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ARTICLE INFO ABSTRACT

Keywords:

The development of ultra-bright extreme ultraviolet (EUV) and X-ray free electron laser (FEL) sources has

X-rays enabled the extension of wave-mixing approaches into the short wavelength regime. Such a class of experiments

Free electron lasers
Four wave mixing
Transient grating

relies upon nonlinear interactions among multiple light pulses offering a unique tool for exploring the dynamics
of ultrafast processes and correlations between selected excitations at relevant length and time scales adding
elemental and site selectivity as well. Besides the availability of a suitable photon source, the implementation of

wave mixing methodology requires efforts in developing the instrumental set-up. We have realized at the FERMI
FEL two dedicated set-ups to handle multiple FEL beams with preselected parameters in a non-collinear fashion
and control their interaction sequence at the target. These unique apparatuses, combined with the exceptional
characteristics of the seeded FERMI FEL, have allowed us to make the first steps into this field and further ad-
vances are foreseen in the near future.

1. Introduction

The nonlinear optical response (wave-mixing) occurs when multiple
photon pulses with adequate brightness are brought to interact with a
sample. The capability to control the photon parameters of the input
pulses turns into a paramount opportunity to select specific interactions
for probing the properties of the sample under investigation. The wide
range of possibilities offered by the wave-mixing approaches has boos-
ted a manifold of optical methods, applied nowadays in diverse fields for
disparate purposes. The combination of wave-mixing capabilities with
the chemical selectivity of EUV and X-ray photons can disclose totally
new classes of experiments, where dynamic processes and correlations
between selected atoms in a sample can be monitored on fs and nm time
and length scales [1-4].

Though theoretically evaluated in great details [1-3], the practical
realization of wave-mixing experiments in the EUV and x-ray regime has
become possible only recently, thanks to the advent of short wave length
FELs with unprecedented brightness and coherence. However, the
realization of the wave-mixing experimental approach is still at an
embryonal status and most of the pioneering experiments have been
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limited to demonstrate that a certain process (e.g. coherent emission [5,
6], nonlinear Compton scattering [7], second harmonic generation
[8-101, optical/x-ray wave-mixing [11], etc.) can be observed under
given conditions, but none of these processes has been exploited to get
information on the sample dynamics. Additionally, most of these ex-
periments were focused on second order processes, which inherently
have a range of applicability much narrower (by reasons of sample
symmetry and number of interactions) than the third order processes,
also known as four wave mixing (FWM) [1-4,12]. FWM comprises
processes already commonly exploited in the table-top optical lasers
experiments, such as stimulated Raman/Brillouin scattering, transient
grating, optical Kerr effect, parametric conversion, phase conjugate
imaging, 2D spectroscopy, etc.

Another lesson that can be learned from the optical experiments is
the crucial role of handling and manipulating multiple input pulses that
cannot trivially be implemented in EUV/x-ray instruments. These con-
strains, together with the limited access to the short wavelength FELs,
are the main reason for the slow progress in experimental approaches to
nonlinear EUV/x-ray optics. In this context it is worth noting how the
use of more complex setups, involving third order processes and non-
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collinear beams in the so-called transient grating (TG) geometry
[13-18], has allowed obtaining much better results providing more
details about the sample response, such as time dependence and the
spectral content of the EUV nonlinear processes [15-22]. The combi-
nation of optical TGs and EUV/x-ray pulses in FWM experiments was
firstly exploited for monitoring the dynamics of surface deformations
with unprecedented sensitivity [17]. This approach was successfully
used in other fields, such as the study of electron-phonon coupling in
semiconductors with atomic-selectivity [18] and ultrafast spectroscopy
of atoms and molecules [15,16]. In all these cases, the dynamical
response was detected relatively easy and detailed information on the
time-dependent signal (e.g. the spectral content) was determined.
However, the aforementioned experiments are based on table-top
high-harmonic generation sources, which are not bright enough to
generate FWM signals stimulated by EUV/x-ray pulses.

Ultrabright and fully coherent short wavelength FEL sources have
opened the unique opportunity to use EUV pulses for generating TGs and
follow their time evolution [20-22]. This has been a key step towards
the development of the x-ray FWM approach envisioned by the theo-
reticians [1-3] that permits to drive excitations at nanoscale wave-
lengths [4,23,24], fully inaccessible by optical TGs (whose minimum
spatial periodicity is half the wavelength of the generating pulses). The
demonstration of EUV TGs has become possible thanks to realization of
two special setups [20,25-27], which were purposely developed and
implemented at the FERMI FEL facility operated at Elettra-Sincrotrone
Trieste [28,29]. These setups are able to generate multiple FEL pulses
(with some capabilities to select the wavelength of each input pulse),
control their relative time delays and recombine them at the sample in a
non-collinear geometry.

