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In a coherent control experiment, light pulses are used to guide the real-time evolution of a quantum
system. This requires the coherence and the control of the pulses’ electric-field carrier waves. In this work,
we use frequency-domain interferometry to demonstrate the mutual coherence of time-delayed pulses
generated by an extreme ultraviolet seeded free-electron laser. Furthermore, we use the driving seed laser to
lock and precisely control the relative phase between the two free-electron laser pulses. This new capability
opens the way to a multitude of coherent control experiments, which will take advantage of the high
intensity, short wavelength, and short duration of the pulses generated by seeded free-electron lasers.
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Ultrafast light-matter interaction in the UV to x-ray
spectral domain is a rich research field ranging from
fundamental to applied physics, and from chemistry to
biology and materials science. Because of the constant
progress, there is a strong need for further technological
improvements in the area of new coherent light sources.
Quantum coherent control, coherent nonlinear optics, and
multidimensional spectroscopy [1-3] are examples of
topics which require powerful and coherent multiple
extreme ultraviolet (XUV) pulses, with complete control
of the light properties, such as the wavelength, timing, and
even the relative phase between the electric-field carrier
waves.

The common approach to create time-delayed multiple
pulses is to employ an interferometric setup acting directly
on the XUV beam. Because of the difficulties of manu-
facturing transmission optics and beam splitters for short
wavelengths [4], most of the interferometers are based on
diffractive optics [5] or, more generally, on the use of a
wave-front division system [6,7], particularly for free-
electron lasers (FELs) [8,9]. A second possible approach
is to directly generate pulses with the required properties.
This is possible on laser-driven sources by using an
interferometer on the generating laser, where the optical
and mechanical constraints are relaxed. These XUV
sources generally inherit the coherence properties of the
driving laser and, therefore, have the capability to generate
phase-locked XUV pulses. The principle was demonstrated
for the so-called high harmonic generation [10-12] and
used in various experiments [13—15].

In the last years, significant effort has been devoted to
generation of multiple pulses with controllable time delays
and/or wavelengths using different configurations on sin-
gle-pass FELs [16-22]. However, the mutual coherence
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between the pulses is not considered or not directly
characterized. Only recently, the first demonstration of a
coherent control experiment was performed [23]. By
controlling the relative phase between two time-overlapped
pulses with commensurate wavelengths, it was possible to
guide the ionization pathways in neon. However, the
configuration was limited to time-independent studies.

In this work, we make use of frequency-domain inter-
ferometry to demonstrate the generation of two time-
delayed phase-locked XUV pulses from a seeded FEL.
We show the possibility of controlling the phase difference
between the carrier waves of the two pulses. The generation
and control of multiple mutually coherent pulses represents
an important step forward beyond the generation of
multiple uncorrelated coherent pulses in seeded FELs.
This capability could allow us, for example, to perform
temporal coherent control experiments for guiding the real-
time evolution of a quantum system [24—26] and this with
femtosecond powerful short-wavelength light pulses. It
also constitutes the first step to a multitude of nonlinear
coherent transient interferometric and spectroscopic meth-
ods with x rays, e.g., Ramsey interferometry, “photon
echo,” and spectral holography using core-level spectral
hole burning [27,28].

The experiment was performed at the FERMI FEL
facility [29,30] and exploits the capability of the seed laser
to trigger and drive the FEL process and generate coherent
and controllable XUV pulses. The original purpose of
seeding a FEL to initiate light emission, as, for example, in
the high gain harmonic generation (HGHG) configuration
[31], was to improve the longitudinal coherence with
respect to the self-amplified spontaneous emission FEL.
However, a few theoretical [32] and recent experimental
[33,34] works show that one can go beyond this idea and
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HGHG FEL in the two phase-locked pulses configuration. Two time-delayed seed pulses are created by transmission of a

single laser pulse through a birefringent plate. The plate is motorized to precisely control the relative phase A@g..q between the two
carrier waves of the twin seeds, which interact with the relativistic electron beam in the modulator. The time-delayed twin FEL pulses are
spectrally overlapped and give rise to a spectral interference pattern acquired by an online spectrometer. The relative phase Aggg;, can be
deduced from the distribution of the fringes in the interferogram. As an example, two cases are sketched (with k integer). For the
experiment reported here, 7 = 280 fs, and the estimated duration of the individual FEL pulse is about 70-80 fs.

