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Time-resolved investigations have begun a new era of chemistry and physics,
enabling the monitoring in real time of the dynamics of chemical reactions and
matter. Induced transient optical absorption is a basic ultrafast electronic effect,
originated by a partial depletion of the valence band, that can be triggered by
exposing insulators and semiconductors to sub-picosecond extreme-ultraviolet
pulses. Besides its scientific and fundamental implications, this process is very
important as it is routinely applied in free-electron laser (FEL) facilities to
achieve the temporal superposition between FEL and optical laser pulses with
tens of femtoseconds accuracy. Here, a set of methodologies developed at the
FERMI facility based on ultrafast effects in condensed materials and employed
to effectively determine the FEL/laser cross correlation are presented.

1. Introduction

During the past 30 years, the advent of pulsed lasers enabled
the scientific community to explore physical processes in a
time-resolved manner. Generally, in time-resolved ‘pump-
probe’ experiments a laser pulse is split, eventually optically
manipulated and recombined onto the sample with a relative
time delay (Borrego-Varillas et al., 2016; Kruglik et al., 2011;
Cucini et al., 2007). In such schemes, one of the two pulses can
act as a pump, triggering the dynamics of the system under
investigation, while the second one, properly delayed, probes
the temporal evolution of the activated dynamics. The list of
the accessible phenomena is vast, e.g. ultra-fast melting (Beye
et al., 2010), chemical reactions (Kowalewski et al., 2015),
electronic and magnetic dynamics (Gutt et al, 2017) and
acoustic dynamics (Cucini et al., 2011a) to cite only a few
experiments performed at free-electron laser (FEL) facilities.
Independent of the investigated physics, before performing
any pump-probe experiment, the pump and probe beams
have to be spatially superposed and the time instant (#,) when
the pulses are temporary overlapped has to be determined.
Failure in the identification of #, or the inability to measure it
shot-by-shot in jittering sources, prevents any kind of studies
or, even worse, can introduce severe artefacts in the
measurements (Harmand et al., 2013). A quick and effective
strategy to determine ¢,, especially in FEL facilities, where the
experimental time is costly, is tremendously advisable. In this
work, we present some timing strategies tailored to the focal

44 https://doi.org/10.1107/5S1600577517016368 J. Synchrotron Rad. (2018). 25, 44-51


http://crossmark.crossref.org/dialog/?doi=10.1107/S1600577517016368&domain=pdf&date_stamp=2018-01-01

photondiag2017 workshop

spot characteristics of three different FEL endstations (EIS-
TIMEX, EIS-TIMER and DiProl) of the Italian FEL facility
FERMI (Allaria et al., 2012).

2. EIS-TIMEX

The main scientific objective of EIS-TIMEX is the study of
matter under extreme and metastable conditions, with special
focus on non-equilibrium and warm dense matter (WDM)
regimes. Non-equilibrium condensed matter occurs just upon
intense laser pulse exposure and it is characterized by a hot
electron subsystem (more than a few eV, 1 eV = 11.6 x 10° K)
and a room-temperature ion lattice.

After a few hundred femtoseconds, electrons and ions
isochorically thermalize, possibly leading the condensed
material in a WDM phase (density: 5-10 g cm™>; temperature:
greater than 1 eV). WDM conditions are believed to exist in a
steady state regime in large planet interiors and external
regions of some stars (Graziani et al., 2014), while in the
laboratory framework such conditions can be obtained for a
few picoseconds only. In this case, the pump—probe scheme is
routinely employed to heat a material up to eV temperatures
(Ramer et al, 2014) and study its properties before the
hydrodynamic expansion (~10 ps after the pump pulse). In
such a context, ultra-short and ultra-intense FEL pulses are a
privileged tool, since they are not affected by plasma screening
and can efficiently deposit energy in the material’s bulk to
achieve an isochoric heating. EIS-TIMEX has been designed

