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Abstract
We present a compact, intrinsically stable common path interferometer for the seeding of
free-electron lasers (FELs). The interferometer can handle the required ultraviolet seed
wavelengths and features an excellent phase stability of 10 mrad at 265 nm. By seeding the FEL
FERMI, we demonstrate the generation of extreme ultraviolet (XUV) pulse pairs with tunable
delay and a delay stability of 6 as at 52.5 nm. Prospective applications are Fourier transform
spectroscopy, nonlinear spectroscopy and coherent control experiments in the XUV and x-ray
domain.

Keywords: interferometers, FEL, birefringence

1. Introduction

The development of high brilliance XUV and x-ray FELs with
femto- to attosecond pulse durations opens upmany possibilit-
ies for nonlinear spectroscopy [1] and coherent control exper-
iments [2]. Many of the proposed experimental schemes [3–
5] require the generation of sequences of multiple XUV/x-
ray pulses with precisely controlled timing. However, already
the generation of two pulse replicas and their precise tim-
ing control is very challenging to achieve in the XUV/x-
ray domain. In particular, for interferometric applications,
sub-cycle phase/delay stability is required, which becomes
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increasingly demanding at short wavelengths. This explains
why, to date, only a few interferometric time-domain exper-
iments have been reported in the XUV to X-ray regime [2,
6–13] or suggested theoretically [14, 15].

At much longer wavelengths, in the visible to infrared
domain, the generation of pulse replicas with interferometric
timing stability is well established [16–18]. Translating these
concepts directly to the XUV/x-ray domain is difficult due
to the lack of suitable optics, as well as the high demand on
mechanic stability posed by the much shorter wavelengths. An
alternative strategy is the preparation of the pulse sequence at
a longer wavelength, followed by the transfer to the XUV/x-
ray domain with a nonlinear conversion process, such as the
high-gain harmonic generation (HGHG) in a seeded FEL [19].
The feasibility of this concept has been demonstrated for the
generation of phase-locked [20] and phase-modulated (PM)
pulse pairs [7, 21]. So far, in [20] the accessible delay range
was strongly limited. Using the PM approach, interferometric
spectroscopy has been demonstrated with high sensitivity [7,
8, 22]. Yet, the pulse delay is actually not precisely controlled

1 © 2024 The Author(s). Published by IOP Publishing Ltd
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in this scheme; instead, the delay jitter is corrected in a post
processing step [22]. In addition, when changing the delay,
a small transverse spatial offset between the replicas is intro-
duced, which leads to loss of interferometric contrast. These
limitations prevent coherent control applications where active
manipulation of the phase/delay is needed [23].

Hence, an interferometer setup suitable for seeding anXUV
FEL featuring sufficient delay range and direct sub-cycle delay
control would enable a large number of nonlinear spectro-
scopy applications. A suitable interferometer for seeding an
FEL must fulfil the following demands: (i) <10 as timing jit-
ter, (ii) compatibility with UV wavelengths (260–360 nm) and
≈2GW pulse peak power, (iii) low beam pointing instabilit-
ies, due to tens of meters of beampath of the seed pulses after
the interferometer.

Typically, time-delayed pulse replicas in the UV/visible
are generated by amplitude division interferometers such as
a Michelson or a Mach–Zehnder. Interferometric stability
requires a delay precision much better than the optical period,
so that any mechanical vibration of one arm of the interfer-
ometer with amplitude of a fraction of the wavelength (tens
of nanometers in the visible) would spoil the interference pat-
tern. This calls for active stabilization of the interferometer
[17] or tracking the mirrors position with an auxiliary beam
[24]. Alternatively, phase-locked pulse pairs can be produced
using pulse shapers, which intrinsically provide interferomet-
ric stability due to the common path of the two pulses. 4f
zero-dispersion pulse shapers, with a liquid crystal spatial light
modulator or an acousto-optic modulator [25] placed in the
Fourier plane, or an inline acousto-optic programmable dis-
persive filter [26], can be used. However, pulse shapers con-
siderably increase the complexity and cost of the experimental
setup.

