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The recent advent of free-electron laser (FEL) sources is driving the scientific
community to extend table-top laser research to shorter wavelengths adding
elemental selectivity and chemical state specificity. Both a compact setup (mini-
TIMER) and a separate instrument (EIS-TIMER) dedicated to four-wave-
mixing (FWM) experiments has been designed and constructed, to be operated
as a branch of the Elastic and Inelastic Scattering beamline: EIS. The FWM
experiments that are planned at EIS-TIMER are based on the transient grating
approach, where two crossed FEL pulses create a controlled modulation of the
sample excitations while a third time-delayed pulse is used to monitor the
dynamics of the excited state. This manuscript describes such experimental
facilities, showing the preliminary results of the commissioning of the EIS-
TIMER beamline, and discusses original experimental strategies being
developed to study the dynamics of matter at the fs—nm time-length scales. In
the near future such experimental tools will allow more sophisticated FEL-
based FWM applications, that also include the use of multiple and multi-color
FEL pulses.

1. Introduction

The unique properties of optical lasers, in particular the high
brightness and coherence, have permitted the development of
non-linear optics (Bloembergen, 1982). To date, applications
based on the non-linear optical approach are widespread in all
fields of physics, chemistry and biology, and are used to probe
the more disparate kind of dynamics and fundamental
processes. The multi-wave nature of these methods, the
possibility to combine ultrafast time resolution with energy
and wavevector selectivity, as well as the capability to probe
processes inaccessible by linear methods, resulted in a large
number of cutting-edge applications, ranging from, for
example, sub-wavelength imaging (Lewis & Lieberman, 1991)
to quantum communications (Li ef al., 2005). The availability
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and X-ray sources, such as free-electron lasers (FELs), have
allowed the first pioneering experiments on non-linear optics
in the EUV/X-ray range. The extension of non-linear optical
methods at sub-optical wavelengths, in particular those based
on third-order processes, also referred to as four-wave mixing
(FWM), has been conceived more than a decade ago (Tanaka
& Mukamel, 2002). Theoretically it has been shown how
EUV/soft X-ray FWM can enable elemental selectivity and
the study of dynamics of high-energy electron excitations such
as, for example, valence band excitons. This provides a unique
possibility to detect in real time and on nanometer length scale
ultrafast vibrational dynamics, structural relaxations and
elementary excitations (phonons, polarons etc.), as well as
charge and energy flows among different atoms in a sample,
in addition to the capability to probe the correlations among
such different dynamical processes. Furthermore, dipole-
forbidden optical transitions can be observed at X-ray wave-
lengths, hence enabling the detection of the entire excitation
spectrum.

On the experimental side, the development of EUV and
X-ray FELs in the last few years has permitted observation of
the occurrence of coherent non-linear processes, such as
stimulated emission (Rohringer et al., 2012), amplified spon-
taneous emission (Beye et al, 2013), two-photon absorption
(Tamasaku et al, 2014) and second-order wave-mixing
(Glover et al., 2012; Shwartz et al., 2014); still without the
determination of the time dependence of such non-linear
signals. The fully coherent EUV pulses of the FERMI seeded
FEL [Elettra, Trieste, Italy (Allaria et al., 20124)], in combi-
nation with a specially designed experimental setup (mini-
TIMER), have been used to demonstrate a FEL-stimulated
third-order non-linear response (Bencivenga et al., 2015a) and
to detect its time dependence in an extended range (i.e. up to
100 ps). The latter is compatible with a time-dependent
impulsive stimulated scattering signal, a specific type of FWM
experiment routinely used in the optical domain to probe
vibrational dynamics (Dhar et al., 1994). Most recently (July
2015) we started the commissioning of another experimental
facility for EUV/soft X-ray FWM, EIS-TIMER, which shares
with mini-TIMER the basic experimental geometry, but will
permit a much larger wavevector (k) range to be probed, up to
the inverse nanometer range. The wavevector range between
0.1 and 1 nm™' is actually of the greatest relevance for the
study of dynamics in nanostructures, crystals featured by
incommensurate lattice vectors and systems without transla-
tional invariance (e.g. glasses and liquids). The latter are
characterized by marked anomalies with respect to the crys-
talline counterparts, whose understanding is motivating strong
experimental and theoretical efforts. Despite that, different
and discordant theories can still explain equally well the
experimental data and unambiguously indicate that the key
role in solving the puzzle can be found in the study of the
collective vibrational dynamics in the 0.1-1 nm™' k-range.
Nowadays, this range is not fully accessible by the methods
commonly used to probe vibrational dynamics, even though
the recent efforts in the development of broadband pico-
acoustics (Ferrante et al., 2013) and sub-meV inelastic hard

