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Widely tunable two-color x-ray free-electron laser pulses
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We demonstrate the generation of widely tunable two-color x-ray free-electron laser (FEL) pulses at Swiss-
FEL. In a split-undulator configuration, each color is produced in a different undulator section, and a chicane
between the two sections allows for a variable time separation between the two pulses of up to 500 fs. We
show an unprecedented photon energy ratio between the two colors of about three (350 and 915 eV), with
each individual pulse having a peak power of a few gigawatts and a duration down to the femtosecond level.
Moreover, we demonstrate the reduction of the required undulator length via the optical klystron mechanism and
the time-resolved diagnostics of the FEL pulses utilizing the same beam setup as for the pulse generation. The
unique combination of widely tunable energy and time separation of the two-color pulse pair offers opportunities
to study ultrafast x-ray-induced energy transfer and relaxation processes in physics, chemistry, and biology.
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X-ray free-electron lasers (FELs) are modern research
tools that allow the study of matter at atomic time and
length scales [1-7]. Scientific interest beyond the standard
single-color operation of x-ray FELs is growing, with some
experiments requesting an FEL mode with two pulses that
are tunable in both photon energy and temporal separation,
commonly known as the two-color mode. The availability
of such pulses allows following ultrafast x-ray-induced dy-
namics with unprecedented detail. Previous experiments have
demonstrated the high potential of the technique in the XUV
and x-ray regime ranging from imaging magnetization dy-
namics [8], to dissociation of molecules [9], to radiation
damage in solids [10]. So far limitations in photon-energy
tunability, available delay range, or long pulse duration have
limited the range of possible applications.

In this letter, we demonstrate the generation of two-color
short FEL pulses with a tunable photon energy ratio up to
three, and a time separation of up to 500 fs. With this, we
are able to improve upon the tuning range of previous two-
color x-ray sources, thus rendering the two-color pump-probe
technique available to a much wider class of experiments in
physics, chemistry, and biology. Freely tunable x-ray energies
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enable site-specific excitation and monitoring of subsequent
relaxation processes in complex molecular systems. One im-
portant example is to study x-ray-induced radiation damage,
which is not yet fully understood and crucial for retrieving
meaningful data from x-ray FEL experiments. Metal centers
in molecules, for instance, coordination compounds, are par-
ticularly prone to being the starting point of radiation damage
due to their higher absorption cross sections. FEL pulses of
temporal durations on the order of inner-shell and core-hole
lifetimes, a few to tens of femtoseconds, are necessary for ex-
periments that probe effects linked to these atomic properties.
Furthermore, the wide continuous tunability of the temporal
delay is as important for obtaining meaningful experimental
results.

There are primarily two general approaches to produce
two-color x-ray FEL pulses, considering that the FEL radi-
ation wavelength is given by [11] A = 2%(1 + KTZ), where
A, is the period length of the undulator, K is the undulator
deflection parameter, and y is the Lorentz factor of the elec-
tron beam. The first type employs two separated ensembles
of electrons at different energies (y) [12-19]. The second
type uses two undulator beamlines with different strengths
(K) [20-24]. The latter offers better tunability: the temporal
separation of the two pulses can be varied in a wide range
with a magnetic chicane between the two undulator sections,
whereas the wavelength separation can readily be tuned by ad-
justing the magnetic field of each undulator section. The main
drawback of these methods is the need for a long undulator
beamline comprising two independent sections.

We will focus on the second type of methods that is often
preferred by the user community owing to its larger tunability.
There are two variations of this approach, as illustrated in
Fig. 1. In the standard option, the same full electron bunch
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FIG. 1. Schematic layout of the SwissFEL Athos beamline (top)
and a cartoon illustrating the generation of tunable two-color pulses
in standard (center) and fresh-slice (bottom) configuration.

lases in both undulator sections. In this case, the powers of the
two colors are correlated and limited: the increase in energy
spread of the electron beam in the first stage due to the FEL
process reduces the power of the second pulse. Moreover,
this approach does not allow for zero or negative time delay
between the two colors (i.e., the pulse produced in the first
undulator section arriving at the same time or after the pulse
generated in the second section). The minimum delay is the
FEL slippage in the first part, which is on the order of a
femtosecond for x-rays. This limitation is overcome by the
so-called fresh-slice technique whereby only a fraction of the
beam is allowed to lase at a time: the bunch tail lases in
the first undulator section, the head in the second [23,24].
Such a setup can be achieved by streaking the electron bunch,
i.e., imposing a transverse tilt on it (the beam is streaked
or transversely tilted if there is a correlation between the
transverse and longitudinal coordinates of the electrons). This
mode allows driving both pulses into saturation, resulting
in a more stable output with higher pulse power. More-
over, it allows for shorter pulses and zero or negative time
delays.