The designed and assembled FEL-based FWM setups, similar to table-
top analogues [30], have definitely been a success. Here we briefly
describe these setups and outline the on-going upgrades towards two
complementary directions, i.e.: (i) improving the optically probed EUV
TG approach (limited to relatively long TG wavelength) by imple-
menting solutions already used in optical FWM and exploiting the
multi-pulse/multi-color modes of FERMI with focus on ultrafast electron
dynamics, and (ii) pushing the TG wavelength into the few nm regime
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using a third FEL pulse to monitor the dynamics stimulated by the
nanoscale TG with focus on nanoscale transport processes, lattice and
magnetic dynamics. The latter task resulted in the observation of a FWM
signal exclusively stimulated by EUV pulses [31] and, more recently, in
the determination of the time-dependent response at TG spatial peri-
odicity as short as 28 nm [24], i.e. well beyond the optical domain. The
developments of the setup based on the optical probing of the EUV TG
have led to (i) the introduction of another variable in the experiment,
that is the time delay (coherence time) between the FEL pulses that
generate the EUV TG [27] and (ii) the first observation of a FWM signal
stimulated by FEL pulses at different wavelengths [32,33].

2. FWM experiments based on a TG scheme

The magnitude of the (n-+1)-wave-mixing response is proportional to
the nM-order nonlinear susceptibility, which is characterized by an un-
favorable scaling vs the photon frequencies of the input beams that,
however, is expected to be mitigated by the exploitation of core reso-
nances [1-4,9,10,34]. On one hand, this situation makes low brightness
EUV/x-ray sources unable to generate a wave-mixing signal without the
assistance of one or more optical pulses. On the other hand, it highlights
the great advantage of the background-free conditions, easily achievable
in TG-based experiments, where two pump pulses with wave vectors
(momentum) k; and ky overlap on the sample at an angle 6 to generate
an interference standing wave that acts as a diffraction grating for the
"probe" pulse. The diffraction of the probe beam at wavelength A, from
this interference pattern, called TG (Fig. 1a) is given by the grating
equation:

Lrg [Sin(ein) - Sin(eoul,m)] =m }\pn (1)

where 0;, and 0, are the angle of incidence of the probe into the TG and
the emission angle of the signal beam, respectively, m is an integer and
Ly is the spatial periodicity of the TG, which is given by:

L1G = Aex/25in(20/2), )

where Aex and 20 are the wavelength and crossing angle of the pulses
that generate the TG, respectively. Eq. 1 is valid for so-called “thin
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grating” conditions [35,36], which are typically fulfilled in EUV TG
experiments with optical probing, because of the short absorption length
of EUV excitation pulses and the relatively large values of Ay, and Lyg. In
the case of EUV probing and small Lyg’s the “volume grating” conditions
are met and a tangible diffraction can be observed only when 64y = -6in
(Bragg diffraction). In the frame of nonlinear optics the diffraction of the
probe beam from the TG can be regarded as a “phase matching” process,
that is the coherent addition of the signal fields radiated from different
sample locations along specific directions [12,37]. These specific di-
rections are determined by the experimental geometry and, in
non-collinear schemes, can be chosen to be vastly different from any
input beam directions. Furthermore, the coherent addition causes an
increase in the magnitude of the signal beam with the square of the
elementary emitters within the coherence volume of the process (the
number of grating lines in the case of TG). The directionality and the
coherent signal generation process can result in a dominant nonlinear
signal in such specific and pre-determined directions.

The exploitation of the TG scheme for achieving background free
conditions is a winning strategy for developing EUV/x-ray nonlinear
optics [15-22], since is allows reliable detection of weak nonlinear
signals. Our EUV TG setups (Fig. 1b) are based on the use pump and
probe beam parameters that have allowed us to carry out a more general
FWM experiment. For instance, the time delay between the excitation
pulses (coherence time, At,.) is naturally controllable and can be used in
combination with the probe’s delay (At) to perform 2D-measurements,
while multiple EUV excitation wavelengths (Aex1, Aex2) can be deliv-
ered by the FERMI FEL [32,38,39] and used for coherent Raman scat-
tering experiments. All this makes TG approach an ideal platform for
developing the more universal x-ray FWM methodology.

