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The extension of nonlinear optical techniques to the extreme-ultraviolet (EUV), soft and hard x-ray
regime represents one of the open challenges of modern science since it would combine chemical
specificity with background-free detection and ultrafast time resolution. We report on the first observation
of a four-wave-mixing (FWM) response from solid-state samples stimulated exclusively by EUV pulses.
The all-EUV FWM signal was generated by the diffraction of high-order harmonics of the FERMI free-
electron laser (FEL) from the standing wave resulting from the interference of two crossed FEL pulses at
the fundamental wavelength. From the intensity of the FWM signal, we are able to extract the first-ever
estimate of an effective value of ∼6 × 10−24 m2 V−2 for the third-order nonlinear susceptibility in the EUV
regime. This proof of principle experiment represents a significant advance in the field of nonlinear optics
and sets the starting point for a manifold of techniques, including frequency and phase-resolved FWM
methods, that are unprecedented in this photon-energy regime.
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Nonlinear optical (NLO) spectroscopies have becomewell
established techniques in the visible and near infrared
photon-energy range for the investigation of a large variety
of fundamental processes, such as vibrational, electron, and
spin dynamics or structural properties, with energy, momen-
tum, and ultrafast time resolution. They result from the
interaction of the Nth-order nonlinear susceptibility with
strong incident electric fields, in what is called an (N þ 1)-
wave-mixing mechanism [1]. The ability of controlling
parameters such as frequency, intensity, polarization, arrival
time, and angle of incidence for each field independently
gives rise to an enormous variety of potential experimental
techniques, mostly limited by technical issues only. In fact,
the development of NLO spectroscopies went hand in hand
with the evolution of tabletop laser systems providing
tunable, coherent, ultrashort, and reproducible waveforms.
Similarly, the increasing availability of free-electron laser
(FEL) sources, which are capable of delivering remarkably
bright extreme ultraviolet (EUV) to x-ray pulses with
coherence properties similar to those of optical lasers, has
stimulated the scientific community towards the extension of
NLO to this energy and wave vector range. EUV and x-ray
NLO enables improving the spatial resolution to the nano-
meter range and exploiting core resonances to achieve
elemental selectivity [2–5]. This, combined with the multi-
wave nature of the NLO approach, will allow gaining
information inacessible by “conventional” (linear) experi-
ments, such as electronic correlations and ultrafast charge
flows among different atoms in a sample. Thus far, these
capabilities have been envisioned, and thoroughly discussed,

only theoretically [3,6–8]. Indeed, to date, the experimental
approach remains limited to a few pioneering works on
parametric down-conversion [9], stimulated [10] and ampli-
fied spontaneous emission [11], two photon absorption [12],
nonlinear Compton scattering [13], second harmonic gen-
eration [14], EUVand visible sum frequency generation [15],
and EUV stimulated but optically probed transient grating
(TG) [16,17]. The latter belongs to the four-wave-mixing
(FWM) processes, where three coherent beams of wave-
length λi andmomentumki (i ¼ 1, 2, 3) interact at a crossing
angle 2θ on the sample via the third-order susceptibility χð3Þ

to generate a signal beam of wavelength 1=λs ¼ 1=λ1 −
1=λ2 þ 1=λ3 and momentum ks ¼ k1 − k2 þ k3, the so-
called phase matching condition [1,18]. Since χð3Þ, unlike
χð2Þ and all even-order NLO susceptibilities, does not vanish
in centrosymmetric systems, FWM processes are the most
common NLO interactions in nature and the kind of
processes considered mainly by theoreticians. In addition
to TG, they include, among others, the optical Kerr effect,
coherent Raman scattering, multidimensional spectroscopy,
and impulsive stimulated Rayleigh, Brillouin, and Raman
scattering.
In this Letter we report on a significant advance in EUV