We demonstrate the production of tunable two-color x-
ray FEL pulses using both the standard and the fresh-slice
configuration featuring three advances with respect to pre-
vious work: First, we achieve a separation in photon energy
corresponding to a factor of about three between the two
pulses (915 and 350 eV), to be compared with the 35%
level quoted in [22]. Second, we demonstrate a significant
reduction of the required undulator length by applying the op-
tical klystron (OK) mechanism (see Ref. [25] and references
therein), thus partially compensating for the requirement of an
overall longer undulator beamline. Third, we take advantage
of the beam tilt needed for the fresh-slice configuration also
for the characterization of the time-resolved properties of the
x-ray FEL pulses.

The experimental demonstration of this two-color mode
was achieved at the Athos soft x-ray beamline at SwissFEL,
the x-ray FEL facility in Villigen, Switzerland [26]. The mode
was already successfully applied for pilot experiments at the
Maloja instrument in the second half of 2021. Figure 1 shows
a sketch of Athos. The beamline consists of 16 APPLE-X
short undulator modules [27,28] capable of providing variable
undulator field and polarization. The undulator modules have

alength of 2 m [29], a period of 38 mm, and a maximum undu-
lator deflection parameter K of 3.8. The electron beam energy
in the undulator can be adjusted between 2.9 and 3.4 GeV.
In combination with an undulator parameter K between 1.2
and 3.8, this corresponds to a photon energy range between
0.26 and 1.68 keV. In our two-color scheme, the first eight
modules generate color one, the last eight color two. The large
available range in the undulator parameter K allows us to
produce two pulses with large photon-energy separation. This
setup allows the K parameter to be used as a single knob to
select the photon energy for either pump or probe pulse with
little impact on the overall machine configuration.

A two-meter magnetic chicane, located in the middle of the
undulator beamline, determines the time delay between the
two pulses. In fresh-slice mode, the time separation between
the two colors can be controlled between a negative time
delay corresponding to approximately the FEL pulse duration
(typically a few tens of femtoseconds) for zero magnetic field
in the chicane and a positive delay of about 500 fs for maxi-
mum magnetic field. In the configuration where the full bunch
lases, the delay can be controlled between a few femtoseconds
for zero magnetic field in the chicane (corresponding to the
FEL slippage in the first undulator section) and about 500 fs,
corresponding to the maximum magnetic field.

Additional small chicanes of 0.2 m length, installed be-
tween every two undulator modules, are used to reduce the
saturation length via the OK and to produce FEL pulses with
special radiation properties [29]. The chicanes provide a max-
imum delay of about 8 fs and sufficient precision to control
the delay on a subwavelength scale, thus also acting as phase
matchers.

The beam tilt for the fresh-slice configuration can be ob-
tained by introducing dispersion at a location where the beam
has an energy chirp [30] or by utilizing the transverse wake-
fields of corrugated or dielectric structures [24]. For the
dispersion method, we can generate a horizontal tilt with
quadrupole magnets located in the extraction line from the
main SwissFEL linac to the Athos undulator. In this location
the dispersion amounts to 0.21 m, and the beam energy chirp
is about 0.36% (rms). A tilt by wakefields can be obtained
with any of the seven corrugated structures that are currently
installed upstream of the undulator, with their main purpose
to remove the energy chirp of the electron beam. In this
work, we applied the dispersion method, with the advantage
of producing a mostly linear tilt. The dispersion approach
can be readily implemented at any FEL facility without any
additional hardware.

In the following, we present the demonstration of the two-
color mode in Athos with central photon energies of 915 and
350 eV. The bunch charge was 200 pC, and the electron beam
energy was 3.17 GeV. The undulators were set in circular po-
larization with K values tuned to 1.87 and 3.50, corresponding
to the above photon energies. The x-ray pulse energy was
measured with a gas-based photon beam intensity monitor
[31]. The spectra were measured with a grating spectrometer
(with a resolution of approximately 0.5 eV) at the Maloja
instrument.