X-ray scattering (Shvyd’ko et al., 2014) are going to quickly
change this situation.

We hereby report on the main features and complementa-
rities between the setups we developed for FEL-based FWM
experiments, on the first results achieved by using these
unique instruments and on their possible applications.

2. Experimental facilities for FEL-based FWM at FERMI

Our project to build up a FEL-based FWM instrument (EIS-
TIMER) dates back to 2008 and was initially focused on the
study of vibrational dynamics in condensed matter, in parti-
cular on disordered systems and nanostructures, in the
(nm ™', THz)-range (Bencivenga & Masciovecchio, 2009). The
natural choice for this kind of applications is impulsive
stimulated scattering (ISS), which in the optical domain is
usually achieved through the so-called transient grating (TG)
approach (Nelson et al., 1982; Dhar et al., 1994).

In a FWM experiment (see Fig. 1a) three coherent beams of
frequency/wavevector/polarization w;/k;/n; (i = 1, 2, 3) are
brought into interaction in a sample (Bloembergen, 1982;
Boyd, 2008). These three light fields are coupled into the
sample through a rank-4 tensor, usually referred to as third-
order non-linear susceptibility [x®]. Such interactions may
result into a non-linear signal that has the form of a well
defined ‘macroscopic’ beam propagating downstream from
the sample. The photon frequency and wavevector of this
fourth beam is a combination of those of the input fields, a
condition usually referred to as ‘phase matching’, which is a
consequence of the energy—-momentum conservation laws and
of the coherent nature of wave-mixing processes. Along the
direction defined by the phase-matched wavevector the
amplitudes of the non-linear fields radiated at the phase-
matched frequency by different portions of the sample
(located within the coherence length of the process) add
coherently, thus resulting in a substantial increase of the non-
linear signal that, in some cases, can be as intense as the input
beams. Furthermore, since the FWM signal can have a given
photon frequency and momentum, not necessarily equal to
any frequency-momentum of the input beams, both spatial
and spectral discrimination is possible, hence leading to a
remarkable increase in the signal-to-noise ratio. Depending
on the combination of the input field parameters (photon
frequency, momentum, polarization, arrival time, bandwidth,
etc.) and those of the output field, different kinds of FWM
processes can be observed, many of them associated with
different and often complementary information. The FWM
signal is hence reordered as a function of these parameters (or
a combination of them). For instance, in Figs. 1(a) and 1(b) we
report the case where two input fields at frequency w; and w,
are used to stimulate a low-energy excitation (e.g. a vibrational
mode) of frequency w.x = w; — w,, while the third beam (w;)
probes such an excitation by stimulating the emission of a
signal beam at w, = w; — w, + w3 and k; = k; — k, + k3. The
FWM signal as a function of w; — w, (coherent Raman scat-
tering) then contains information on the excitation spectrum,
that at fixed w; — w, as a function of time delay (At,3) between
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Figure 1

Sketch (a) and energy level scheme (b) for a generic FWM experiment; panels (c¢) and (d) are as (a) and (b), respectively, for an ISS experiment based on

the transient grating approach.

the creation and probing processes carry out information on
the time evolution of the selected excitation, while the
dependence on At, can be related to correlations between the
low- and high-energy excited states. Such a large number of
possible interactions makes FWM an extremely informative
and versatile experimental tool, as widely demonstrated by
the wealth of methods and results obtained in the optical
domain.

