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Abstract: We present an overview of the FERMI (acronym of Free Electron laser Radiation for
Multidisciplinary Investigations) seeded free electron laser (FEL) facility located at the Elettra
laboratory in Trieste. FERMI is now in user operation with both the FEL lines FEL-1 and FEL-2,
covering the wavelength range between 100 nm and 4 nm. The seeding scheme adopted for photon
pulse production makes FERMI unique worldwide and allows the extension of table top laser
experiments in the extreme ultraviolet/soft X-ray region. In this paper, we discuss how advances
in the performance of the FELs, with respect to coherent control and multi-colour pulse production,
may push the development of original experimental strategies to study non-equilibrium behaviour
of matter at the attosecond-nanometer time-length scales. This will have a tremendous impact as an
experimental tool to investigate a large array of phenomena ranging from nano-dynamics in complex
materials to phenomena that are at the heart of the conversion of light into other forms of energy.
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1. Introduction

The newest light sources, extreme ultraviolet (XUV) and X-ray free electron lasers (FELs), are
extending laboratory laser experiments to shorter wavelengths, adding element and chemical state
specificity by exciting and probing electronic transitions from core levels. The high pulse energies
available ensure that spectroscopies belonging to table top laser, such as, for instance, non-linear
optics, can cross the frontier into this new wavelength range. Since the first short wavelength FEL
FLASH began operation in Hamburg [1], development has been very rapid. The Linac Coherent
Light Source (LCLS) was specified to produce 200 fs pulses, but soon produced few fs pulses [2].
Schemes have been developed to create multi pulse and polychromatic radiation, and FEL light
has been used to pump atomic lasers in the X-ray region [3,4]. The XUV/soft X-ray laser FERMI
is the first fully coherent FEL facility, as the light possesses the full longitudinal coherence lacking
in a pure SASE (Self-Amplified Stimulated Emission) configuration [5]. Coherence is achieved by
initiating the FEL process with an external seed. The coherence properties of the seed are indeed
transferred to the electron modulation, leading to coherent emission at the undulator resonance
and at its harmonics. A similar configuration is adopted in the new facility in China; the Dalian
Coherent Light Source (DCLS, Dalian, China) covers the vacuum-ultraviolet (VUV) photon energy
range [6]. Advanced schemes of self seeding, both in the soft and hard X-rays, were adopted at
LCLS [7] to improve coherence of a SASE FEL. With the development of coherent FEL radiation
sources, a new era of X-ray spectroscopy commenced, which may have a comparable impact to that of
lasers in optics and spectroscopy [8]. In non-linear ultrafast time-resolved techniques, state-specific
information is often provided through multiphoton resonances with combinations of sequential
photons. Theoretically, combinations of multiple X-ray photons resonant with core transitions can also
characterize different excitation processes due to specific sequences of light-matter interaction. Thus,
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particular sub-processes can be enhanced by matching the pulse frequencies to transitions between
molecular Eigen-states. This provides high selectivity and flexibility due to momentum and energy
conservation of the interacting photons with the material. The different non-linear processes can
typically be ordered by the number of involved photons: sum-frequency generation, two-photon
absorption and stimulated emission with two photons, followed by other non-linear X-ray phenomena,
time resolved transient gratings (XUV-TG) or four wave mixing (XUV-FWM) spectroscopy (see [8] and
references therein). Fluorescent decays in the soft X-ray region allow unique access to the structure
of the occupied valence states, while keeping the element selectivity and chemical state specificity of
soft X-ray spectroscopies [9]. Unfortunately, the probability for a fluorescent decay in the soft X-ray
range is below 1%. With a typical spectrometer acceptance of less than 10−5 of the full solid angle
into which the fluorescence is emitted, soft X-ray emission spectroscopy (XES) or resonant inelastic
X-ray scattering (RIXS) are experiments where single photons have to be counted for hours in order
to obtain useful information. Using stimulated emission spectroscopy combined to high intensity,
small bandwidth, tunable soft X-ray beams of different colors, a stimulated beam containing the
same information as a fluorescence spectrum can be formed—mitigating the low acceptance angle of
the spectrometers, and suppressing the dominating Auger decays that also create electronic damage
to the sample. With such techniques, two to three orders of magnitude in the signal levels can be
gained through the suppression of Auger processes, while the beam directed into the spectrometer
promises to gain about five orders of magnitude in detected signal levels—clearly having the potential
to revolutionize how we can study matter with XES or RIXS based spectroscopies [10].

Beyond the understanding of molecular processes, one also wishes to manipulate them. In the
quantum mechanical world this can be done by the established methods of coherent control [11,12]. When
this approach is developed for FELs, the new frontiers opened up include control of inner valence and
core levels, and consequently element sensitivity. Optical coherent control is temporally limited to pulses
that are several times the duration of an optical cycle, which is several femtoseconds. In the XUV to
X-ray range, the periods are from hundreds to a few attoseconds. Thus, extremely fast processes can be
controlled by tuning the relative phases and intensities of pulses delivered to the sample [13].