NLO: the very first experimental evidence of a four-wave-
mixing response stimulated purely by EUV pulses. The
FWM signal is generated by the scattering of copropagating
FEL harmonics from the TG formed upon interference of
FEL pulses at the fundamental wavelength. The experiment
takes advantage of the unique properties of the seeded
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FERMI FEL [19,20], which generates quasi–transform-
limited pulses (20–60 fs) tunable in the 20 to 300 eVenergy
range, with a few tens of meV bandwidth and full polari-
zation control [21]. Moreover, FERMI is capable of emitting
inmulticolor schemes, in addition to the copropagating high-
order harmonics that intrinsically accompany FEL emission,
in the “twin-seed mode” [20,22,23] or tuning one section of
the undulators to different harmonics [24] or, finally, employ-
ing the double cascade configuration of FEL 2. These
multicolor emission strategies have been exploited in the
present experiment, as shown in Fig. 1(a): Two FEL beams,
called the pump, at the fundamental wavelength λ ¼ λ1 ¼ λ2
interact on the sample at the crossing angle 2θ to
generate a stationary interference pattern with periodicity
Λ ¼ 2π=jkexj ¼ λ=ð2 sin θÞ, along kex ¼ k1 − k2. This, in
turn, behaves as a transient diffraction grating for the third
pulse of wavelength λ3 ¼ λ=2 or λ=3, propagating collinear
with one of the pump beams and intrinsically overlapped in
space and time, as shown in Fig. 1. Their interaction leads to
the scattering of a signal beam at the probewavelength at the
bisector of the crossing angle or at an angle defined by
sin α ¼ ðsin θÞ=3, respectively. This differs from optical TG
experiments in transparent materials, where the signal
intensity is appreciable only at the Bragg angle θB ¼
arcsinðλ=2ΛÞ since the light absorption length is typically
much larger than the grating period and the TG is equivalent
to a thick volume grating. Instead, the Bragg condition,
corresponding to the diagram in Fig. 1(b), can be strongly
relaxed in the limit of thin gratings, i.e., when the thickness of
the grating is on the order of the grating periodΛ or smaller.
Then, only the momentum component parallel to the sample
surface is conserved and diffraction is possible for an
arbitrary angle of incidence of the probe beam, thus effec-
tively allowing the exploited experimental geometry. This
situation is sketched in Fig. 1(c), and, clearly, conservation of
the parallel momentum component only leads to a wave
vector mismatch Δk, which contributes to the effective
coherence built-up length LC of the NLO process as
LC ¼ 2=Δk. In the general case, the diffracted signal
intensity depends on the balance of LC and the interaction
length of the pulses L as L2β, where β ¼ sinc2ðL=LCÞ [1].

In other words, a large Δk is equivalent to a reduced sample
volume for the coherent addition of the FWM signal and,
therefore, can strongly decrease the process efficiency in
samples with a potentially large interaction volume.
However, typical absorption lengths for EUV light in solids
are comparable to such coherence lengths and FWM can be
observed even for a significant Δk. That said, among all
possible FWMprocesses resulting from the intrinsic time and
space overlap of both FEL harmonics with the fundamental,
the reported one results in the smaller wave vector mismatch
and the highest intensity. Furthermore, the other processes
would fall outside the range subtended by the detector.
The experiment was performed at the EIS-TIMER end