Figs. 1(c) and 1(d) show a typical ISS experiment based on
TG, where w; = w, and At, = 0. In this situation the sample
excitations that can be created and probed are those having
wavevector equal to that of the induced TG (i.e. ko = k1 — k)
and characteristic frequencies within the bandwidth of the
excitation pulses (dw) or, in other words, those being slower
than the time duration of the photon pulse. Besides this
constraint in the spectral range of accessible excitations, ISS is
a very general process that can be applied on any dynamical
variable coupled to the light field, even those uncoupled in the
linear approximation [such as, for example, spin waves
(Cameron et al., 1996)].

Besides the fundamental problem related to the fast drop
in the x®-values as a function of the photon frequency
(Patterson, 2010; Bencivenga et al., 2013), severe practical
difficulties have hampered the development of the FWM
approach in the EUV/X-ray range. One of the main issues is
the low brightness of fully coherent sources (such as high-
harmonic-generation lasers) and the low longitudinal coher-
ence of the brighter ones (such as FEL devices based on the

self-amplified spontaneous emission process). In this respect
seeded FELs, such as FERMI, represent the best trade-off, as
they can ensure almost fully coherent photon pulses with
sufficient brightness. In addition, issues related to the handling
of multiple (and possibly multi-color) FEL pulses are clearly
relevant. In this manuscript we present the devices we
developed to cope with these issues.

2.1. mini-TIMER

In order to demonstrate the feasibility of FEL-based
FWM and to anticipate some of the issues that we expect from
the commissioning of EIS-TIMER, we devised a compact
(580 mm x 280 mm, excluding the detector) experimental
setup (mini-TIMER; see Fig. 2) to be used both as a test
facility for the EIS-TIMER instrument and for user experi-
ments. Indeed, as pointed out further below, mini-TIMER has
some complementary features with respect to EIS-TIMER,
which may be profitably exploited for FWM applications
different from ISS. This setup is based on three small (70 mm
long and 30 mm high) carbon-coated plane mirrors. One of the
three mirrors (M1) works as a wavefront beamsplitter to
divide the incoming FEL beam into two halves, a solution
already implemented in our laser laboratory in a test setup for
optical TG (Cucini et al., 2011a, 2014) that also permits the
wavelength and polarization tunability offered by the FERMI
FEL to be exploited (Allaria et al., 2012b,2014). The other two
mirrors (M2 and M3) are used to cross the two FEL half-
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Figure 2
Sketch (a) and photographs (b, ¢ and d) of the mini-TIMER setup.

beams at the sample with a given crossing angle (the design
value is 26 = 6°; the ~2-15° range is in principle possible) and
in time-coincident conditions (variable time delays within the
~1 ps range are in principle possible). Time coincidence can
be verified on-line using an integrated system for cross-
correlation measurements, based on the determination of
FEL-induced ultrafast optical reflectivity changes; with
respect to our first experiment we improved the accuracy of
such a tool (Bencivenga et al., unpublished). More details on
the setup and on our first experiment can be found elsewhere
(Bencivenga et al., 2015a,b). The mini-TIMER system does
not have its own focusing optics, so that it requires an external
focusing device. In particular, it is designed to be hosted by the
DiProl experimental end-station (Capotondi et al, 2013,
2015), equipped with a Kirkpatrick-Baez active optical system
[KAOS (Raimondi ef al., 2013; Zangrando et al., 2015)], but it
can in principle be hosted by other experimental end-stations.
The main limitation of this setup is the impossibility to
generate and handle a third FEL beam (i.e. to apply a variable
time delay and send it into the sample along the required
phase-matching direction), which is needed for all FEL-based
FWM experiments. FWM applications at mini-TIMER hence
rely upon the use of an additional optical pulse. This limits the
k-values at which the phase matching can be achieved to twice
the optical wavevector (see Fig. 3a), i.e. ~0.04-0.06 nm ™" by
using UV pulses (e.g. the third or fourth harmonic of a
Ti:sapphire laser). Such a limitation is removed by using a
third EUV/soft X-ray pulse, e.g. by using a high-harmonic-
generation source or a third FEL beam. The latter solution is
the one that will be implemented at EIS-TIMER.