It is apparent that in the TG FWM approach the periodicity of the
created standing waves (Lyg) that determines the spatial resolution can
be varied selecting the light wavelengths and crossing angle. The advent
of FELs opening the opportunity to use shorter EUV and hard X-ray light
have overcome the limitations of optical TG experiments (see Eq. 2) and
today we can access a broad class of dynamical processes at the nano-
scale matching selectively the distances corresponding to the excitations
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events of interest for investigation (some of them are sketched in
Fig. 1c). For example, the possibility to generate nm-sized TGs and probe
their dynamical response is of great relevance for exploring transport
phenomena and structural dynamics at the nanoscale [40-45]. Further
on, by tuning the pump and/or probe pulses wavelength to selected core
electron transitions adds chemical and site specific information and can
be applied for studies of charge and spin dynamics. The wavelength
tunability allows following the electron dynamics as a function of
EUV/X-ray absorption process and accessing the dependence of
de-excitation processes on the electron energy and charge carrier den-
sity. However, one should also take into account some limitations that
vary with the material under investigation and experimental conditions,
such as (i) the differences in the probing depths when using pump
wavelengths below and above the core electron edges; (ii) the occur-
rence of more than one thermalization process in the same instant and
temporal overlap of excitation-thermalization processes [33]; (iii) the
length of the pulses that can be within the time scale of core-hole life-
time; (iv) the precise phase control of FEL pulses etc.

3. Experimental setups

We realized two distinct EUV FWM setups at the FERMI FEL facility
[26], sketched in Fig. 2. Both are based on the capability of generating
EUV TGs. The first one in Fig. 2a) is mini-TIMER that relies upon optical
probing that imposes a limit on the accessible Lg range to > 200 nm.
However, it allows exploiting the tunability and most of the available
multi-pulse/multi-color options of the FERMI FEL. The second in
Fig. 2b) is EIS-TIMER that offers a EUV probing option, which in prin-
ciple allows pushing Ltg down to the single digit nm regime, but at the
price of less flexibilities compared to the first setup.

The natural scientific applications of EIS-TIMER target investigations
of nanoscale properties of matter [23]. Among them, we mark ultrafast
spin and thermal transport over 10’s of nm scale. The mechanisms
governing the ultrafast spin phenomenon are highly disputed in the
current literature [45-48], but there is an undoubtable consensus in
considering this process as the key to addressing the fundamental limits
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Fig. 2. EUV TG setups, both based on the splitting of a single FEL pulse by a mirror edge and the recombination on the sample with crossing angle 26. a) Mini-Timer
is a compact system with small crossing angles that allow probing the TG with an optical laser. b) EIS-Timer uses large crossing angles to produce TG gratings with

nm pitch, probed with higher FEL harmonics EUV photons.
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of ultrafast spintronic devices. In this respect, for shedding light on the
interplay of spin and heat at the nanoscale, we need to achieve full
knowledge of the nanoscale thermal transport processes, when the
characteristic size of the object is comparable with the mean free path of
heat carrier phonons [42-44,49-51]. The nanoscale TG experimental
approach is a perfect tool for addressing these topics [24,51,52].
Another important open question that can be addressed by nanoscale
TGs is the long debated issue of thermal and vibrational anomalies of
amorphous solids with respect to their crystalline counterpart [40,
53-56]. Indeed, despite the several different hypotheses made for
describing this phenomenology, there is a common agreement that such
a behavior relates to collective vibrational excitations (phonons) at a
few nm wavelengths that are only partially accessible by the available
experimental methods [23,40,57]. Vibrational excitations and transport
processes are also relevant for micro/nano electro-mechanical systems
(MEMS/NEMS), where mechanical and thermal dissipations at the
nanoscale play a crucial role [58], and for the development of nanoscale
devices able to harvest thermal and vibrational energy from the envi-
ronment. In a nutshell, the capability to probe the thermoelastic
response in the 1-100 nm range opens the route for tailoring nanoscale
material properties and direct cutting edge technologies.

Core-hole resonances can be exploited by mini-TIMER, combining
FEL pulses for selective atomic-site electron excitations and optical
pulses, to monitor energy and charge transfer processes at the molecular
scale.

