monochromator scan. As expected, the widths of
the higher-energy pulses are generally decreasing for
higher c. At larger sextupole strength a smaller c parameter
is sufficient to suppress radiation from the bunch core,
again confirming our expectation.
In two-color operation modes, it is important to have

control over the relative pulse energies of the two colors.
While the sextupole method in principle yields two
symmetric pulses, we experienced that the balance of peak
and integrated pulse intensities may be different. We
attribute the asymmetry to imperfections in the electron
beam, such as an uncorrected linear beam tilt (as seen in
Fig. 3(A), although those measurements were done with a
different machine setup). Indeed, we found empirically that
a superposition of a linear beam tilt, achieved by tweaking a
quadrupole in the EC, can tune the balance between the two

FIG. 4. Single-shot spectra for 500 consecutive shots, showing
the generation of two-color FEL pulses. A few individual spectra
are displayed separately on the right.

(a)

(c) (d)

(b)

FIG. 5. Monochromator scans showing the tunability of the
method. A and B: different sextupole strengths (k2) of the second
sextupole in BC1 and orbit adjustments (c). C and D: two
examples where the strength of a quadrupole in the EC is varied
to balance the peak intensity of the two pulses (orange) with
respect to the original cases (blue).
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peaks. Figure 5 (C and D) shows two examples of this
simple adjustment with significant impact on the peak
intensities of the two pulses.
An overview of pulse properties obtained in our experi-

ment is provided in Fig. 6. Spectra were recorded while
performing a 2D-scan of the sextupole strength and the
orbit alignment factor c. This was repeated for four
different sextupoles. We consider two-color pulses on
the condition that radiation from the central part of the
bunch be suppressed by at least a factor of three relative to
the smaller of the two peaks. Relative central photon energy
separations between approximately 1.2% and 2.2% were
observed, corresponding to temporal separations between
approximately 26 and 48 fs. We assume the errors on the
order of the monochromator step size of about 20 eV
(≈0.23% relative separation). The pulse energies reach
values up to 100 μJ, but are generally lower for the upper
end of the photon energy separation. In Fig. 6 (B), the
bandwidth of the second pulse is compared to the color
separation. We measured narrower pulses for larger spectral
separations, as expected.
To conclude, we experimentally validated a new method

of two-color FEL pulse generation. Our approach requires
only one sextupole magnet in a bunch compressor, is
straightforward to set up and can work at any repetition rate
(in contrast to other methods based on, e.g., an emittance
spoiler [35]). We are ready to apply the scheme to user
experiments.
In principle, our method can be combined with two

undulator sections tuned to different undulator strengths.
The beam alignment between the two sections can also be
changed, so that fresh slices are used in the second
undulator part. As a result, three or even four photon
pulses with different central photon energies are emitted
from the same electron bunch. We plan to investigate these
options in future studies.

The raw data used for the Figs. 3–6 is provided
in Ref. [52].
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