FEL beam(s)

2.2. EIS-TIMER

The main task of EIS-TIMER is to realise FWM experi-
ments, in particular those based on ISS processes and on the
TG geometry, using three FEL beams (Bencivenga &
Masciovecchio, 2009; Cucini et al., 2011b; Masciovecchio et
al., 2015). This will allow the limitation on the maximum value
of the k-vector in FEL-based FWM experiments involving
optical pulses to be overcome (see Fig. 3a). Some photographs
of the EIS-TIMER system are displayed in Figs. 3(b)-3(c),
while a schematic drawing of the optical layout is reported in
Fig. 3(d). The FEL beam exiting from the photon analysis,
delivery and reduction system [PADReS (Zangrando et al.,
2009, 2015), not shown in Fig. 3(d)] is first split into two halves
by a wavefront-division plane mirror [PM1, 2° grazing inci-
dence, 260 mm x 60 mm X 50 mm (length x width x thick-
ness), Au-coated] working in the vertical plane. The beam
deflected upwards by PM1 is brought back into the horizontal
plane by two other plane mirrors (PM3 and PM4, 4° and 2°
grazing incidence, 140 mm x 60 mm x 50 mm and 260 mm x
30 mm x 50 mm, respectively, Au-coated) with a lateral offset
of about 20 mm with respect to the half-beam that freely
propagates after PM1. At this stage of the photon transport
system we have two almost parallel FEL beams in the hori-
zontal plane with similar transverse profiles. The half-beam
that goes through the PM1-PM3-PM4 sequence is routed
through a 680 mm-long delay line made out of four multilayer
mirrors (ML, angle of incidence 45°, 25.4 mm diameter, 6 mm
thickness) while the second half-beam is further split into two
halves by a second wavefront-division plane mirror (PM2, 5°
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Figure 3

(a) Phase-matching diagram for a FWM experiment involving two EUV/soft X-ray pulses and an optical pulse (top) and that involving three EUV/soft
X-ray pulses (bottom); the black arrow is the k-vector. Photographs (b and c) of the EIS-TIMER photon transport system; the chambers hosting the
TMic14 and TMy.q mirrors are not installed, SM is an upstream plane switching mirror (not shown). A sketch of the photon transport system is
displayed in (d); sketches of the transverse profiles of the FEL beams along the photon transport systems are shown in the insets.

grazing incidence, 210 mm x 60 mm x 50 mm, Au-coated)
working in the horizontal plane. Finally, the three beams are
focused at the sample position by a set of three toroidal
mirrors (TM, grazing incidence in the 2.2-28.8° range, L X
40 mm X 40 mm, with L in the 80-310 mm range, Au-, C- or
Ni-coated, depending on the configuration), which are placed
in such a way that phase matching is achieved for photon
frequencies w; = w, and w; = 3w;; here the indices 1 and 2
indicate the two external branch-lines while the index 3 is for
the internal one, the latter being the one equipped with the
delay line (see Fig. 3d). This choice for the phase-matching
angles is based on the fact that the four sequential reflections
from the ML mirrors of the delay line de facto determine the
photon frequency (w;) of the beam exiting the internal
branch-line. The latter was chosen to be the third harmonic of
the FEL radiation, a solution that hence gives the photon

frequency of the other two branch-lines (w; = w, = w;/3).
Alternatively, w; = @, and ws can be the radiation coming from
the first and second stage of the double-cascade seeded FEL
source FEL-2 (Allaria et al., 2013a). The ‘cuts’ in the trans-
verse profile of the incoming beam made in order to derive the
three FEL branch-lines and the transverse profiles of these
three beams at the sample position are sketched in the insets
of Fig. 3(d); such a situation is expected to maximize the
effective spatial overlap of the three beams at the sample
position, as also indicated by ray-tracing simulations [some of
them are reported elsewhere (Cucini et al., 2011a)]. In general,
the focal spots created in the different configurations always
present a greater horizontal size, ranging in the 200-500 pm
interval depending on the incidence angle on the sample, as
compared with a more compressed vertical one (about
100 pm). Ideally each branch-line will be equipped with on-
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line diagnostics to monitor the intensity and position of the
three FEL beams impinging on the sample, since these para-
meters (as well as the intensity distribution of the FEL
radiation in the interaction region) can affect the visibility of
the transient gratings and hence the efficiency of the FWM
process. At present such diagnostic devices are not installed;
we are evaluating the use of intensity monitors based on the
scattering from the residual gas in the vacuum pipes and four-
quadrant photodiodes as beam position monitors. A study of
the beam profiles in the various instrumental configurations is
not planned but, most likely, will be carried out in the near
future.