Common-path birefringent interferometers overcome these
limitations and achieve high passive delay stability of the
generated replicas. Instead of separating the two replicas in
space, as in a Michelson interferometer, a birefringent inter-
ferometer projects them onto two perpendicular polarization
states, which are delayed with very high accuracy by vary-
ing the thickness of a birefringent material and then pro-
jected back to a common polarization state, to allow their
interference on the detector. Following this approach, some
of the authors introduced a birefringent interferometer, the
Translating-Wedge-based Identical pulses eNcoding System
(TWINS) [27], as a simple and compact optical device which
generates two delayed, phase-locked collinear replicas of an
input pulse. TWINS has shown considerable experimental ver-
satility and, while originally conceived for two-dimensional
electronic spectroscopy [28], it has been further developed
and applied to hyperspectral imaging [29], excitation emission
spectroscopy, Ramanmicroscopy [30] and even in the combin-
ation with high-harmonic generation (HHG) [6]. A schematic
of the TWINS interferometer is shown in figure 1.

In this paper we report on the application of the TWINS
interferometer to the generation of phase-locked XUV pulse
pairs from the FERMI FEL facility. By placing the TWINS in
the path of the 261 nm seed beam, we generate a pair of UV
seed pulses with exceptionally low delay fluctuations (1.43 as,

corresponding to a phase stability of 10 mrad). Thanks to the
HGHGprocess, this stability is transferred to theXFEL pulses,
resulting in delay fluctuations of 6 as at the fifth harmonic,
which corresponds to 1/30 of the optical cycle. Such perform-
ances, in combination with the simplicity of the experimental
setup, make this configuration very promising for applications
to nonlinear spectroscopy and coherent control in the XUV.

2. Materials and methods

2.1. The birefringent interferometer

The TWINS interferometer is based on birefringent materi-
als, which are characterized by a privileged direction named
optical axis. When a light waveform propagates in such mater-
ial, ordinary polarization (i.e. normal to the optical axis) and
extraordinary polarization (i.e. parallel to the optical axis)
experience two different refractive indices (no and ne respect-
ively) and hence travel with different velocities, thus accumu-
lating a relative delay proportional to the propagation length.
By varying the material thickness, an arbitrary delay can be
imposed on the two polarization components. Since both rep-
licas follow the same optical path, they do not accumulate
relative path-length fluctuations, as in a standard Michelson
interferometer, so that their delay is fixed with unprecedented
stability.

Figure 1 sketches the structure of the TWINS interfer-
ometer used in our experiments, equivalent to the systems
used in references [6, 29, 30]. It consists of two birefringent
blocks A and B sandwiched between the polarizers P1 and P2.
The optical axes of the two blocks are mutually crossed, so
that they introduce delays with opposite signs. Block B is a
parallel-faces plate with fixed thickness, which introduces a
constant delay, while block A is cut into two wedges with an
overall variable thickness which depends on the relative posi-
tion of the wedges, hence introducing a variable delay with the
opposite sign with respect to block B. As a result, the inter-
ferometer introduces an arbitrary delay which can be finely
adjusted by moving one of the wedges. With respect to the ori-
ginal TWINS scheme [27], the current version does not keep
the arrival time of one of the two replicas fixed in an absolute
frame of reference.

In the current experiment, the birefringent material is α-
barium borate (α-BBO); blockA has apex angle 7◦ and a trans-
verse size of 25 mm, and block B has thickness of 3.7 mm.
With these design parameters, the maximum delay range of
our TWINS is 1.1 ps. The clear aperture of the interfero-
meter is 2× 2 cm2, which is sufficient to accommodate a high
energy ultrashort pulse without introducing nonlinear phase
distortions. Polarizer P1 is at 45◦ with respect to the birefrin-
gent optical axes and projects the input field polarization so
that its energy is equally distributed between the ordinary
and extraordinary directions; it can be omitted if the input
beam has already the correct polarization. Polarizer P2, on the
other hand, projects the two orthogonally polarized replicas
on the same polarization, thus allowing them to interfere. The
working spectral range of the interferometer is determined by
the transparency of the polarizer and the birefringent blocks

2



J. Phys. B: At. Mol. Opt. Phys. 57 (2024) 075402 B Ardini et al

Figure 1. The TWINS setup. A: birefringent wedges with optical
axis in the plane of the figure (green double lines); B: birefringent
plate with optical axis perpendicular to the plane of the figure (green
circle); P1, P2: polarizers at 45◦ with respect to the birefringent
optical axes.