that the FEL pulse can be controlled by the seed laser and
by tuning the FEL operating parameters. Figure 1 shows
the experimental setup for the generation of two time-
delayed phase-locked pulses implemented at FERMI. The
twin seed pulses are produced from a single pulse (the third
harmonic of a Ti:sapphire laser, Ae.q = 261.5 nm) and
temporally split into two pulses by transmission through a
birefringent plate. The plate thickness and the group
velocity difference for the two orthogonal axes of the
birefringent plate rotated at 45° with respect to the laser
polarization determine the time delay 7 between the two
seed pulses. Then, both polarization components are
projected onto the interaction axis of the modulator. The
relative phase between the carrier waves of the twin seed
pulses A@g..q is controlled by fine-tuning the incidence
angle on the plate. This is done by rotating the plate using a
u-controlled motorized rotation stage. The calculated mini-
mum phase step that can be achieved is about 0.2 rad and is
limited by the motor resolution. The two seeds interact with
the relativistic electron beam inside the modulator and give
rise to a periodic energy modulation at the seed wavelength,
which is confined to the position of the two seed pulses
within the electron beam (see Fig. 1). The relativistic
electron beam comes from a linear accelerator (LINAC),
where it was accelerated to an energy of 1014 MeV for the
present experiment. The current profile of the electron
beam is flat at around 550 amps, with a duration of about
1 ps, and a homogeneous time-dependent energy profile
(see the Supplemental Material [35]). The energy modu-
lation from the interaction between the electron beam and
the twin seed pulses is converted into a periodic charge
density modulation (microbunching) after the dispersive
section. The microbunching triggers the emission of
coherent light at one of the seed harmonics, which is then
amplified in the radiator. Finally, the two output FEL pulses

are sent to the beam line end station, and single-shot spectra
are recorded by an online spectrometer [38].

Two mutually coherent pulses delayed in time produce a
spectral interference pattern [39]. This configuration is the
temporal equivalent of the Young’s double slit interferom-
eter, the time-delayed pulses playing the role of the
spatially separated slits, and the spectrometer being the
equivalent of the far-field screen, where the interference
arises in the frequency domain. In the resulting interfero-
gram, the fringe spacing is inversely proportional to the
time delay, and the interferogram envelope is a super-
position of the spectral envelopes of the two individual
pulses. The fringe distribution within the interferogram
contains information on the spectral phase difference of the
two interfering pulses, a key parameter in all interfero-
metric methods. For identical interfering pulses, the fringe
contrast is maximal with a regular distribution of the fringes
within the interferogram. Except for the relative phase, any
additional variation of the temporal profile of the two
pulses creates a difference between their amplitude and
phase profiles in the frequency domain, with a tendency to
reduce the contrast and complicate the fringe pattern. In the
experiment, we were interested in the control of the fringe
position inside the interferogram envelope, which is
directly related to the control of the phase difference
A@gg;, between the two FEL pulses. In the ideal case,
for a homogeneous and symmetric interferogram, the
relative phase between the two interfering pulses is
obtained from the position of the fringes as sketched in
Fig. 1. In the general case, the evolution of the relative
phase can be deduced from the shift of the fringe pattern
inside the interferogram envelope: a phase change of #
induces a displacement equal to half of the fringe spacing,
while 2z (one wavelength) results in a displacement
identical to the fringe spacing. This is a well-known
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property of interferometric methods which are highly
sensitive to the phase.

Because the seed laser produces the microbunching, the
FEL emission initiated by this coherent structure of
electrons is expected to reflect the seed properties. We,
therefore, expect that the two FEL pulses obtained using the
above scheme are mutually coherent and that their phase
can be precisely controlled. The relative phase between the
two FEL pulses is related to the one between the two seeds
according to

A@pg, = n X A@geeq + C, (1)

where the FEL emission occurs at the nth (n = 5 for the data
shown) harmonic of the seed wavelength. C includes the
phase contribution related to the electron beam time-depen-
dent energy profile [35], and a possible phase difference
developed during pulse amplification in the radiator. We will
see in the following that, although ideally constant, C might
vary shot to shot due to different sources of phase instability.
Figure 2(a) shows the evolution of the spectral fringes as a
function of the u-controlled rotation angle of the birefringent
plate. Rotating the plate by 68 motor steps, we changed
the relative phase between the twin seeds by A@g.q =
2.4 X Ageeq (=2.4 x 27 rad, one wavelength being equiva-
lent to 2z rad) corresponding to a relative phase change of
A@pgr, = 12 x Aggp, for the two FEL pulses. From these
numbers, we deduce a minimum step size of Ag..q/28.33
corresponding to Agg; /5.67. Figures 2(b) and 2(c) highlight
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FIG. 2. Interferogram from two phase-locked FEL pulses.
(a) Evolution of the spectral interference fringes as a function
of the u-controlled rotation angle of the birefringent plate (see
Fig. 1). (b) Zoom of the central part. At each rotation step, 20
consecutive single-shot spectra are acquired. (c) Single-shot
profiles extracted from (b), one for each rotation step.

the fringe displacement for each motor step. The ability to
control the fringe displacement confirms that the phase
relationship existing between the twin seed pulses is trans-
ferred onto the two FEL pulses. This is a direct consequence
of the principle on which a seeded FEL working in the
harmonic generation configuration relies.