We provide an overview of the status and perspectives of the FERMI facility as an experimental
tool to investigate a large array of phenomena ranging from nano-dynamics in complex materials to
phenomena that are at the heart of conversion of light into other forms of energy.

2. FERMI Overview

FERMI is located at the Elettra laboratory in Trieste. The FEL facility covers the VUV to soft
X-ray photon energy range with two FELs, FEL-1 and FEL-2 both based on the High Gain Harmonic
Generation seeded mode (HGHG) [14]. The HGHG scheme consists in preparing the electron beam
phase space in a first undulator, called modulator in Figure 1, where the interaction with an external
laser, the seed, induces a controlled and periodic modulation in the electron beam longitudinal
energy distribution.
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Figure 1. Sketch of the High Gain Harmonic Generation (HGHG) free electron laser (FEL) configuration.
Seed laser pulse and electron beam are superimposed in a first undulator indicated as modulator.
The FEL interaction induces an electron energy modulation with the periodicity of the seed wavelength.
The dispersive section converts this energy modulation into a density modulation containing higher
order Fourier components of the original modulation. One of these components is finally amplified in
the radiator.
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The beam propagates through a “dispersive section”, a magnetic device introducing a strong
correlation between the electron energy and the path length. This dispersive section converts the energy
modulation into a density modulation, which is characterized by higher order harmonic components
and retains the phase properties of the seed. The “density” modulated beam is then injected into a
long FEL amplifier, similar to the one adopted in SASE FELs. The amplification process is initially
enhanced by the presence of the modulation. The modulation depth is calibrated by tuning the seed
intensity, in order to reach FEL saturation and efficient energy extraction at the end of the amplifier.

The HGHG cascade scheme is implemented in FERMI FEL-1, to generate fully coherent radiation
pulses in the VUV spectral range [15]. The seed signal, continuously tunable, typically in the range
230–260 nm, is obtained from a sequence of nonlinear harmonic generation and mixing conversion
processes from an optical parametric amplifier. The radiation resulting from conversion in the FEL up
to the 13th harmonic is routinely delivered to user experiments [16].

The amplitude of the energy modulation necessary to initiate the HGHG process grows with
the order of the harmonic conversion. The induced energy dispersion has a detrimental effect on the
high gain amplification in the final radiator, for this reason the design of FEL-1 relied on harmonic
conversions up to harmonic 13. During the last years of operations, we have demonstrated the ability
to operate the FEL at even higher harmonic orders with reduced performances, e.g., up to the 20th
harmonic, but substantially higher orders can be reached with a double stage HGHG cascade, where
the harmonic conversion is repeated twice. The double conversion is done with the fresh bunch
injection technique [17,18] on FERMI FEL-2 [19], shown in Figure 2. The FEL is composed by a first
stage, analogous to FEL-1 (see Figure 1), followed by a delay line, a magnetic chicane slowing down
the electron beam with respect to the light pulse generated in the first stage. The light pulse from the
first stage is shifted to a longitudinal portion of the beam unperturbed by the seed in the first stage.
In this way the light from the first stage functions as a short wavelength seed for the second stage.
This scheme was implemented for the first time on FERMI FEL-2 and was used to demonstrate the
seeded FEL coherent emission in the soft-X rays, up to harmonic orders of 65, and more [19].
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Figure 2. Schematic layout of FERMI (acronym of Free Electron laser Radiation for Multidisciplinary
Investigations) FEL-2, implementing the HGHG double stage cascade in the fresh-bunch high-gain
harmonic generation configuration. The first stage (mod1-disp1-rad1) is analogous to the high-gain
harmonic generation scheme of FEL-1 shown in Figure 1. The second stage (mod2-disp2-rad2) is based
on the same concept, but the seed is the radiation produced in the first stage. The two stages are
separated by a delay line (delay) which lengthens the electron path with respect to the radiation path
allowing to shift the seed over a “fresh” portion of the electron beam.

3. FEL Performances

3.1. Longitudinal Coherence and Pulse Duration

FEL-1 and FEL-2 may be operated even without the presence of an external seed, i.e., in SASE
mode. The emission may be indeed enhanced by tuning the dispersive section of FEL-1 [20] or the
multiple dispersion sections of FEL-2 [21], to increase the electron bunching at entrance of the final
amplifier. In this configuration, the light pulse resembles the longitudinal structure of the beam
current, with a correlation length much shorter than the electron bunch length. The consequence is a
longer pulse, of several hundred of fs, with broad spectrum and spiky spectral features, characteristic
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of SASE FELs. This mode of operation can be used in those experiments requiring longer pulses
and broadband emission, for alignments, or in the eventuality the seed laser system is not available.
In Figure 3 we show the seeded FEL spectrum measured at harmonic order 8 compared to an optimized
Optical-Klystron-SASE spectrum (OK-SASE spectrum). In in the example shown in the figure, in
seeded mode the relative linewidth drops by about an order of magnitude. Typical relative linewidths
of 2 to 5 × 10−4 (rms) are routinely achieved on both FEL-1 and FEL-2. Less evident from the images
in Figure 3, the presence of the seed also affects the pulse duration.