(for α-BBO it ranges from 200 nm to 3.5 µm wavelength).
The system works with any pulse duration (a suitable com-
pression system is required to compensate for the dispersion
added by propagation in the blocks). The pulse peak intensity
must be kept below the damage threshold of the birefringent
crystal and below the onset of unwanted third-order nonlin-
ear optical effects: typically, the interferometer can work with
pulses with peak intensities below 1 GWcm−2. The transla-
tion of the movable wedge is controlled by a piezoelectric
motor (Physik Instrumente Q-521.330, minimum incremental
motion 50 nm). In the following, the wedge position will be
expressed as d+∆d, where d is the position of the motor cor-
responding to the group delay τ between the pulses, while∆d
is the additional motor translation required to introduce the
phase delay ∆τ ; d= 0 corresponds to τ = 0.

2.2. Characterization in the UV spectral range

To characterize the static and dynamic capabilities of the inter-
ferometer, we performed spectral interferometry in the UV
range. In spectral interferometry, the field E(t) of a pulse
with spectrum S(f ) centered at frequency f 0 interferes with its
delayed replica aE(t−T), where T is the delay and a is a scal-
ing factor. The resulting spectrum is:

STOT ( f) = S( f)
[(
1+ a2

)
+ 2acos(2π fT)

]
. (1)

It is proportional to the spectrum of each individual field, mod-
ulated by a cosine function which gives rise to spectral inter-
ference fringes. In the framework of our experiment, T can be
written as T= τ +∆τ ; here τ is the group delay between the
pulse replicas and is larger than the transform-limited duration
of the pulse, while∆τ ≪ τ is a delay shift of the order of a few
optical cycles, and corresponds to a phase delay. In this case,
the cosine can be approximated as:

cos(2π fT)≈ cos(2π fτ + 2π f0∆τ) = cos(2π fτ +φ) . (2)

Equations (1) and (2) show that from spectral interferometry
measurements we can obtain three pieces of information: from
the period ∆f of the spectral modulation we get the group
delay τ = 1/∆f; the shift φ of the spectral fringes enables
the retrieval of the phase delay ∆τ ; finally, the modulation
depth (also called interferometric contrast) conveys a, and is
maximum when a= 1, i.e. when the two fields are perfectly
balanced. Therefore spectral interferometry enabled us to per-
form the calibration of the interferometer, which is an intrinsic

Figure 2. Characterization of the static stability of the
interferometer. Main panel: sequence of interferograms, obtained at
constant pulse delay τ = 255 fs. Right panel: individual spectrum.
Lower panel: retrieved phase-delay fluctuation.

property that holds independently from the light source and the
application. The characterization was performedwith a system
based on an amplified Ti:sapphire laser. UV light was obtained
by frequency doubling the output of a broadband optical para-
metric amplifier in the visible [31], thus generating broadband
UV pulses in the range from 260 nm to 270 nm. The polariza-
tion of the pulses was set at 45◦ with respect to the optical axes
of the birefringent blocks; the cross-polarized pulse pair gen-
erated by the interferometer was projected to the same polar-
ization by means of a wire-grid polarizer (Moxtek ProFlux
Nanowire UVT240A) and sent to a high-resolution spectro-
meter, synchronized to the 1 kHz laser repetition rate.

The static stability of the interferometer was characterized
by fixing the wedge position d (2.6 mm) to keep the two rep-
licas at a constant delay τ (255 fs) andmeasuring the spectrum,
which is modulated due to spectral interference. A sequence of
output spectra was then measured for 50 min; each recorded
spectrum is the average of 400 consecutive shots [32]. The res-
ult is shown in figure 2. The right panel shows a UV spectrum:
its deep modulation reveals the high interferometric contrast
(85%) provided by the birefringent interferometer. The main
panel represents the sequence of spectra, from which one can
extract the phase delay, which is proportional to the phase shift
of the interference fringes, as well as the group delay, which
is inversely proportional to the spectral modulation period.

By analysing the phase of the spectral modulation, we
retrieved the phase delay reported in the lower panel. We
provide both the phase fluctuation∆ϕ and the temporal fluctu-
ation∆τ =∆ϕλ/(2π c) of the spectral component at λ= 265
nm. The standard deviation of the phase delay is σ∆τ = 1.43
as, corresponding to σ∆ϕ = 10.15 mrad. Such fluctuation is
better than 1/600 of the optical cycle at 265 nm wavelength,
and reveals the excellent static stability of the interferometer.