To date, the delay line of EIS-TIMER can host four sets of
four ML mirrors (Naujok et al., 2015), optimized to reflect
photons at 69.3, 93.2, 185.1 and 391.2 eV while cutting the
reflectivities at the corresponding first harmonic wavelengths
of the FEL radiation (i.e. 23.1,31.06, 61.7 and 130.4 eV). These
four sets can be selected by a vertical translation of the
translational stage of the delay line, while the crossing angle at
the sample can be set at 18.4°, 27.6°, 79° and 105.4° by using
four different sets of three toroidal mirrors, which can be
selected by inserting/removing the toroidal mirrors in/from
the pathways of the three beams. The combinations of such
crossing angles and photon frequencies may allow the k-range
between ~0.03 and ~1 nm ™' to be covered, which is the range
of major interest for the study of vibrational dynamics in
disordered systems and nanostructures. Furthermore, the
extension of the photon frequency range of FERMI up to
about 300 eV (achieved during the project development)
would allow the k-range exploitable by TIMER to be
extended up to about 2.5 nm ™', a range nowadays met only by
inelastic hard X-ray and thermal neutron scattering experi-
ments. This will potentially make EIS-TIMER a powerful
complementary time-resolved tool for such longstanding
frequency resolved methods. In this context it is worth
mentioning that time-domain measurements of X-ray diffuse
scattering have been used to determine the phonon dispersion
curves in a single-crystalline Ge sample, slightly photo-excited
by an ultrafast optical pulse (Trigo et al., 2013). Such a novel
approach relies upon the measurements of the equal-time
correlation function of density—density fluctuations as a
function of the time delay between the optical (pump) and the
X-ray (probe) pulses. An energy resolution of ~0.3 meV (i.e.
beyond that of most inelastic X-ray scattering spectrometers)
and the possibility to reconstruct large portions of the single-
crystalline dispersion relations in a single measure have been
demonstrated (Zhu et al., 2015).

We finally mention that the time delay between the two
external branch-lines of EIS-TIMER can be varied in the
—3/+7 ps range by translating the toroidal mirrors of the
branch-line 1, accompanied by a change in the pitch angle of
PM2 and of the toroidal mirror, in order to keep the trajectory
of the beam impinging into the sample fixed. This option was
developed to finely adjust the time coincidence of the two
equal-frequency FEL pulses, needed for ISS experiments, but
can also be used to vary the delay between such pulses (At;,)
to carry out other kinds of FWM applications, such as, for

example, photon echo or two-dimensional spectroscopy.
Moreover, when combined with the twin-seed two-color FEL
operation mode of FERMI (Allaria et al., 2013b), the control
on Aty, can be used to compensate for the time delay between
the two-color FEL pulses, in order to bring into interaction
two time-coincidence FEL pulses of different photon
frequencies, which can be used for coherent Raman scattering
studies (Bencivenga et al., 2014).

With respect to the tentative layout proposed by some of us
(Bencivenga & Masciovecchio, 2009), we dropped the use of
diffractive optics to split the FEL beams. This choice is
essentially motivated by the complexity in devising a system
able to minimize the transverse and longitudinal chirp, as well
as the lengthening of the FEL pulse duration, while main-
taining an acceptable photon throughput and, most impor-
tantly, the option to exploit the full wavelength and
polarization tunability provided by the FERMI FEL facility
(Allaria et al., 2012b, 2014). However, we are still considering
the option of multi-gratings devices to split multi-color FEL
pulses and to design an exceptionally compact optical setup
for FEL-based FWM, which is briefly presented in the
subsequent section.