Appl. Sci. 2017, 7, 640  4 of 16 

broadband emission, for alignments, or in the eventuality the seed laser system is not available.  
In Figure 3 we show the seeded FEL spectrum measured at harmonic order 8 compared to an 
optimized Optical-Klystron-SASE spectrum (OK-SASE spectrum). In in the example shown in the 
figure, in seeded mode the relative linewidth drops by about an order of magnitude. Typical relative 
linewidths of 2 to 5 × 10−4 (rms) are routinely achieved on both FEL-1 and FEL-2. Less evident from 
the images in Figure 3, the presence of the seed also affects the pulse duration.  

 
(a) 

 
(b) 

Figure 3. Spectrum in seeded mode (a) and in Self-Amplified Stimulated Emission (SASE) mode;  
(b) Wavelengths are dispersed along the horizontal axis. The vertical axis represents the vertical 
position at the spectrometer detector. The distribution on the vertical axis gives the projection of the 
beam spatial distribution on the vertical plane.  

In seeded mode the pulse duration depends primarily on the duration of the seed, scaled 
according to the harmonic order n by a coefficient 7/6n1/3 [22]. Typical pulse duration with a seed 
duration of 120–150 fs are 50–70 fs (fwhm) on FEL-1. FEL-2 seeded with a short seed laser (70 fs) is 
expected to deliver FEL pulses of about 20 fs, depending on the laser setup and harmonic conversion 
order. We may therefore compare the longitudinal coherence of the source in the two modes of 
operation, in terms of distance from the Fourier transform limit for a Gaussian pulse (FTL),  ∆ ∆ 0.44 /   

where ∆  and ∆λ  correspond to the full width half maximum of the temporal and spectral 
distributions of the optical pulse. If we consider the FERMI SASE conditions of operation in Figure 3b 
where the spectral width is about 0.3 nm, and where the optical pulse duration should be comparable 
to the electron bunch length, of the order of 0.5–0.7 ps, a rough estimate would indicate the pulse 
about 120–200 × FTL. This value, with the input seed and with the proper tuning of the FEL 
parameters, drops to ≈1.2–1.5FTL [23]. Specific tuning of the e-beam and the seed laser parameters 
may be set to bring the FEL even closer to the ideal Fourier limit [24]. The example in Figure 3 
corresponds to harmonic order 8 of FEL-1. A narrow, single mode spectral line, such as the one shown 
in Figure 3 corresponding to harmonic 8 of FEL-1 seeded at 260 nm, is available in the entire spectral 
window of photon energies emitted by the FERMI FELs (20–60 eV on FEL-1 and 60–330 eV on FEL-2). 
As a second example in Figure 4, the spectrum of the second stage of FEL-2 is shown. The high end 
of the nominal photon energy range is reached upshifting the seed frequency by harmonic order 13 
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Figure 3. Spectrum in seeded mode (a) and in Self-Amplified Stimulated Emission (SASE) mode;
(b) Wavelengths are dispersed along the horizontal axis. The vertical axis represents the vertical
position at the spectrometer detector. The distribution on the vertical axis gives the projection of the
beam spatial distribution on the vertical plane.

In seeded mode the pulse duration depends primarily on the duration of the seed, scaled according
to the harmonic order n by a coefficient 7/6n1/3 [22]. Typical pulse duration with a seed duration
of 120–150 fs are 50–70 fs (fwhm) on FEL-1. FEL-2 seeded with a short seed laser (70 fs) is expected
to deliver FEL pulses of about 20 fs, depending on the laser setup and harmonic conversion order.
We may therefore compare the longitudinal coherence of the source in the two modes of operation, in
terms of distance from the Fourier transform limit for a Gaussian pulse (FTL),

∆t∆λ = 0.44λ2/c

where ∆t and ∆λ correspond to the full width half maximum of the temporal and spectral distributions
of the optical pulse. If we consider the FERMI SASE conditions of operation in Figure 3b where the
spectral width is about 0.3 nm, and where the optical pulse duration should be comparable to the
electron bunch length, of the order of 0.5–0.7 ps, a rough estimate would indicate the pulse about
120–200 × FTL. This value, with the input seed and with the proper tuning of the FEL parameters,
drops to ≈1.2–1.5FTL [23]. Specific tuning of the e-beam and the seed laser parameters may be set
to bring the FEL even closer to the ideal Fourier limit [24]. The example in Figure 3 corresponds to
harmonic order 8 of FEL-1. A narrow, single mode spectral line, such as the one shown in Figure 3
corresponding to harmonic 8 of FEL-1 seeded at 260 nm, is available in the entire spectral window of
photon energies emitted by the FERMI FELs (20–60 eV on FEL-1 and 60–330 eV on FEL-2). As a second
example in Figure 4, the spectrum of the second stage of FEL-2 is shown. The high end of the nominal
photon energy range is reached upshifting the seed frequency by harmonic order 13 in the first stage
and harmonic 5 in the second stage, for a total frequency upshift of 65.
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3.2. Energy Per Pulse & Temporal Jitter

This dramatic increase of the longitudinal coherence with respect to a SASE source is only
the first evident advantage of starting the amplification process from an external seed. The seed
introduces indeed a number of additional handles to control amplification and the resulting output
pulse properties. The central emission frequency at the lowest order of approximation is determined
by the harmonic of the seed laser. The central emission frequency jitter is therefore normally lower
than the linewidth by up to an order of magnitude. A SASE source is characterized by an intrinsic
pulse energy fluctuation associated with the startup from the electron shot noise. From this point of
view a seeded FEL is, conversely, a completely deterministic system.