The dynamic behaviour of the interferometer was
characterized by repeating the same measurement while
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Figure 3. (a) Interferogram as function of the motor position. The
dashed white line indicates the zero delay position. (b) Spectral
calibration of TWINS (red circles) at the spectrometer optical
wavelength and quadratic fit (dashed line). (c) Group delay
calculated from the calibration fit shown in panel (b). (d) Phase
delay calculated from the calibration fit shown in panel (b).

scanning the wedge position by ∆d=±3.5µm around d.
During the scan, the motor position was controlled by a feed-
back loop which checks that the motor position (provided by
an internal encoder) is on target. From the shift of the spectral
fringes of the recorded interferograms we retrieved the differ-
ential delay∆τ . The results are reported in section 3.1, lower
panel of figure 6 (green circles), where we discuss the same
measurements performed in the XUV range. A fit of ∆τ with
a linear function yields a slope of (60.70± 0.06) asµm−1. The
standard deviation of the residual between the experimental
delay and the fitting line is 1.29 as, comparable to the static
stability.

Using the same source and spectrometer, we performed
also the so-called spectral calibration of the interferometer:
this is obtained by acquiring a sequence of interferograms as
a function of the motor position around d= 0. This calibration
not only enables using the interferometer as spectrometer, but
also allows to draw a first estimation of the phase and group
delay per unit motor displacement. The results are shown in
figure 3. Panel (a) is the 2D map with the sequence of spec-
tra for different values of ∆d. In practice, the map is a spec-
trally resolved linear autocorrelation of the pulse with the sym-
metry axis around τ = 0. By taking the Fourier transform with
respect to d of each horizontal cut of the map (corresponding
to a given optical frequency f ), one obtains the spectral calib-
ration of the interferometer, provided in panel (b). The curve
associates f to the pseudofrequency fp (i.e. the reciprocal of
the motor position).

From the spectral calibration, we estimated the phase and
the group delay introduced by the interferometer per unit
motor displacement; the results are shown in panels (c) and
(d) respectively. Note that while in a Michelson or a Mach–
Zehnder interferometer, group and phase delays have the
same values and do not depend on f, in our interferometer

they are different and are wavelength-dependent because the
delay arises from propagation in a dispersive bulk material. At
261 nm, the estimated phase delay is 59 asµm−1 (in very close
agreement with the slope obtained from the dynamic charac-
terization), while the group delay is 91.2 asµm−1.

3. Results and discussion

3.1. Interferometric stability in the XUV spectral domain

To enable interferometric spectroscopy in the XUV spectral
domain, the TWINS interferometer was placed in the beam
path of the seed laser at the FEL facility FERMI. Figure 4
shows the experimental setup, which is similar to the one
described in [20]. Briefly, a Ti:Sa oscillator is frequency tripled
with a set of nonlinear crystals to yield pulses at 261 nm, of
50 Hz repetition rate. The pulses are pre-compressed with a
grating compressor consisting of a single pass through two
transmission gratings. The pulses are subsequently sent to the
TWINS interferometer to yield two delayed and phase-locked
seed pulses, and then to the modulator section of the FEL,
where the replicas overlap with a relativistic electron beam.
We note that the total propagation length of the seed pulses
from the TWINS to the modulator is ≈30m; this calls for a
perfect collinearity of the pulse replicas and high beam point-
ing stability to observe high-contrast interference during a
delay scan. The electro-magnetic field of the intense seed laser
pulses imprints an energy modulation to the electron bunch. A
dispersive magnet (inside the dispersive section of the FEL)
converts this modulation to a density modulation, resulting in
micro-bunching of the electron density. Passing these micro-
bunched electron packages through the subsequent undulators
(radiators) leads to coherent emission at a specific harmonic
of the seed laser (the fifth in this experiment), set by the undu-
lator gap (more details in [19]). Upon this process, the prop-
erties of the seed pulses are transferred to the generated XUV
pulses, enabling the generation of XUV pulse pairs with con-
trollable delay. The spectral interference fringes of the gener-
ated XUV pulse pairs are recorded single-shot with an XUV
spectrometer.