The first commissioning activities on the EIS-TIMER
beamline took place in the first week of July 2015; data are still
under evaluation, we hereby report on the preliminary results.
The main aim of the present commissioning period was to
provide evidence for the generation of gratings due to the
interference of the two FEL pulses coming from branch-lines 1
and 2. The beams were first aligned using reference targets
along these two branch-lines and then focused at the sample
position inside the experimental chamber. Figs. 4(a) and 4(b)
show images of the beam profile on a fluorescent screen. The
shape of the beam is an inclined ellipse of about 50 pm x
500 um (a more accurate analysis of the beam dimension is
ongoing), fairly larger than the expectations (~50 um Xx
200 pm). The larger dimensions of the focal spot in one plane
and the inclined shape of the ellipse are likely ascribable to a
misalignment of the toroidal mirrors. A more accurate opti-
mization of the focus will be carried out in the near future.
Once spatially overlapped we used a ‘jitter-free’ optical probe
[the first harmonic of the Ti:sapphire seed-user laser available
at FERMI (Danailov et al., 2014)] to perform cross-correlation
measurements based on FEL-induced transient optical
reflectivity from a Si3N, reference sample (Casolari et al.,
2014). Measurements corresponding to the FEL beams
coming from branch-line 1 and 2 are reported in Figs. 4(c) and
4(d). The relative time delay (At;, >~ 1.7 ps) between the two
FEL beams was successfully compensated by using the
procedure devised for that purpose, i.e. a translation of TM,
along the nominal direction of the beam impinging into the
chamber associated with the adjustment of the pitch angle of
both TM, and PM2 (see Fig. 3d). Cross-correlation measure-
ments in such a condition are reported in Figs. 4(e) and 4(f).
Once the temporal and spatial superposition of the two beams
was ensured, we increased the FEL fluence in order to exploit
the radiation damage for printing permanent gratings into a
SiO, sample. Atomic force microscopy (AFM) measurements
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Images of the FEL beams coming from the branch-line 1 (a) and 2 (b) on a fluorescent screen. Cross-correlations measurements corresponding to the
beam from branch-line 1 (c¢) and 2 (d). (e) and (f) are as (c) and (d), respectively, after the equalization of the relative time delay between the two FEL
beams. (g) AFM topography of the permanent grating generated by the interference between the two FEL beams where the printed grating can be
clearly seen. (4) CCD image of the UV laser beam diffracted by a FEL-generated grating.

on the damaged sample bear clear evidence of the successful
generation of such gratings, characterized by a pitch L =
150 nm £ 15 nm [L = Agg;/2sin(0)] fully compatible with the
employed experimental geometry (crossing angle 26 ~ 18.4°)
and FEL wavelength (Argp = 51.2 nm); an AFM topography is
shown in Fig. 4(g). This result unambiguously demonstrates
the occurrence of interference between the two EUV light
fields, essential prerequisite for FEL-based FWM experi-
ments. The grating patterns do not extend for the entire
damaged region, since the effective dimension of the inter-
action region in the horizontal plane is limited to ~ cét/tan (26)
2~ 100 um (where c is the speed of light and 8¢ 2~ 100 fs is the
FEL pulse duration) by the tilted wavefronts of the interfering
FEL beams. AFM measurements on gratings printed at
different space-time overlap conditions are ongoing. We
finally used a UV laser beam (i.e. the third harmonic of the
Ti:sapphire seed-user laser: Aje; 2~ 262 nm) and a system,
integrated into the experimental end-station, able to roto-
translate the laser beam keeping the pivot at the sample
position fixed to observe the diffracted signal from the FEL-
generated gratings. Fig. 4(h) shows a CCD image of the UV
laser beam diffracted by the grating; the irregular shape of the
diffraction spot may indicate an irregular intensity distribution
of the beams in the interaction region. This aspect is likely
related to the non-optimized FEL focusing and will be
investigated in the forthcoming commissioning shifts. The lack
of time prevented us from looking for a transient grating
signal; however, the occurrence of the interference between
the crossed FEL beams and the capability to observe it with
an external laser are in principle the only requirements for

observing ISS signals stimulated by EUV/soft X-ray transient
gratings.