The fluctuations of the pulse energy are determined by fluctuations of the external parameters
driving the amplifier, as the energy of the electron beam, the timing between electrons and seed, and
the intensity of the seed itself. The energy jitter may be lower than 5%, as in the example shown in
Figure 5, where the histogram of the energy per pulse from FEL-1 in optimized conditions at 51 nm is
displayed. This value may be compared to the typical energy jitter of the input seed laser in the UV,
which is about 1%. A typical figure for the energy jitter is 10–15% for FEL-1 and 25–35% for FEL-2
with the double cascade. In terms of temporal synchronization, the seed timing largely determines the
arrival time of the FEL photon pulse. At FERMI the optical synchronization between the seed and the
lasers used in pump an probe experiments, which originates from the same oscillator, is associated to a
jitter between the FEL light and the other sources of about 5 fs [25]. Recent measurements have shown
even lower values, below 3 fs [22].
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Figure 5. Histogram of the energy per pulse measured from FEL-1 at harmonic 5 (51 nm). Acquisition
of 220 consecutive shots, average 131 µJ, standard deviation 4.8 µJ.
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The typical energy per pulse depends on the wavelength of operation and in the requirements on
the spectral linewidth. Highest energy per pulse may be achieved in saturated conditions, where the
pulse shape may be affected by non-linear processes in the longitudinal electron dynamics. On FEL-1
an energy per pulse larger than 100 µJ is available in the entire range of operation (20–100 nm), in
conditions of single mode, narrow linewidth spectral line. On FEL-2 this is possible in the low end of
the spectral energy range, at wavelengths above 8–10 nm. The average energy per pulse decreases
while increasing the photon energy, down to about 10 µJ at 4 nm. The energy per pulse may be lower
than the one achievable in an optimized equivalent SASE FEL where most of the charge in the bunch
participates to the FEL action. The seeded portion of the electron beam is typically of the order of 100 fs,
which can be 10–20% or less of the entire bunch. Compressing the entire electron bunch down to the
seed duration in an ultrashort multi-kA spike of current would ensure a higher efficiency, but would
also introduce a much higher sensitivity to longitudinal jitter between the seed pulse and the current,
and the compression process would be strongly affected by self-field effects, such as space charge,
coherent synchrotron radiation and space charge fields [26], which alter the smooth distribution of the
electron longitudinal phase space necessary to preserve the quality of the pulse during amplification.
Moreover, an excess of peak current would increase the gain to a value leading the electron shot noise
background to compete with the seed at saturation, and this would remove most of the advantages
of seeding the amplifier. An alternative to extend the seeded region of the electron current is to
use a temporally stretched, chirped seed pulse, thus extracting a larger amount of energy from the
electrons. The chirp properties of the output pulse are strictly correlated to those of the seed. The FEL
pulse can be therefore optically compressed to increase the peak power. The scheme is equivalent
to the chirped pulse amplification scheme (CPA), commonly adopted in ultrashort pulse-solid state
lasers [27]. Here the issue is not that of reducing the peak power in an active medium, but to allow the
use of an extended electron beam longitudinal region, increasing the active bunch charge, without
compressing the electrons to the ultimate limit. Chirped pulse amplification (CPA) in FEL amplifiers
was proposed originally in [28] and further studied in the framework of a SASE amplifier in [29].
The scheme was later demonstrated at FERMI in [30].