The 261 nm-seed pulses after the TWINS were character-
ized in the time domain by self-diffraction third-order autocor-
relationmeasurements.We collected autocorrelation traces for
four different TWINS wedge positions d at steps of 0.5 mm,
and the results are reported in figure 5(a). As the TWINS
splits the seed pulse into two replicas, three peaks are vis-
ible in the autocorrelation intensity plot; in particular, the lat-
eral peaks are the cross-correlation terms of the two replicas,
and their distance from the main peak conveys the pulses
delay τ . By fitting the lateral peaks with a Gaussian func-
tion (see inset of panel (a)) we could retrieve the position
of their centroids, as well as the correlation width. From
the centroids delay as a function of the motor position, we
obtained that the group delay introduced by the TWINS (see
panel (b)) is (97.03± 0.17) asµm−1 (or equivalently (97.03±
0.17) fsmm−1), in very good agreement with the independ-
ent interferometric calibration reported in section 2.2, figure 3
at 261 nm wavelength. The FWHM of each Gaussian fit is
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Figure 4. Block diagram of the experimental setup at the FEL
FERMI. Red area: seed laser setup, purple area: FEL scheme, THG:
third harmonic generation, DS: dispersive section.

Figure 5. (a) Autocorrelation intensities obtained for the wedge
absolute positions d indicated in the legend. Inset: detail of the
cross-correlation peaks inside the dashed-line box. The
corresponding Gaussian fit lines are superimposed to the data
points. (b) Centroid position of each Gaussian fit as a function of d.
Their linear trend is represented by the dashed fitting line; its slope
is also given.

(91.70± 0.83) fs, corresponding to a pulse duration of ≈74.7
fs, very close to the transform limit.

In the following we will show that the seeding mechanism
of the FEL FERMI allows for the generation of two XUV
pulses by the HGHG process, in which the delay between
the pulses can be controlled with interferometric precision.
For the FEL seeding, since the interaction axis of the FEL
modulator acts as a polarizer, P2 at the TWINS output was
removed and replaced by a half-waveplate to rotate both pulses
by 45◦.

To characterize the XUV pulse delay, we performed also
in this case spectral interferometry: we carried out a scan
with ∆d ranging from =−3.5µm to 3.5µm around d≈ 2.06
mm corresponding to a delay range from −210 as to 210 as
around τ = 200 fs. This is equivalent to ≈0.46 optical cycles
at 261 nm and ≈2.3 optical cycles at 52.5 nm. The delay off-
set of τ = 200 fs was chosen sufficiently large to avoid nonlin-
ear mixing of the seed pulses in the HGHG process. For each
motor position, we acquired the fringe pattern of the two over-
lapping XUV pulses with an XUV spectrometer on a single
shot basis, at the 50 Hz repetition rate of the FEL [32]. The
result is reported in figure 6; the main panel shows a sequence
of the resulting interferograms as a function of the wedge pos-
ition. Each interferogram is the average of 100 spectra per
recorded position. In order to account for the FEL fluctuation,
each spectrum was normalized by dividing to the pulse energy
(estimated as the weight of the first score after performing the
Principal Component Analysis on the entire trace).

Figure 6. Sequence of the interferograms of XUV light as a
function of the interferometer wedge position, provided by the inner
encoder of the motor. The motor moves around position d= 2.06
mm. For representation purposes only, the gaps in the 2D map,
originated from a non uniform stepping of the motor (see text), were
filled with the same spectra as before the gaps. Upper panel: a cut of
the map at 52.51 nm (dashed line of main panel). Lower panel:
Phase delay ∆τ retrieved from the experimental interferograms, as
a function of motor position. Blue dots: XUV pulses at 52.5 nm;
Green dots: UV pulses at 265 nm. The dataset of the UV pulses has
been vertically displaced for clarity. The dashed lines are fitting
each series; their slope is also given.

The top panel of figure 6 shows the horizontal cut of the
sequence of interferograms at 52.51 nm, indicated by the
dashed line. The cut dataset, in accordance with equation (1),
has been fitted with a cosine function with retrieved period
of 2.87 µm and a contrast of 72.7%. The observable discon-
tinuity within the sequence of spectra are due to a non uniform
stepping of the motor, originating from the fact that in this spe-
cific experiment the motor position was commanded in open-
loop, i.e. its position was not monitored and hence any error
was not retroactively corrected. The feedback was not imple-
mented in the experimental control software of the end station
of FERMI during the beamtime, but in general the software
could be upgraded to closed-loop operation. However, despite
the measurement was performed in open-loop, the XUV inter-
ferograms show very high quality and the delay scan follows
the sinusoidal phase modulation with high precision.