Both EUV TG setups, mini-TIMER and EIS-TIMER, have been
developed from the common concept, successfully tested in optical TG
experiments [30], of splitting an FEL beam into two halves through the
insertion of a plane mirror edge, working at grazing incidence as a
wavefront-division beamsplitter. This guarantees the achromaticity of
the system, providing beams whose directions do not depend on the FEL
wavelength, o, and whose total intensity (1+R(wpgL))/2, function of
the mirror reflectivity R(wpgL), is satisfactory on a wide range of ®pgy.

The main difference between the two setups is that mini-TIMER is a
very simplified miniaturized version, with splitting and recombining
mirrors operating at grazing incidence within a sole experimental
chamber, where the beam is tailored by a Kirkpatrick-Baez (K-B)
focusing system positioned before the splitting mirror and the created
TG is probed with an optical beam, while EIS-TIMER is a large-scale
multi-component system, with multiple focusing optics hosted in sepa-
rate vacuum chambers, operating at wide incidence angle to provide
TGs with specific periodicity down to the single digit nm size, that is
probed by EUV FEL light.

Mini-TIMER, depicted in Fig. 2a, is an improved version of the first
setup used for the demonstration of EUV FWM [20]. The split and
recombine system consists of three planar C-coated mirrors (70 x 30
mm?) arranged in a parallelogram geometry, each mounted with two
translational and two rotational degrees of freedom on the same
300 x 200 mm? kinematic plate of the DiProl end station vacuum
chamber. The FEL beam is split by the edge of the first mirror MO into a
transmitted and a reflected half beam, respectively impinging on mirrors
M1 and M2, 125 mm downstream the MO edge, to be recombined on the
sample placed 125 mm further downstream. For each mirror, X, Z, pitch
and roll are precisely controlled by four encoded piezoelectric stages,
enabling the system to be positioned in parallelograms with continu-
ously tunable values of the crossing angle 20. A single K-B active optics
system [59], located 1.2 m upstream the sample, permits to indepen-
dently and reliably set the vertical and horizontal spot size at the sample
in a broad range, from about 1 mm to a few 10’s of pm.

Thanks to the wide footprints and grazing incidence of the beams on
the mirrors, the reflectivity of the C coatings remains satisfactory for
several days; when the mirrors undergo a local damage, fresh spots are
made available to the FEL beam, varying the vertical position of the
mini-TIMER kinematic plate by the three stepper motors. Still we lack
precise quantitative evaluation of radiation damage since it strongly
depends on the beam parameters that vary with different experiments.
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Our observation is that under typical operation conditions of Mini-Timer
(i.e. pulse energy of 1-10 pJ, duration 50 fs, wavelength 12-30 nm and
spot size 25 p m?) and the damage becomes noticeable after ~ 24 h of
continuous measurements. In the case of EIS-TIMER the situation is
much better since the footprint on the last (focusing) mirrors is much
larger (~1000 p m?) so we have not noticed a significant drop in the
mirror reflectivity even after 12 weeks of operation.

The TG dynamics are probed by an optical laser pulse of wavelength
kg?t, coplanar with the FEL beams, impinging on the sample with an
incidence 6SP! of about 45° 4 3°; the maximum signal is achieved in the
TG phase matching condition, corresponding to the Bragg configuration,
for sin(0)/ApgL, = sin(eﬁ?t)/kgrpt. Since the penetration depth in the sample
is typically shorter for the FEL radiation than for the probe, the “thin
grating” conditions are satisfied and a FWM signal can be generated out
of phase matching [35,36].

Mini-TIMER is a small, simple, reliable, controlled and automatized
system. Its main constrain is the accessible exchanged TG momentum |K|
of the modes excited by the interference of the two pump beams, limited
by the grazing condition of the 0 angle and by the probe wavelength to a
range |k| < 2|kpP'|. Both the forward-diffracted FWM signal passing
through transparent samples and back-reflected WFM signal can be
detected simultaneously on two CCD detectors.

Taking advantage of the reliable positioning of the mini-TIMER
configuration, an automatic procedure has been developed to intro-
duce a controlled time delay between the two FEL beams and scan the
delay value in a cross correlation measure, detecting the FWM signal to
characterize pulse duration, temporal profile and coherence of the FEL
pulses [27].