2.3. nano-TIMER

As quoted before, we are evaluating the possibility to
realise a third experimental setup based on diffractive optics
(nano-TIMER; see Fig. 5), purposely designed for specific
FEL-based FWM experiments, even more compact than mini-
TIMER. The potential advantages in using diffractive optics
are multiple. First of all it is possible to design a compact
system that can be hosted inside an already existing experi-
mental chamber. Moreover, by playing with the grating
parameters (angle of incidence, diffraction orders, grating
pitch, blazing angles, efc.) it is in principle possible to: (i) tilt
the wavefronts of the interfering beams (see Fig. 5a) in order
to optimize the overlap between the two pulses when
recombined (David et al., 2015); (ii) compress the FEL pulses,
if chirped at the source, reaching pulse durations down to the
femtosecond scale (see Fig. 5b), and (iii) separate in angle
multi-color collinear FEL pulses (see Fig. 5c). The latter
feature is of great interest for more advanced FWM applica-
tions, that have been recently proposed (Bencivenga et al.,
2014) after the demonstration of the two-color seeded FEL
emission (Allaria et al., 2013b). In more detail the system is
expected to be composed of a plane diffraction grating (G1),
located downstream from a focusing mirror, devoted to
angularly separate the incoming photon beams (same color or
multi-colors) and stretch the pulses in time. After a short path
the beams impinge over two different diffraction gratings (G2
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Figure 5

Sketch of a splitting-and-recombination setup based on diffractive
gratings (G1, G2 and G3). In principle the use of gratings instead of
diffractive optics would allow to control the wavefront tilt at the sample
[sketched by the red segments in (@)], compress in time chirped FEL
pulses (b) and split two-colors FEL pulses (c).

and G3, one for each pulse) and are diffracted again over the
sample being compressed and tilted. In this way the out-
coming photon beams have been separated, compressed, tilted
and recombined over the sample. All this may allow FWM
experiments to be extended to an unprecedented dynamic
range (multi-color option) and time resolution (compression),
with the benefit of the improved superposition (wavefront
tilt). Apart from the difficulty of designing and realising such
a complicated system, the main drawbacks lie in the total
transmission of the diffractive optics, which will be much
lower compared with the mini-TIMER and EIS-TIMER
solutions where only grazing-incidence mirrors are employed,
and in the need to use different gratings for specific FEL
parameters (photon frequency, time duration, photon
frequency difference in multi-color mode, etc.) and crossing
angles. In our calculations and according to recent tests
(October 2015) on the fluence dependence of the FWM signal
carried out on mini-Timer (Bencivenga, unpublished), the
fluence at the sample is expected to be high enough to create
and detect the signal from the recombined FEL pulses. A
more general solution employing also the third harmonic of
the FEL emission as a probe pulse is under investigation. The
whole system as well as the expected performances and
possible experiments will be soon described in a dedicated
publication.

3. Conclusions

The success of our tests on mini-TIMER, which is already
available at FERMI for user experiments, and on EIS-
TIMER, which has just started its commissioning activities,
opens up the entire new field of non-linear optics at sub-
optical wavelengths with access to a broad range of excitations
and will also provide the element specificity exploiting core
level excitations. This would enable, for example, charge and
energy flows between constituent atoms in materials to be
followed, capabilities not attainable using table-top lasers and/
or synchrotrons. Within the several fundamental scientific
issues that can be addressed by the use of EUV/soft X-ray
FWM we may mention: intramolecular relaxation dynamics
in metal complexes, dynamics of charge injection, transport
and photocatalytic reactions in metal oxides nanoparticles,
dynamics of porphyrins that are involved in important biolo-
gical processes (oxygen transport, photosynthesis) and play an
important role in light-energy conversion, molecular sensing,
spintronics, data storage and magnetic switching.
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