From the shift of the spectral fringes of the recorded inter-
ferograms we retrieved the differential delay ∆τ . The res-
ults are shown in the lower panel of figure 6 (blue squares),
together with the phase delay obtained with the similar meas-
urement performed at 265 nm (green circles) mentioned in
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Figure 7. Two interferograms at positions 0 and 1.437 µm,
respectively indicated by the solid and dashed red lines in figure 6,
upper panel.

section 2.2. The data have been fitted with a linear function and
yield a slope of (61.05± 0.18) asµm−1 in very good agree-
ment with the slope at 265 nm, confirming that the phase-
delay of the FEL pulses matches the delay of the seed UV
pulses. The residuals between the experimental delay and the
fitting line have standard deviation of 6 as. The larger resid-
ual of the XUV delay with respect to the seed pulse may be
attributed to instabilities introduced in the HGHG process as
well as to timing jitter between the seed laser and the electron
bunch [7].

An important feature of the demonstrated setup is the ability
for active phase control between two XUV pulse replicas. As
an example, figure 7 shows two XUV interferograms acquired
at positions 0 and 1.437 µm respectively, corresponding to
exactly a π phase shift (see solid and dashed arrows in upper
panel of figure 6). The precise, deterministic phase control
in combination with the high interference contrast provide
the requirements for monochromatic XUV coherent control
experiments, similar to previously demonstrated bichromatic
schemes [2, 33]. An interesting application of monochromatic
XUV coherent control has been recently reported for a tab-
letop HHG source studying quantum mechanical entangle-
ment in photoionization [34]. Another possible application
is the mode-selective excitation in the investigation of ultra-
fast molecular dynamics. For instance, the sensitivity of inter-
atomic coulombic decay on the vibrational mode in the HeNe
dimer has been shown [35]. First interferometric experiments
of this system were demonstrated, implying the feasibility of
such experiments [8]. Other parameters important in view of
spectroscopic and coherent control applications, are the avail-
able delay range and the scalability to higher photon energy.
In the presented scheme, temporally overlapping seed pulses
lead to nonlinear mixing in the HGHG process [21]. This lim-
its the available minimum delay to roughly twice the seed
pulse duration. The maximum achievable range is given by
the length of the electron bunch that is seeded, which poses
a limit of roughly 1 ps [8]. We note that the seed interfer-
ometer supports a larger tuning range and, hence, does not
limit the available delay range. This is in contrast to a similar
scheme, based on birefringent optics, previously reported [20],

which was limited to small delay ranges. The interferometric
control at higher photon energies is limited by the phase jit-
ter of the setup, posing a limit for the attainable maximum
photon energy. The phase jitter is determined by a combin-
ation of the stability of the seed-laser interferometer and the
fluctuations introduced in the HGHG process. The scaling of
the latter factor with harmonic order needs to be investigated in
the future to determine an upper limit for the photon energy at
which interferometric applications are still feasible. However,
our study shows that it is possible to apply the technique for
photon energies up to at least 25 eV.

4. Conclusions

The generation of interferometrically stable XUV pulse pairs
with controllable delay is required for a number of nonlinear
spectroscopy applications, including two-dimensional spec-
troscopy and coherent control. Direct manipulation of the
XUV pulses is technically challenging, due to the very short
wavelengths and the consequent extreme requirements on the
mechanical stability of the interferometer. The FERMI FEL,
whichworkswith seeding in combinationwith theHGHGpro-
cess, allows one to manipulate the UV seed pulses using estab-
lished methodologies. In addition, FELs provide the required
high intensities for nonlinear spectroscopy and quantum con-
trol experiments. Here we report on the use of a birefringent
interferometer, the TWINS, to generate UV pulse pairs with
phase delay fluctuation of only 1.43 as (corresponding to a
phase jitter of 10 mrad). These properties are then transferred
to the XUV pulses generated via HGHG which, despite the
nonlinearities of the FEL process, maintain a remarkably high
delay stability of 6 as (215 mrad). Due to the compactness,
simplicity and low cost of the TWINS interferometer, we envi-
sion that this approach could be adopted in all seeded FELs and
enable a variety of nonlinear optical spectroscopy experiments
in a so far unexplored wavelength range.
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