The analysis of a sequence of shot-to-shot interfero-
grams for a fixed motor position contains complementary
information on the stability of the phase locking. More
generally, the shot-to-shot regularity of the interferogram
indicates that the relative amplitude and phase profile of the
pulses are conserved. A sequence of 2000 single-shot
spectra without changing the relative phase between the
twin seed pulses is shown in Fig. 3(a). Figure 3(b) high-
lights the profiles of ten single-shot interferograms
extracted from Fig. 3(a). The statistics on the shot-to-shot
stability of the position of a central fringe is shown in the
histogram in Fig. 3(c). The fringe stability is about FS/2
peak to valley and FS/12 rms, where FS is the fringe
spacing equal to 0.0372 nm. From this, we deduce a phase
stability of about /6 rad (Agg/12) rms, which corre-
sponds to temporal fluctuations lower than 15 attosecond
between the carrier waves of two consecutive FEL pulses.
Notice that the measured fringe instabilities are a conse-
quence of different effects, including the instability of the
seed laser itself and possible detection problems due to the
variation of the FEL beam pointing on the spectrometer
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FIG. 3. Analysis of the fringe stability. (a) Sequence of 2000

spectra acquired for a fixed angle of the birefringent plate.
(b) Ten single-shot interferogram profiles extracted from (a).
(c) Histogram showing the distribution of the position of a central
fringe on the spectrometer. (d) Correlation between the fringe
position and the electron beam temporal jitter.
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(the latter is not related to the phase instability). However,
the main source of fringe instability is associated with the
longitudinal properties of the electron beam, as highlighted,
for example, by the correlation between the fringe dis-
placement and the electron beam temporal jitter [Fig. 3(d)].

In a FEL, the light is emitted by relativistic electrons
wiggling inside a periodic and static magnetic field
produced by an undulator [40]. Consequently, the proper-
ties of the electron beam are expected to influence the
characteristics of the emitted light and will compete with
the ones driven by the seed laser. During acceleration in the
LINAC, the e~ beam acquires a time-dependent energy
profile [41]. In the case of the FERMI FEL, the length of
the electron beam is compressed in time by a magnetic
bunch compressor. Amplitude and phase fluctuations in
the radio-frequency accelerating cavities before the bunch
compressor give rise to a time jitter together with variations
of the time-dependent energy profile of the e~ beam.
Moreover, acceleration and compression in the LINAC
result in a longitudinal instability called the microbunching
instability [42]. All these effects have a double impact in
our experiment. First, because the two time-delayed seed
pulses see different parts of the time-dependent electron
beam energy profile (see the Supplemental Material [35]),
and due to additional pulse inhomogeneities coming from
the microbunching instability, the FEL produces nonident-
ical pulses, which results in a reduced fringe contrast [see
Figs. 2(c) and 3(b)]. Second, the variation of the e~ beam
energy profile together with a time jitter between the twin
seeds and the e~ beam [43] are the main sources of the
fringe instabilities shown in Fig. 3. These effects are mostly
related to the influence of the time-dependent energy
profile on the temporal phase of each FEL pulse [37.44]
and, consequently, on the relative phase difference between
them [term C in Eq. (1)] [35]. Notice that any relative
evolution of the amplitude and phase profiles between the
pulses will induce a response on their spectral interference
pattern. Therefore, important statistical information on the
pulse evolution and stability is also encoded in the spectral
fringe distribution. Because of this fact, the interferometric
method could be a valuable tool for monitoring the FEL
stability and performance. Finally, the stability reported
here can be substantially improved by reducing the
dependence on the e~ beam characteristics. This will be
achieved at FERMI in the short term with the linearization
of the time-dependent energy profile of the e~ beam [41].

In conclusion, using an interferometric setup, we dem-
onstrated phase locking between two pulses from a seeded
FEL and studied the control and the stability of their
relative temporal properties. It turned out that the physical
process on which a FEL relies preserves the mutual
coherence driven by the two seed laser pulses. Finally,
we identified the nonideal electron beam as the main source
of the remaining phase instability. In the general context of
laser-driven light sources, we demonstrated the capability

to control and manipulate the light emitted by a seeded FEL
[33,45]. The setup reported in this Letter is very flexible
because the seed laser can be easily upgraded to various
configurations. For example, by extending the FEL output
from two to a train of multiple phase-locked pulses, a
frequency comblike spectrum could be generated [46,47].
Moreover, the individual control of each pulse, specifically
its spectral phase, opens the door to a vast range of coherent
control applications at short wavelengths, such as quantum
state holography [48]. The generation of phase-locked
pulses will be naturally available for photon energies in
the soft x-ray spectral region using the FERMI two-stage
HGHG FEL [30] and an extension to self-seeding schemes
operating in the x-ray regime might be envisaged [21].
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