station, a beam line purposely conceived to perform all-EUV
FWM experiments. Its optical transport is based on a fully
reflective scheme, explained in detail elsewhere [25–28],
where the FEL beam is split geometrically by removable
wave front division beam splitters. Briefly, a plane mirror
divides the beam along the horizontal plane into two halves,
which can be recombined with four possible crossing angles
of 2θ ¼ 18.4°, 27.6°, 79°, and 105.4°. The data presented
here were obtained using the second configuration. Each
beam half contains both the fundamental wavelength pulses,
used as pump, and the copropagating harmonics, used as
probe. Transmission of the probe along one of the pump
paths, hereafter called path 2, is avoided by using a 100 nm
Mg filter sandwiched in two films of 50 nm of Al, while the
other pump and the probe pulse follow path 1. FEL pump-
optical probe transient transmission experiments with an
external laser were used to determine the temporal overlap
between paths 1 and 2. The pump pulses and the harmonics
are intrinsically time overlapped at the source. The intensity
of the FEL pulses was measured in ionization chambers
along the beam transport [29], using a 200 nm Al or 100 nm
Zr filter to select only the fundamental or the third harmonic,
respectively. The signal was detected by a charge coupled
device (CCD, Princeton Instruments PI-MTE) placed along
the scattering direction 19 cm from the sample, and the
images were acquired with a 2 × 2 pixel binning. A 150 nm
Zr filter was used in front of the detector to reduce the
background counts due to the diffusive scattering at the
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FIG. 1. (a) Scheme of the experimental setup. Pumps P1 and P2 of wavelength λ impinge on the sample to generate a transient
interference pattern. The FEL harmonics λ=2 and λ=3, both propagating collinear and time coincident with P1, are scattered by this
transient grating and impinge on the CCD detector at the bisector of the crossing angle 2θ and at an angle α defined by sin α ¼ 1=3 sin θ,
respectively. (b) Scheme of the perfect phase matching condition, where scattering occurs at the Bragg angle θB only (see the text).
(c) Phase matching condition for thin gratings, where only the x component of the momentum is conserved and scattering is possible for
an arbitrary angle of incidence. Indicated is the wave vector mismatch Δk along z.
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fundamentalwavelengthwell below the appreciable signal to
noise level. Images were acquired for 1 min at a FEL
repetition rate of 50 Hz, thus averaging over 3000 FEL
shots. The fluctuation of the FEL intensity, on such time-
scales, is on the order of 5%.
The top panel of Fig. 2 shows the CCD image of the first

all-EUV transient FWM signal. It was measured on a 50 nm
thick Si3N4 membrane (Silson) at a fundamental wavelength
of 54 nm, corresponding to a grating period of 113 nm. The
associated wave vector mismatch Δk ¼ 9 × 10−13 nm−1 is
well compensated for by the ∼10 nm attenuation length of
Si3N4 at the fundamental wavelength, which results in
β ¼ 0.999, i.e., an almost ideally thin grating. The second
harmonic signal is separated from the third harmonic one by
550 pixels, corresponding to an angular separation of 4.48°,
well in agreement with the expected 4.56° separation. The
bottom panel of Fig. 2 shows the same detector region when
path 2 is blocked and the sample is exposed to pump 1 only.
The absence of any scattered signal reveals its correlation to
the presence of both pump arms.
To confirm that the observed signal is indeed FWM and

quantify the magnitude of the response, the experiment was
repeated as a function of the pump beam intensity on a
340 nm thick Si membrane (Norcada) at a funda-
mental wavelength λ ¼ 40 nm and probe wavelength λpr ¼
λ=3 ¼ 13.3 nm. This corresponds to an increased wave
vector mismatch Δk ¼ 0.012 nm−1, which, associated with
the 200 nm penetration depth of Si, results in β ¼ 0.6. The
FWMefficiency is defined as ηFWM ¼ IFWM=I3, where IFWM
and I3 are the intensities of the FWM and the probe signal,
respectively.
Figure 3 shows the dependence of ηFWM as a function of

the product of the pulse energies of pumps 1 and 2, which
were varied simultaneously while keeping their ratio
constant. It clearly exhibits the expected linear dependence

on the product of the pump pulses, as indicated by the
reported fit (red solid line), thus confirming the FWM
nature of the signal.
The amplitude of the scattered FWM field is related to

those of the pump fields as EFWM ∝ χð3ÞeffE1E2E3, where

χð3Þeff ¼
ffiffiffiffiffiffiffiffiffiffiffi

ηFWM
p

=E1E2 can be considered an effective value
for the χð3Þ. Effective values for this quantity are typically
reported in EUV and x-ray experiments with the aim of
quantifying the magnitude of the nonlinear process. The
determination of the real χð3Þ would require precise knowl-
edge of experimental conditions—e.g., the intensity dis-
tribution across the wave front of the crossed pulses, which
are not completely under control in these pioneering
experiments. With pump electric field amplitudes on the
order of 0.3 × 109 to 1.4 × 109 Vm−1 and pump spot sizes