3.3. Multiple Pulses

The intensity of the seed determines the depth level of saturation reached in the amplifier.
This parameter can be tuned to control the intensity and to some extent the longitudinal shape of the
laser pulse. An excess of seed can indeed be used for the generation of virtually jitter-free twin pulses
delayed in time [31], which can also be separated in frequency by a proper frequency chirp of the input
seed [32,33]. There are several other methods for generating multiple color—multiple pulses at FERMI.
From FEL-2 for example, two color pulses almost superimposed in time, are naturally available as the
emission from the first stage and the second stage. In normal operation, the light from the first stage
has to be removed or attenuated by gas attenuators or filters, but in some specific experiments the VUV
light from the first stage can be used in combination with XUV-Soft-X ray emitted by the second stage.
This setup was used in the study of the ultrafast dynamic of melting in Si monitored by tracking the
L(2,3)-edge shift [34]. Multiple pulses of different colors can be also generated on FEL-1. In Figure 6
we sketch three methods which were demonstrated in the past. In Figure 6a a second color is obtained
by simply tuning part of the radiator at one harmonic and part of it at a second, different harmonic.
The temporal jitter between the two components was estimated in an experiment of coherent control
where we manipulated the relative phase of two colors (63.0 nm and 31.5 nm) to control the asymmetry
of the photoelectron angular distribution of ionized neon with a temporal resolution of 3 as [13].
Temporally separated pulses can be generated in the setup of Figure 6b. A double seed can be indeed
injected with a temporal delay between the two seed pulses, with delays comprised between 200 and
600–700 fs, to ensure overlapping with the electron beam current. Even in this case the temporal jitter
between the two pulses can be sufficiently low to preserve a phase locking between the two pulses [35].
The two seed pulses can be also separated in frequency to generate two distinguishable colors, with
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the condition that they are both included in the gain bandwidth of the FEL amplifier (0.7–0.8%) [36].
A larger frequency separation between the two pulses can be achieved (Figure 6c) if the amplifier is
tuned to different harmonics of the seed. In this case two seed pulses are still separated in frequency by
less than the bandwidth of the modulator (3%) and both generate energy, and then density modulation
at the entrance of the amplifier. The amplifier is then separated in two parts, one resonant with the
modulation resulting from the first seed pulse and the other resonant with the one from the second.
The two amplified pulses have to be separated in frequency to be generated and amplified separately
in these two undulator parts and the amplification can happen on different harmonics of the seed [37].
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Figure 6. Various method for the generation of multiple pulses adopted on FERMI FEL-1. (a) Two
colors can be generated by tuning the final amplifier to different harmonics of the seed. The output
pulse is composed by the superposition of the two harmonic components; (b) A double seed can be
injected with a temporal delay between the two seed pulses comprised between 200 and 600–700 fs.
The two seed pulses can be separated in frequency to generate two distinguishable colors, by ensuring
they are both included in the gain bandwidth of the FEL amplifier (0.7–0.8%); (c) A larger frequency
separation between the two pulses is also possible if the amplifier is tuned to different harmonics of
the seed.

4. XUV Wave Mixing and Coherent Control

In this section, we discuss the advantages offered by a fully coherent FEL source in the extension
of experimental techniques as non-linear optics at shorter wavelength. An interesting aspect of the
development of non-linear optics is that the main concepts at the basis of this field were already
available for J. C. Maxwell (if in 1861 he had considered a power series expansion in the Maxwell
equations) and H. A. Lorentz (if in 1878 he had introduced anharmonic terms in the oscillator model of
the atom). The point is that neither Maxwell nor Lorentz had the experimental tools for inspiring their
research in this direction. Until a few years ago non-linear light-matter interactions in the extreme
ultraviolet (XUV) and X-ray range were basically ignored for the same reason. However nowadays
FELs have allowed undertaking relevant steps towards the exploitation of XUV/X-ray non-linear optics.
For instance, FELs have been employed to demonstrate: stimulated X-ray emission [3], amplified
spontaneous XUV emission [10], X-ray-optical sum-frequency generation [38], X-ray two-photon
absorption [39], X-ray second harmonic generation [40]; all these achievements were gained in the last
few years, reflecting rapid growth in the field. A common motivation for many of the aforementioned
investigations is the outlook represented by XUV/X-ray wave mixing experiments.
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4.1. Four Wave Mixing