Figure 2 shows the FEL gain curves for the full
bunch (without tilt) measured for one undulator section
independently at 915 and 350 eV with and without configu-
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FIG. 2. Measured FEL pulse energy along one undulator sec-
tion for 915 and 350 eV with and without OK.

ration of the Athos beamline for the OK mode of operation.
The 915 eV photons were produced in the first undulator
section, the 350 eV ones in the second. Chicane delays and
phase shifters were optimized as described in Ref. [25]. For
both photon energies, we also optimized the linear taper
amplitude of the last undulator modules. For the OK cases,
the resulting delay configurations were the following: for the
photon energy of 915 eV, the first five chicanes gave delays
of 0.83 fs, the sixth a delay of 0.17 fs (the seventh chicane
was set to zero delay and acted solely as a phase matcher);
for 350 eV photon energy, the first two chicanes were set
to delays of 2.33 fs, the third to 1.33 fs, and the fourth to
0.33 fs, with all other chicanes acting as phase matchers only.
As shown in Fig. 2, the OK helps to significantly reduce the
undulator length required to reach FEL saturation. The OK
is indispensable for reducing the longer saturation length at
915 eV. The available eight undulator modules are not enough
to reach FEL saturation without OK, instead yielding a final
pulse energy of only 65 uJ. With the OK, the pulse energy
reaches 250 wJ. For 350 eV, the effect is less relevant, since
eight undulator modules are sufficient to reach saturation also
without employing the OK: pulse energies above 1 mJ are
obtained with and without the OK.

After the gain-curve measurements, taken independently
for each photon energy, we produced two colors with the full
bunch. The first color, tuned to 915 eV, attained a pulse energy
of 250 wJ. The pulse energy of the second color, at 350 eV,
was 120 wJ. The reduction of the pulse energy (from above
1 mJ) stems from the spoiling of the electron beam (increase
in energy spread) due to lasing in the first undulator section.
Higher pulse energy in the second color could be achieved at
the expense of pulse energy in the first color, for instance, by
detuning the field of one module in the first undulator section.

In a next step we generated the two colors with the fresh-
slice configuration. The bunch was horizontally tilted with the
dispersion method, using a quadrupole magnet in the Athos
extraction line. As a result of the tilt, the center part of the
bunch remains on axis in the undulator and therefore lases,
while the head and the tail parts of the bunch are off axis and
do not lase. An additional correction with dipole magnets can
shift the on-axis and lasing fraction of the bunch to the head or
the tail. Indeed, corrector magnets before the undulator were
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FIG. 3. Top: Longitudinal phase space of the electrons for
lasing-off (a) and lasing-on (b) conditions. Green lines are image
projections, orange lines show Gaussian fits to these projections.
Bottom: Slice energy spread of the electron beam for lasing-off
and lasing-on conditions (c) and power profile reconstruction (d).
In panels (c) and (d), dark lines are average curves, light lines
are individual measurements, and shadings show areas covered by
individual measurements.

adjusted to align a slice in the tail in the first undulator half.
Likewise magnets in the two-color chicane area were tuned to
align a slice in the head in the second undulator part.

The setup and optimization of the fresh-slice configuration
requires time-resolved diagnostics. Since a postundulator X -
band rf deflector [32] was not commissioned at the time of
the measurement, we followed a different approach, which
utilizes the tilt also as a temporal diagnostic. The results are
shown in Fig. 3. Figures 3(a) and 3(b) display beam images
of the reconstructed longitudinal phase space of the elec-
tron beam for lasing-off and lasing-on conditions (lasing-off
conditions were obtained by slightly detuning the magnetic
field of all undulator modules). The beam was measured with
a YAG screen at the dump after the undulator beamline, a
location with nonzero vertical dispersion. Thus the electron
beam energy is obtained from the vertical coordinates and
the dispersion value at the screen location (0.23 m for the
measurements presented here). The horizontal coordinates
are mapped onto a time axis, as explained below. We took
20 images for lasing-off and lasing-on conditions, with the
displayed images showing median values. The FEL process
causes both an energy loss and an energy spread increase of
the lasing electrons. As is evident from Figs. 3(a) and 3(b),
there are two distinct parts of the electron beam where energy
spread increases when lasing occurs. The right region corre-
sponds to the pulse generated at the first undulator section at
915 eV, with a measured pulse energy of about 30 wJ; the left
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part corresponds to the color produced at the second undulator
section at 350 eV, with pulse energy around 100 uJ.

The time difference between the two lasing parts was cal-
ibrated by scanning the two-color chicane delay when the
two pulses were tuned to the same photon energy. For this
case, when the pulses arrive at the same time, there is in fact
no production of two pulses but an amplification of the first
pulse in the so-called multistage amplification mode [33,34].
Thus, the time separation of the two pulses corresponds to
the chicane delay giving the maximum output at the second
stage. We scanned the magnetic field in the chicane with the
two undulator sections tuned to 915 eV to obtain a maximum
pulse energy of 110 wJ for a chicane delay of 49.5 fs.