EIS-TIMER, depicted in Fig. 2b, aims at the exploration of FWM in
the high-|k| regime [23], up to ~ 1 nm™!; this requires the system to
scale to the size of a full beamline, since each beam needs its own
focusing mirror in a separate vacuum chamber as the last optical
component before the sample. To achieve phase matching at the Bragg
condition, the TG is probed by a third FEL pulse, with a wavevector,
kP'pgr, larger than kggp of the exciting pulses.

Each FERMI pulse is first split into two halves (pump and probe) by
the edge of a gold plated plane mirror (~15 m upstream the sample).
The pump is further split into two beams, finally recombined on the
sample by pairs of carbon or gold coated toroidal mirrors, which can be
inserted in the beam path, spanning a fixed set of four crossing angles
20 = 18.4°, 27.6°, 79.0° and 104.8°.

The probe pulse is sent into a delay line, composed of four multilayer
mirrors, with reflectivity (for vertically polarized light) of
0.55@17.8 nm, 0.64@13.3 nm, 0.55@6.7 nm and 0.24@3.3 nm, that
allows scanning the time delays At up to a few ns thanks to an active
feedback stabilization [25]. The delayed probe is then focused and
recombined on the sample, impinging at an angle 6, = 3.05°, 4.6°,
12.2°, 15.4°, by one of the four available carbon or TiO; coated toroidal
mirrors. The delay line selects the probe wavelength A, usually the
third harmonics of the main FEL wavelength )., since the condition
Aex/Apr = 3 allows for a substantial angular separation between input
and emitted beams and FERMI can work in conditions that provide a
third harmonics contribution up to 5% of the total output.

The entire EIS-TIMER setup requires 12 focusing mirrors, bringing
up some technical complexities, as for instance the use of 84 indepen-
dent motors only for mirrors tuning.

4. EUV TG measurements

The development of our EUV TG setups has allowed for a substantial
improvement in the quality of the data and for new types of measure-
ments. Fig. 3 displays a comparison between data for diamond collected
in 2015 using the first prototype of the mini-TIMER setup (red) and
those recently obtained using the present upgraded version (black)
(from Ref. [22]). The latter were collected using Aex = 12.7 nm and FEL
fluence, F ~ 10 rnJ/cmZ, while the former using Aex = 26.1 nm and F ~
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Fig. 3. EUV TG signal from diamond sample acquired with the prototype mini-TIMER setup (red lines) and with the improved setup (black lines; from Ref. [22]). (a)
the initial signal decay: the different decay times are due to different excitation densities; (b) the beginning of the phonon modulations at longer time scales: the
oscillation frequency is identical since the created Lyg was the same in both experiments.

40 mJ/cm?. In both cases we used 0;, = 45° and Apr = 390 nm, while the
value of 20 was adjusted according to Eq. 2 in order to set Lyg ~ 280 nm.

Both data sets show a fast rise of the EUV TG signal over a zero
background level, the behavior expected in a typical TG experiment,
where the signal “appears” in a background free direction, determined
by the experimental geometry and chosen to be vastly different from the
directions of the input beams (see, e.g. Fig. 1). In the EUV regime where
the input wavelength is far from any core-edge, as in the present cases,
the leading excitation channel is the “instantaneous” generation of hot
electrons/holes in the valence/conduction band, which quickly (~
10 fs) relax into a population of electron-hole pairs across the bandgap
[60-62]. These initial dynamics cannot be monitored with the time
duration of the employed pulses (i.e. 50-70 fs for the FEL and ~120 fs
for the optical). On longer timescales, when some of the excitation en-
ergy is transferred to the lattice, the EUV TG introduces a spatial mod-
ulation of the lattice excitation process. Thus, the initial decay of the
EUV TG signal can be ascribed to this dynamics. The observed decrease
of the TG contrast directly reflects the changes of the refractive index at
the probe’s (optical) wavelength when the electronic excitations relax
into the lattice becoming less pronounced for variations in the lattice
parameters (e.g. temperature and density). The different decay time
reported by the two dataset in Fig. 3(a) indicates that the electronic
relaxation is faster for larger values of the excitation energy density, as
previously observed for silicon nitride [21]. In this context it is worth
mentioning that in addition to the larger value of F used for the mea-
surements at 26.1 nm, the EUV absorption length at this wavelength
(Laps ~ 26 nm) is about 4 times shorter than that at Aexy = 12.7 nm (Laps
~ 110 nm). Besides such a difference in the decay time of the electronic
excitation grating, one can appreciate how, for comparable accumula-
tion time, the data collected in 2015 with the prototype setup are sub-
stantially noisier than the data acquired with the actual one. This
improved signal quality allows for the reliable detection of fine details of
the signal, such as the dynamics of density modulations (acoustic pho-
nons) and thermal diffusion modes at the TG wavelength (Ltg), occur-
ring at timescales much longer than the initial electronic decay [22]. In
Fig. 3b one can appreciate how the contrast (~10%) of the older data is
barely sufficient to observe the onset of phonon oscillations, while in the
new data (contrast ~10°) these features are well defined; note that the
oscillation frequency is the same because Lyg is the identical in both
experiments. A detailed discussion of these data, which at even longer
At’s show a beating pattern between bulk and surface phonons, can be
found in ref. [22].