Among wave-mixing processes, four wave mixing (FWM) processes have a special place, since
they are at the basis of most experimental methods, besides being the lowest order non-linear processes
that are not vanishing by reason of symmetry. FWM arise from the 3rd-order non-linear interactions of
three coherent electromagnetic fields (E1,2,3) that might have different frequencies (ω1,2,3), wavevectors
(k1,2,3), polarizations, bandwidth, time delays, etc. (see Figure 7).
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Such interacting fields drive the radiation of a fourth (signal) field, whose photon parameters
(frequency, ω4, wavevector, k4, polarization, etc.) may differ from those of the input fields.
The possibility to experimentally control the input field parameters and to determine the output
field parameters turns into the capability to stimulate and detect different FWM processes, which often
carry out distinct and complementary information on the sample under study. Such a high degree
of selectivity and richness of information makes FWM an extremely versatile and informative tool.
For instance, through a FWM process termed impulsive stimulated scattering (ISS) it is possible to
determine in real time and with wavevector selectivity the dynamics of both ultrafast (sub-picosecond)
molecular vibrations or slow (millisecond) thermal and structural relaxations, depending on the
bandwidth and time delays of the interacting fields [41]. Information on the dynamics of higher
energy (i.e., faster) sample excitations can be achieved, e.g., by coherent Raman scattering (CRS) and
coherent multi-dimensional spectroscopy; methods also able to provide insights into the correlations
between different dynamical variables, such as those related to vibrational and electronic modes [42].
FWM approaches are also bringing relevant technological advances, ranging from sub-wavelength
microscopy [43] to wavefunction tomography during chemical reactions [44]. The hard-limit of optical
FWM, as any other optical spectroscopy, is inherently related to the long wavelength (some 100’s of
nm or more) and low photon energy (a few eV’s or less) of the optical radiation itself. This prevents to
probe matter at atomic and molecular length scales (a few nm or less) as well as to study excitations
with energies larger than a few eV’s, a limitation that basically confines optical CRS to the study of
vibrational dynamics and that of low-energy electronic excitations. Furthermore, optical photons
cannot exploit core-level electronic resonances, typically located in the 10’s eV to 10’s keV range,
adding elemental selectivity to the FWM approach. The latter point combined with the possibility to
detect high energy excitation (e.g., valence band excitons in the 1–10 eV energy range) on a Q-range
comparable with the inverse molecular size (~nm−1) are the main advantages expected from the
XUV/X-ray analogue of CRS (XCRS). By tuning the frequencies of the input beams involved in the
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XCRS process to core resonance of distinct atoms it would be possible to determine where a given
electronic wave-packet is created and where it is probed, as well as to follow in real time the dynamics
of such charge-transfer between the selected atoms. This unique capability arises from the multi-wave
nature of XCRS, which permits to overcome the basic limitation of any linear X-ray method, where the
light-matter interaction occurs in correspondence of a single atomic site and prevents the detection of
real-time dynamics between distinct atoms. Moreover, XCRS is not limited to the study of valence
band excitons, since the same concept in principle applies for all kind of excitations, related to any
dynamical variable coupled to the field (in some circumstances also to those uncoupled in the linear
regime), with energies lower than that of core-resonances. Such class basically includes all kind of
modes related to nuclear (phonons, structural relaxations, heat diffusion, etc.), electronic (excitons,
plasmons, etc.) and “mixed” (polarons, polaritons, etc.) degrees of freedom. The XCRS approach may
hence allow to study, e.g., charge and energy transfer processes among different atoms in molecules,
the delocalization and correlations of electronic excitations as well as structural fluctuations, nuclear
motions and relaxation processes, other than detecting the dynamics of elementary excitations such as,
e.g., phonons, plasmons and polarons. Among the worldwide existing FEL facilities, FERMI possesses
unique characteristics for FWM experiments in the XUV/soft X-ray domain. Firstly, most of the photon
parameters of the FEL radiation emitted (the longitudinal coherence properties among them) are
related to those of the seed laser, which is fully controllable in all relevant parameters, so that it is
possible to control the FEL output by simply acting on the seed. Moreover, it is possible to use two (or
more) independently controllable seed laser pulses, which result into the radiation of two (or more)
FEL-pulses with controllable photon energy, polarization, time delay, etc.; a further development of
such scheme includes the simultaneous use of multiple resonances in the FEL amplifier, which largely
extends the separation in the photon energy (i.e., up to several eV’s) of the multiple FEL pulses [37].
Finally, the layout of FERMI could be adapted to generate a few fs to sub-fs FEL-pulses with the
aforementioned benefits. In a nutshell, today FERMI is the FEL source most similar to a “multi-color”
conventional laser and, therefore, it could be used to attempt the development of XUV/soft X-ray
FWM. A significant endorsement of the latter statement is represented by the recent demonstration of
a time-resolved FEL-stimulated FWM response [45] (see Figure 8). In this experiment two time-space
coincident ultrafast (time duration ~70 fs) FEL pulses (photon energy ωXUV ~45 eV) were crossed at
the sample (amorphous SiO2) position.Appl. Sci. 2017, 7, 640  10 of 16 
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Figure 8. FEL-based FWM experiment stimulated by transient extreme ultraviolet (XUV) gratings (inset
(b) reports the phase matching geometry: kFEL1, kFEL2, kopt and kout are the wavevectors of the two FEL
pulses, the optical pulse and the FWM signal, respectively). The signal (XTG) has been registered on a
charged coupled detector (CCD).
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These beams were expected to generate an XUV grating able to scatter off, through FWM
processes, a third coherent beam, provided that the latter is send into the sample in phase matching
conditions. Indeed, using a third “phase matched” optical pulse (time duration ~ 100 fs, photon energy
ωopt ~ 3.1 eV) in the interaction region allowed the observation of an optical beam emerging from the
sample along the expected “phase matched” direction (see Figure 8 XTG signal).