of 4 × 104 μm2, a value of χð3Þeff ∼ 6 × 10−24 m2V−2 is
extracted for the effective third-order susceptibility. As

expected, the value of χð3Þeff decreased by orders of magni-
tude compared to previous EUV-pump or optical probe TG

experiments performed at FERMI that reported χð3Þeff∼
2 × 10−20 m2 V−2 [17]. However, this decrease is far less
than the 8 orders of magnitude predicted by the simple
anharmonic oscillator model [1]. This trend, similar to the
one observed in previous experiments [17,30] is most
probably due to resonance enhancement effects [2] since
all photon energies are larger than the band gap of the
material, thus leading to a significant electronic population
in the conduction band continuum. Moreover, free-electron
nonlinearities [31,32], similar to those that lead to NLO
effects in plasmas, might become relevant at these photon
energies, where the electron velocities due to the Lorentz
force are comparable to those associated with the displace-
ment in the anharmonic potential.
Our results demonstrate how a purely EUV FWM

response with a significant efficiency can be detected in a
real experiment, hence endorsing the feasibility of experi-
ments so far only theoretically conceived. This represents a
fundamental step forward in NLO and, together with the

)
01

(
s t

nu
o

C
3

8006004002000
Pixel

Pi
xe

l
Pi

xe
l

2

3

Pump 1 and 2

Pump 1 only

50

0
50

0

0

15

10

5

FIG. 2. (a) CCD image of signal spots due to the scattering of
the second and third harmonic FEL beams that propagate
collinearly with pump 1. The image is recorded with both pump
beams incident on the sample. (b) Image of the same CCD region
when pump 2 is blocked. The disappearance of the signal
indicates that it correlates with the presence of both pump beams,
as expected for FWM.
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FIG. 3. FWM efficiency ηFWM plotted as a function of the
product of pump 1 and 2 energies in μJ. The solid (red) line
indicates a linear fit, thus confirming that the observed signal is
indeed due to FWM.
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previous results showing that EUV TG can drive coherent
excitations in a solid sample [30] and with the ability of
introducing a tunable pump-probe delay Δt already under
commissioning at EIS-TIMER, constitutes the last step
before effectively exploiting EUV TG to access excitation
wave vectors in the range kex ¼ 0.1–1 nm−1. Probing
vibrations in this range, inaccessible both with the optical
probe and with the most common scattering techniques [26],
will be fundamental, e.g., to understand thermodynamic
peculiarities of disordered and glassy systems [33,34].
Nevertheless, even the reported setup allows for unique
experimental configurations at EUV or x-ray photon ener-
gies. In the first place, the signal beam retains the temporal
and spatial coherence properties of the FEL emission and
propagates along a well-defined, background-free direction.
These are ideal properties for detection with a spectrometer
which, combined with the fine tunability of the FERMI
radiation, can be exploited for frequency domain FWM
spectroscopy [35–37]. Second, it is possible to apply a
tunable delay Δtexc between the excitation pulses by acting
on the mirrors of the beam line, and an additional pump-
probe delay between the fundamental and the higher har-
monics by acting on the machine configuration [24]. The
latter can be tuned in the subfemtosecond regime with
subattosecond resolution [24]. Thus, with the ability to
fine-tune Δt and Δtexc, the pump and probe central frequen-
cies and the detection of the signal spectrum, the potential of
the experiment goes well beyond a mere demonstrative
exercise and opens the realm of EUV, element selective,
multidimensional spectroscopy [38]. These novel kinds of
spectroscopy can be applied, e.g., to the study of charge and
energy transfer dynamics in light harvesting or emitting
devices [6] or coherences between electronic, vibrational,
and core levels [8]. The latter constitutes a unique possibility
for the study of charge flows in biologically relevant
molecules since all C, N, and O atoms have resonances in
the EUV–soft x-ray energy range.
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