The general advantage of the background free conditions can be
perceived by comparing the decay of the EUV TG signal and the tran-
sient variation of optical reflectivity (AR/R) obtained in a ‘classical’ FEL-
pump/optical-probe experiment. From the results reported in Fig. 4,
obtained from the same sample, it is evident the superior quality of the
EUV TG data compared to the transient reflectivity one where the small
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Fig. 4. a) Initial decay of the EUV TG signal from diamond acquired with the
upgraded setup. b) Transient optical reflectivity data, collected using ‘classical’
FEL-pump/optical-probe conditions (see text).

time dependent variations should be monitored in the presence of large
constant signal (i.e. the un-pumped optical reflectivity in the present
case). It is apparent that signal details as fine as those shown in Fig. 3b
are unlikely to be observable in classical transient reflectivity experi-
ments. Finally, for the sake of completeness, we notify that the EUV TG
signal is quadratic with respect to the FEL-induced variations of the
optical refraction index while the AR/R one is linear, therefore in the
transient reflectivity experiment a signal decay about twice longer than
the EUV TG one is expected.

Fig. 5 shows EUV TG data from vitreous SiO; (i.e. the prototypical
example of strong glasses) in a few ps timescale range that could contain
information about the local vibrational dynamics of SiO; molecules,
relevant for understanding the vibrational anomalies of disordered
systems compared to their crystalline counterparts. The first results,
obtained with the initial prototype setup (red), are compared to those,
measured with the upgraded one with apparently better quality. The
signal comprises for all exploited conditions a sharp ‘electronic’ peak at
At = 0, basically consistent with the cross-correlation of FEL and optical
input pulses, followed by a non-zero modulated signal indicating a clear
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Fig. 5. EUV TG signal from vitreous SiO, corresponding to different experi-
mental conditions: (red dots) F ~ 100 mJ/cm? and Aex = 26.1 nm [20], (black
dots) F ~ 10 mJ/cm? and Aey = 32.6 nm, (magenta dots) F =5 mJ/cm? and
hex = 31 nm (blue dots), F = 2.5 mJ/cm? and Aex = 21 nm.

dependence on Aex and F. This behavior definitely hampers the
straightforward interpretation of the EUV TG signal.

It should be notified that, while acoustic phonons and thermal re-
laxations, denoting thermoelastic response, have been observed for all
studied samples under all experimental conditions (including reflection
mode EUV TG [22], EUV probing and shorter Ltg’s [24]), molecular
modes (Raman excitations) are more elusive. A clear evidence of Raman
response in the EUV TG signal was reported for a BiGeO sample [22],
where the dominant excitation mechanism is most likely displacive
excitation of coherent phonons (DECP) [63]. However, DECP is unlikely
to be effective in amorphous materials, like vitreous SiO», even though
in some special cases DECP in amorphous systems wave was reported
[64]. On the other hand, stimulated coherent Raman scattering mech-
anism, triggered by FEL pulses was recently observed in diamond [33],
and found to be effective at higher F’s but weaker than the thermoelastic
response. These considerations suggest the need of a more comprehen-
sive investigation of the local vibrational dynamics in vitreous SiOj,
which should include the dependence on both Aex and F, other than that
(still unexplored) on Lrg.