4.2. Perspective for the XUV/X-ray FWM

Further steps can be undertaken to make XUV/X-ray FWM experiments feasible on routine
basis. One of the most useful would be to replace the optical pulse with a XUV/X-ray. This will
permit to probe, via ISS-type FWM methods, low energy modes (e.g., acoustic modes) in a wavevector
range (~0.1–1 nm−1) hardly accessible by both optical methods and linear X-ray spectroscopy [46].
Such a wavevector range matches the characteristic length-scales of heterogeneities in the local
structures of several classes of materials (e.g., block copolymer, relaxor ferroelectrics, glasses etc.), the
incommensurate dimensions of many crystalline phases showing super-lattices of different natures,
as well as the characteristic dimensions and periodicities of many nanostructures. Among these
applications we mention the study of acoustic dynamics in glasses, which is largely believed to be the
origin of the anomalous thermal properties of glasses, still a lively debated issue [47]. A debate that
essentially comes from the impossibility to fully access such a ~0.1–1 nm−1 wavevector range and from
the stark disagreement often observed between the extrapolations of the trends found at lower and
larger wavevectors. Also, couplings between acoustic modes and local vibrations in nm-sized elastic
domains, inherently connected to the amorphous local structure, may also have a relevant role; such a
small length-scale is potentially in the range of XUV/X-ray FWM. Another relevant step to extend
the range of applications of FEL-based FWM is to exploit the two-color emission scheme in order
to demonstrate FEL-based CRS-type experiments. This would be a major step forward towards the
realization of XCRS with atomic selectivity (see Figure 9), which in many respects may be considered
as a main target application of XUV/X-ray FWM.
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Indeed, the potential of XCRS to follow charge and energy flows between constituent atoms in
materials would be of the greatest importance to address some fundamental scientific issues, such
as: (a) the study of intramolecular relaxation dynamics in metal complexes, which are the doorway
to photo-induced charge separation (the high selectivity of XCRS would be exploited to understand
and disentangle processes, such as intramolecular vibrational redistribution, internal conversion and
intersystem crossing, occurring upon photo-excitation; those are processes of fundamental interest in
devising efficient molecular systems for applications as diverse as solar energy conversion, biology or
data storage [48]); and (b) the dynamics of charge injection and transport in photocatalytic reactions
taking place in metal oxides nanoparticles, such as TiO2, that are key materials for renewable energy;
for instance, the key event occurring in devices for solar energy conversion is the generation of a
charge-separated state through ultrafast electron injection from an excited metal-complex, adsorbed
on a nanoporous metal oxide substrate, to the conduction band of the substrate [49]. In this context the
atomic selectivity of XCRS may allow us to understand whether such ultrafast electronic excited states
have an O or Ti character.

4.3. Coherent Control

In order to manipulate molecular processes, coherent control could be the technique of choice.
In this kind of experiment Phase coherent light of one or more colours interacts with a target.
The outcome of the interaction is determined by the phase and amplitude of the light. Ion yield,
direction of emission of ions and electrons, and so on, can be controlled. In the XUV to X-ray range,
the times of the duration of an optical cycle periods are from hundreds to a few attoseconds thus
increasing the temporal resolution of orders of magnitude when comparing to optical lasers. Recently
FERMI has been employed to carry out the first XUV coherent control experiment where the first and
the second harmonics were ionizing Neon on the 2p54s resonance [13]. While the second harmonic was
producing a single photon ionization process, the first was exiting two photon ionization processes
(see Figure 10a).Appl. Sci. 2017, 7, 640  12 of 16 

 
Figure 10. (a) Scheme of the experiment. Left: a 2p electron is excited to 4s by one photon and then 
emitted as a p-wave by a second photon. Right: a 2p electron process is emitted as an (s + d)-wave by 
a one-photon process. (b) Asymmetry parameter ALR as a function of Δϕ (black curve), and β1 (green), 
β3 (blue) and β2 (red) parameters as a function of Δϕ. Experimental data are shown as markers with 
error bars. The lines are sinusoidal or straight line fits for β1, β3, and β2 respectively. 

The possibility offered by FERMI to change the phase among the two harmonics (see Figure 10b) 
allowed the first experimental demonstration that coherent control experiments can be carried out in 
the XUV X-ray region.  

Much effort is being invested to develop ever shorter pulses at FELs. The arrival of phase control 
of multi-color pulses now means that they can be designed to produce trains of very short pulses, 
since a train of attosecond pulses can be constructed from a coherent superposition of coherent 
femtosecond pulses with commensurate wavelengths. This ability to tailor pulses may eventually 
lead to “design” single pulses of attosecond duration. 

5. Discussion on Future Perspectives 

A number of critical developments would boost the impact of the FERMI FELs in nonlinear 
multi-wave spectroscopies and the other applications of the seeded FERMI FEL sources. The Elettra-
Sincrotrone Trieste scientific advisory committee, has recently outlined the importance of extending 
the spectral range of FEL-2 toward higher photon energies, that would allow to reach the K-edges of 
C (284 eV), N (410 eV) and O (543 eV). Higher order harmonics could be exploited to extend the 
photon delivery to the L-edges of the 3d transition metals relevant for magnetism catalysis and solar 
energy production. The required increase in electron beam energy would be modest and within the 
capabilities of the present infrastructure. On the other side, the generation of shorter pulses (sub-10 fs) 
would allow the investigation of the faster electron dynamics at the level of typical core hole lifetimes 
(4–8 fs for O, N and C). We already mentioned the chirped pulse amplification as a means for the 
generation of ultrashort pulses. Other options are under investigation to reduce the pulse duration 
while maintaining the synchronization and longitudinal coherence properties of the seeded source. 
On one side a proper shaping of the beam properties could limit the longitudinal region where lasing 
takes place [50], and the FERMI linac laser heater is an additional handle to control the properties of 
the FEL light [51,52]. On the other side, nonlinear dynamics at saturation may lead to a longitudinal 
self-focusing regime [53–55] which is well suited for reaching the sub-10 fs regime in the FERMI 
configuration. A second direction for the future development of FERMI in multidimensional 
spectroscopy and the control of the light properties in advanced pump and probe configurations is 
in a further extension of the flexibility for the generation of multiple colour, multiple pulses. While 
the generation of multiple pulses on FEL-1, with the constraints imposed by the double lasing 
condition, is routinely achieved, it is all but straightforward in the higher photon energy range, on 
the double stage configuration of FEL-2. The same spectral range could be reached on FEL-2 with an 
Echo Enabled harmonic generation configuration (EEHG) [56–58] that would allow on FEL-2 a 
similar flexibility as the one demonstrated on FEL-1. For this purpose, an experiment on FEL-2 is 