This calibration allows us to convert the horizontal axis to
a time axis, provided that the transverse tilt is linear, which
is equivalent to assuming that the energy chirp of the electron
beam, where the tilt is generated, is also linear [35]. In our
case, this assumption is valid for the core of the electron
bunch, but it is not fulfilled at the bunch head and tail. In fact,
the projection onto the time axis in Figs. 3(a) and 3(b) shows
a rather Gaussian current distribution of the electron beam.
However, from rf deflector measurements at the hard x-ray
beamline and simulations, we expect a current distribution
with distinct horn-shaped structures at the head and tail of the
bunch. Such horns exhibit high-order time-energy correlations
that cannot be captured with this reconstruction method. The
energy to time mapping could be improved by calibrating with
more points.

The pulse durations given in the following correspond to
rms values obtained from Gaussian fits. We quote average
values over 20 shots, with errors corresponding to the standard
deviation of those shots. In this way we obtain a fitted rms
pulse duration of the electron beam of 42.2 & 0.6 fs. Since the
method assumes a linear energy chirp, which is valid only for
the core of the bunch, our results should be considered approx-
imate values. The FEL power profile is reconstructed from the
difference in slice energy spread of the electron beam between
lasing-off and lasing-on conditions following [36-38]. The
energy spread is scaled with a factor of K2/ to account for
the different FEL parameter [11] of the two colors [36]. Fig-
ure 3(c) displays the energy spread along the electron bunch
for lasing-off and lasing-on cases, Fig. 3(d) shows the FEL
power profile calculated from these energy spread values. For
the right pulse, generated in the first undulator half (915 eV),
we reconstruct an estimated peak power of 2.0 + 0.4 GW
and an rms pulse duration of 5.2 £ 0.5 fs, for the left pulse,
produced in the second half (350 eV), 4.2 +0.9 GW and
9.9 £ 0.5 fs. The time separation between the two pulses of
about 50 fs corresponds to the time difference of the lasing
slices of the electron beam when the two-color chicane is set
to zero field.

If the tilt for the fresh-slice scheme is achieved with wake-
fields, the temporal diagnostics can be accomplished by the
procedure explained in Ref. [38]. This approach does not
require the calibration described before, nor the assumption
of a linear correlation between energy and time.

Averaged and single-shot spectra, recorded simultaneously
for both colors, are shown in Fig. 4 for the full-bunch con-
figuration (equivalent results were obtained for the fresh-slice
setup). The spectrometer was aligned in a way as to fit both
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FIG. 4. Averaged (top) and five single-shot spectra of both colors
simultaneously recorded.

the second diffraction order of the 915 eV pulse and the fifth
diffraction order of the 350 eV pulse on the device for parallel
detection of both colors on a single-shot basis.

The two-color x-ray FEL pulses described in this letter
have successfully been applied at Athos during two transient-
absorption experiments at the Maloja instrument. In a first
pump-probe experiment on CO,, both colors were set to
around 530 eV to study the molecular response after core
ionization at the oxygen K edge. In the second experiment on
N O, the pump pulse was tuned to a resonance at the nitrogen
K edge around 400 eV, and the initiated dynamics was probed
with the second color tuned to the oxygen K edge around
530 eV. In both cases, the photon energies of both colors, as
well as the time delay between them, were scanned.

In the future, the potential for large energy separation
of the two colors will allow studies of x-ray-induced relax-
ation dynamics site specifically in a large variety of different
molecular systems with absorption edges accessible within
the Athos photon energy range. Studying key reactions, such
as x-ray-induced charge and energy transfer from a metal cen-
ter to its environment of light atoms, as typical in coordination
complexes, will become possible. In this type of experiments,
the first color may be tuned to a metal absorption edge (e.g.,
3d transition metal L edges) in the energy range between 700
and 1000 eV to excite the system, while the second color may
be set to a specific absorption edge of a light element, such as
carbon (~280 eV), nitrogen (~400 eV) or oxygen (~530 eV),
to probe the initiated dynamics.

To conclude, we have established the generation of widely
tunable two-color x-ray FEL pulses at SwissFEL. We have
shown an unprecedented photon energy ratio between the two
pulses of about three (350 and 915 eV). In addition, we have
demonstrated the feasibility of reducing the undulator length
required to produce such pulses by use of the OK. Finally,
we have shown a full characterization of the time-resolved
properties of the electron and photon beams based on the
same tilt as is required for the setup of the fresh-slice scheme.
This is a straightforward method at no additional cost that can
be applied to all special operation modes based on a beam
tilt. The two-color pulses have already been exploited in first
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pilot experiments of the Maloja instrument at Athos. In the
future, this mode will further be capitalized on for site-specific
and real-time studies of x-ray-induced relaxation dynamics in
heteroatomic systems.
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