Another possibility offered by a multi-pulse FWM approach for get-
ting information on the ultrafast sample dynamics is scanning the time
delay (At*) between the two FEL pulses generating the EUV TG (see
Fig. 1b), while monitoring the transient diffraction signal by the optical
probe. This approach has widely been used in optical spectroscopy, both
for studying the temporal properties of the pulses (e.g. via TG FROG or
self-diffraction [65,66]) and for obtaining information on the coherence
properties of excited states (e.g. via three pulse photon echo or multi-
dimensional spectroscopy [67,68]). This capability has already been
implemented in the present version of mini-TIMER and was tested by
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verifying the time duration and coherence time of the FERMI FEL pulses
[27]. Fig. 6a shows an example of such measurements, where the TG
intensity was monitored as a function of the temporal overlap between
the two crossing FEL pulses. The data show a nearly Gaussian profile
(blue curve in Fig. 6a), which is consistent with a transform limited FEL
pulse (i.e. a pulse with a constant phase for all spectral frequencies) with
time duration of about 65 fs. This value is in good agreement with the
value of 55 fs that can be obtained from the spectral line shape the FEL
radiation (as displayed in Fig. 6b), within the assumption of a Gaussian
profile. The discrepancy could be ascribed to several reasons, such as, for
example, a residual chirp in the FEL pulses, deviations from Gaussian
(time/frequency) profiles or the sample response. However, it is worth
clarifying that without assumptions on the phase of the spectral com-
ponents (such as the one made here, i.e. Fourier limited pulses), the
interpretation of the EUV TG signal in terms of FEL pulse duration would
need independent information about the spectral phases. However,
these results shown here are not aimed at demonstrating a method for
determining the FEL pulse duration but for highlighting the capability,
inherent to the XTG approach, of controlling the additional temporal
dimension (At*).

In many FWM experiments, the capability to control the spectrum of
the input pulses and to determine the spectrum of the output one are
very relevant added values, which could peovide valuable information
on sample dynamics. The implementation at mini-TIMER of a detection
system capable to measure the signal spectrum as well as tailoring the
probe pulse spectrum is relatively straightforward, because both the
probe and the signal beams are in the optical regime. This task is much
more complicated at EIS-TIMER, where all beams are in the EUV/soft x-
ray range. However, the multi-pulse/multi-color options available at the
FERMI FEL [38,39] could be profitably exploited for developing such
more complex approach. Indeed, the first observation of a purely EUV
FWM response was achieved by exploiting the multi-wavelength nature
of the FEL emission, which allowed us to identify the FWM interactions
between the fundamental FEL radiation and its harmonics [31].

While in many cases the presence of radiation different from the
fundamental harmonic in the FEL spectrum is harmful, in FWM this
could be an advantage. In fact, the relaxed phase matching conditions
due to the short absorption length of the EUV radiation allows for the
simultaneous observation of different FWM processes. For example,
Fig. 7a shows the simultaneous occurrence of transient diffraction of the
2" and 3™ harmonics of the FEL beam from an EUV TG generated on a
50 nm thick silicon nitride membrane by the fundamental radiation.
Moreover, since both harmonics impinge onto the sample collinearly
with one of the excitation pulses (see Fig. 7b), none of them is perfectly
phase matched (i.e. they do not satisfy the Bragg scattering condition).
In this context, the FEL source should be “detuned” in a way to produce a
bunch of high harmonics of the seed laser, which can be spectrally
located in the region around the 2°¢ and 3" harmonics. This permits to

—
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Fig. 6. a) EUV TG signal as a function of the time delay (At*) between the two FEL pulses that generate the EUV TG. b) The corresponding FEL spectrum. Dashed

lines in both panels are Gaussian functions.
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Fig. 7. a) Diffraction pattern of 2°¢ (/2) and
3" (A/3) FEL harmonics transiently scattered by
an EUV TG generated on a silicon nitride
membrane by the fundamental FEL radiation
(A =28.9nm). b) Sketch of an experiment
where a Mg filter is used to cut the radiation
with wavelength shorter than 25 nm (i.e. all the
harmonics) from one excitation pulse. ¢) Same
signal when the FEL emission also contains a
substantial amount of high harmonics of the
seed laser (A, = Ageed /N, With Ageeq = 260 nm

and n ~ 15-30). d) Sketch of the situation
where the FEL is tuned to emit two fundamental
wavelengths (\; = 28.9 nm and A, = 26 nm). e)
Some additional signals, whose origin is not yet
understood, appear in the pattern, as the one
indicated by the black down arrow.