Figure 10. (a) Scheme of the experiment. Left: a 2p electron is excited to 4s by one photon and then
emitted as a p-wave by a second photon. Right: a 2p electron process is emitted as an (s + d)-wave by a
one-photon process. (b) Asymmetry parameter ALR as a function of ∆φ (black curve), and β1 (green),
β3 (blue) and β2 (red) parameters as a function of ∆φ. Experimental data are shown as markers with
error bars. The lines are sinusoidal or straight line fits for β1, β3, and β2 respectively.

The possibility offered by FERMI to change the phase among the two harmonics (see Figure 10b)
allowed the first experimental demonstration that coherent control experiments can be carried out in
the XUV X-ray region.

Much effort is being invested to develop ever shorter pulses at FELs. The arrival of phase control
of multi-color pulses now means that they can be designed to produce trains of very short pulses, since
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a train of attosecond pulses can be constructed from a coherent superposition of coherent femtosecond
pulses with commensurate wavelengths. This ability to tailor pulses may eventually lead to “design”
single pulses of attosecond duration.

5. Discussion on Future Perspectives

A number of critical developments would boost the impact of the FERMI FELs in
nonlinear multi-wave spectroscopies and the other applications of the seeded FERMI FEL sources.
The Elettra-Sincrotrone Trieste scientific advisory committee, has recently outlined the importance
of extending the spectral range of FEL-2 toward higher photon energies, that would allow to reach
the K-edges of C (284 eV), N (410 eV) and O (543 eV). Higher order harmonics could be exploited to
extend the photon delivery to the L-edges of the 3d transition metals relevant for magnetism catalysis
and solar energy production. The required increase in electron beam energy would be modest and
within the capabilities of the present infrastructure. On the other side, the generation of shorter pulses
(sub-10 fs) would allow the investigation of the faster electron dynamics at the level of typical core
hole lifetimes (4–8 fs for O, N and C). We already mentioned the chirped pulse amplification as a
means for the generation of ultrashort pulses. Other options are under investigation to reduce the
pulse duration while maintaining the synchronization and longitudinal coherence properties of the
seeded source. On one side a proper shaping of the beam properties could limit the longitudinal region
where lasing takes place [50], and the FERMI linac laser heater is an additional handle to control the
properties of the FEL light [51,52]. On the other side, nonlinear dynamics at saturation may lead to a
longitudinal self-focusing regime [53–55] which is well suited for reaching the sub-10 fs regime in the
FERMI configuration. A second direction for the future development of FERMI in multidimensional
spectroscopy and the control of the light properties in advanced pump and probe configurations is in
a further extension of the flexibility for the generation of multiple colour, multiple pulses. While the
generation of multiple pulses on FEL-1, with the constraints imposed by the double lasing condition, is
routinely achieved, it is all but straightforward in the higher photon energy range, on the double stage
configuration of FEL-2. The same spectral range could be reached on FEL-2 with an Echo Enabled
harmonic generation configuration (EEHG) [56–58] that would allow on FEL-2 a similar flexibility as
the one demonstrated on FEL-1. For this purpose, an experiment on FEL-2 is under study [59] and
is planned for 2018. The requirement for different pump and probe pulses even calls for frequency
tripling for the few-fs FEL emission scheme. In this respect, the possibility of combining FEL1 and
FEL2 on the same experiment, with a variable controlled delay, could lead to a further extension
in multicolour multiple pulses generation. The coherence properties of FEL-1 and FEL-2 could be
combined while maintaining higher pulse energy and the full FELs flexibility in the choice of the
radiation colour for the two pulses [60].

6. Conclusions

Free electron laser radiation, through its unique combination of parameters, namely ultrashort
pulses with high brightness and coherence, has led to revolutionary steps forward in time resolved
X-ray methodologies. A decade ago these developments were just dreams for the researchers who
have recognized that a broad class of phenomena can be investigated by ultrafast X-rays [61]. The field
of non-linear XUV/X-ray optics is one of the youngest within fields opened by FELs and we expect
that it will advance fast, paralleling the ongoing development of FEL technology, and will contribute
to gaining a deeper comprehension of fast dynamics and learning how to manipulate materials. In this
framework, the FERMI facility would play a major role, thanks to its unique characteristics related to
the pioneering laser-seeding scheme.
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