observe simultaneously a set of FWM signals in an experiment like the
one sketched in Fig. 7b, and these signals are spatially separated because
of the dispersion due to the EUV TG (see Eq. 1). In Fig. 7c, we report an
example of this condition, where two 28.9 nm excitation pulses (har-
monic 9 of a 260 nm seed) generate the EUV TG, which is probed by a set
of harmonics of the seed laser. Each probing harmonic generates its own
spot on the CCD detector because of the TG dispersion. In the present
case, the probe wavelengths span from 14.4 to 9.6 nm (i.e. from har-
monic 18 to 27 of a 260 nm seed), demonstrating how this approach in
principle allows the sample FWM response (with steps given by the
photon frequency of the seed laser, i.e. ~ 3-5eV) as a function of the
EUV probe frequency in an extended range. The FERMI FEL can also be
tuned for emitting more than one fundamental FEL frequency (see
sketch in Fig. 7d), so that also multi-wavelength excitation is possible.
Fig. 7e displays the signal observed when the FEL source was tuned in
order to have a spectral content (for each FEL pulse), dominated by
radiation at 26 and 28.9 nm (harmonics 10 and 9 of a 260 nm seed).
Some additional spots appear sideways the ones shown in Fig. 7c, that
might indicate a FWM interaction between the two exciting FEL wave-
lengths, though further studies and analysis are needed to describe this
observation. It also is important to stress that none of the experimental
configurations sketched in Fig. 7 permits to vary the time delay between
the probing harmonics and the fundamental one within the same pulse,
while one can in principle scan the delay between the crossed pulses
coming from different sides. On the other hand, the FERMI FEL also
offers the capability to set a controllable phase shift (i.e. a sub-fs delay)
between the various harmonics [69]. Moreover, the possible exploita-
tion of new concepts for generating soft x-ray FEL pulses, such as
echo-enabled harmonic generation [4,70,71], should open new oppor-
tunities for more advanced multi-color/multi-wavelength operation
modes. Whether the potential of this kind of multi-color FWM approach
for studying ultrafast processes has still to be further explored, the main
message arising from these initial observations is that the advantages of
the non-collinear approach makes EUV TG a favored platform for

developing FWM methods in the EUV and soft x-ray regime.

Further developments of the existing setups are ongoing, such as the
Noncollinear Optical Parameter Amplifier (NOPA) that has been
installed to expand the wavelength tunability and to increase the time
resolution of the optical probe.

An extension of the available sample range to magnetic samples for
studies of nanoscale magnetic dynamics or to liquid and gas phase is
foreseen. The latter are very interesting in the context of the general
development of EUV FWM, since they could both test the results of
theoretical works promising to greatly help in interpreting the various
signals/processes [1-3], and extend the range of existing experimental
works with HHG [15,16].

5. Conclusions

We have provided an overview of our special instruments, based on
the EUV TG scheme, realized at the FERMI FEL aiming at developing and
exploiting the EUV/x-ray wave-mixing methodology. We described the
recent implementations of the two setups, notifying the progresses made
with respect to the first tests, and discussed the improvements to be
accomplished in the near future. The driving force for the reported
instrumental developments is the realization of two complementary
apparatuses, one focused on nanoscale lattice dynamics and the other on
ultrafast electronic dynamics. The capability to exploit EUV TGs for
accessing nanoscale lattice dynamics has recently been demonstrated in
experiments where an EUV probing pulse is used to follow the time
evolution of vibrational and thermal modes at wavelengths as short as
28 nm [24]. The possibility to exploit multiple time-delays has been
demonstrated in experiments focused on the characterization of
coherent properties of the FEL emission, where we were able to resolve
the few fs time structure featuring the FEL emission under different
conditions [27]. The latter is a remarkable step forward towards 2D
spectroscopies, where the atomic selectivity of the EUV pulses tuned at
specific core resonances can be combined with the sensitivity of optical



F. Bencivenga et al.

pulses to valence-band excitations. The primary outlooks for these two
complementary developments are (i) strengthening of the optical probe
capabilities and multi-color operation for mini-TIMER and (ii) achieving
spatial periodicity of the EUV TG down to the single-digit nm regime for
EIS-TIMER. The latter task can be accomplished by realizing special
multilayers coatings in order to exploit the short wavelength fraction of
the spectral range accessible by the FERMI source. The optical probing at
mini-TIMER has been implemented with a few fs NOPA device, the
possibility to spectrally resolve the (optical) FWM signal is planned and
an alternative setup, based on diffractive optical elements, is under
evaluation for better handling multi-color FEL beams in a non-collinear
FWM geometry. In a longer term, the capabilities developed at the two
instruments could be eventually combined in order to make possible the
realization of short-wavelength FWM experiments with much higher
level of flexibility.
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