to maximize the FEL pump fluence by using an ellipsoidal
mirror able to de-magnify the FEL spot down to 6 pm full
width at half-maximum (FWHM). Before any experiment, a
fast check of the focal plane and spot size is generally
performed through single-shot damage on a YAG:Ce (yttrium
aluminium garnet doped with cerium) screen, imaged using a
Questar QM 100 microscope (see Fig. 1b). Using single-shot
damage, it is possible to estimate the best spot dimension and
its position with respect to the ellipsoidal mirror [Figs. 1(c) and
1(d)]. While YAG:Ce is useful to monitor and minimize the
FEL spot, it is not the most appropriate material to precisely
evaluate the FEL spot size. Nevertheless, the measured
damage crater dimensions are in fairly good agreement with
simulations, also confirmed by wavefront measurements
(Zangrando et al., 2015; Raimondi et al., 2013, 2014). More-
over, it is worth stressing that this is only a quick procedure to
check the focal plane position online. Once the focal plane has
been identified, the same YAG:Ce screen is used to overlap
spatially both the FEL pump and the optical laser probe
pulses. Temporal superposition is usually estimated employing
the measurement of the transient absorption induced by the
FEL on selected samples. According to Durbin (2012), the
FEL pulse can partially and transiently deplete the valence
band of dielectric crystals, opening optical absorption chan-
nels otherwise forbidden. The obtained excited sample can
then be probed by an optical laser, intrinsically synchronized
(with an accuracy better than 10 fs) with the FEL emission
(Danailov et al., 2014). The transient absorption signal, below
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Panel (@) shows a photograph of the EIS-TIMEX endstation. In panel (b) the single-shot craters on the YAG:Ce are shown, obtained at different
positions on the optical axis of the focusing ellipsoidal mirror. Panels (c¢) and (d) are the horizontal and vertical projections of the craters. The values of
the projections are obtained by integrating the spots over the selected direction and merging the results in single graphs [panels (c¢) and (d)]. Stars
indicate the smallest spot dimensions characterized by the smallest FWHM value.
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the damage threshold of the material, is proportional to the
FEL fluence (Casolari et al, 2014). This, however, holds
exactly only if the ratio between the FEL pump and optical
probe spot size is > 1. The setup available at EIS-TIMEX can
provide optical laser spot sizes down to about 25 um FWHM.
Although the laser spot is relatively small, it is still bigger than
typical FEL spots. This condition is unfavourable in order
to obtain the desired contrast in FEL/pump-laser/probe
measurements since the region of the laser spot which inter-
acts with the FEL excited region of the sample is a fraction of
the total laser spot area, which gives rise to a high baseline that
weakens the contrast and can result in a difficult identification
of ty. Moreover, sample damage can be prevented only by
keeping the FEL intensity low. Indeed, since the ellipsoidal
mirror is an astigmatic element, it is not possible to obtain a
homogeneous spot broadening by moving the sample along
the optical axis of the mirror. Therefore, the fluence cannot be
efficiently reduced by increasing the spot area. However,
attenuating the FEL beam intensity finally affects the contrast
between pumped and unpumped signals. These constraints
demand for a purposely designed device to quickly and
effectively achieve the temporal superposition of the two
pulses. The device that we designed and realised is an evolu-
tion of the pixelated phosphor detector (PPD) presented
elsewhere (Matruglio et al., 2016). In this sample, we mixed the
characteristics of the patterned phosphor, which facilitates the
spatial overlapping of the pulses, with the ‘timing’ properties
of a crystal. We call this new sample PPD 2.0. In this case, we
choose Al,O; as a substrate crystal onto which the phosphor
wells and the timing zones were manufactured. The internal
walls of the wells and the crystal surface have been coated with
aluminium, except for some squared region comparable with
the FEL spot dimension. This solution blocks the circular
crown of the laser spot which is generally transmitted through
an unexcited portion of the crystal. In such a manner, the
baseline is strongly suppressed and the contrast in the
measurement is enhanced, as shown in Fig. 2. More details
about the fabrication process are given by Mincigrucci et al.
(2016). To demonstrate the validity of the PPD approach we
fixed the experimental conditions (FEL pump: 32 nm, esti-

Figure 2

mated pulse duration 50 fs, pulse energy at the source 1 pJ;
infrared probe: 780 nm, pulse duration 100 fs, pulse energy
0.1 pJ). In such a way the total transmitted intensity is lower
for the PPD and the detected signal compares with the electric
noise. The signal-to-noise ratio is naturally decreased (from
~100 to ~10) but the original value may be recovered by
increasing the probe pulse intensity and/or by using a better
detector and/or averaging more (here we mention that each
point of the traces represents a single shot). A simple UVG100
photodiode from OptoDiode was employed in the current
case. The accurancy of the method may be estimated, for
example by the uncertainty in determining the position of the
half drop, which, in the present case, is about 30 fs.

3. EIS-TIMER

EIS-TIMER is the FERMI endstation explicitly designed and
built to perform transient grating (TG) experiments (Vega-
Flick et al., 2016; Bencivenga & Masciovecchio, 2009; Johnson
et al., 2012) in the mesoscopic region of the kinematical plane,
i.e. in the 0.1-1 nm™~" wavevector range. In a TG experiment,
two beams, the pumps, interfere at the sample position
generating a standing electromagnetic wave. This wave
couples to the system producing, among other excitations, a
density wave with the same spatial periodicity as the transient
grating. A third beam, the probe, impinges on the grating at
the phase matching angle and it is diffracted off the grating
toward the detector. The diffracted intensity as a function of
time delay monitors the temporal evolution of the dynamics
induced by the TG. The TG technique conjugated with the
operative spectral range of FERMI represents a privileged
tool for investigating the mesoscopic region. Indeed, in a TG
experiment the wavevector (Q) of the stimulated excitations is
given by (47 sin0)/A, where 6 is the semi-angle between the
pump beams and A is the FEL pump wavelength. It is easy to
see that different values of Q can be reached by varying 6 and/
or A (Cucini et al., 2011a). Phase matching can then be fulfilled
by exploiting the third-harmonic content of the FERMI
emission. Four different experimental geometries, corre-
sponding to different values of 6, are available at the EIS-
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Left: scanning electron microscopy view of the PPD 2.0. Right: transmission timing trace obtained with the bulk Al,O; sample (red trace) and with the

PPD 2.0 (blue trace) under the same experimental conditions.
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TIMER beamline (Fig. 3). For further 2B
details, see Bencivenga et al. (2016).
A first mirror (PrBS in Fig. 3) in
the dedicated photon transport is
employed as a wavefront-division

beam-splitter. Half of the beam is
steered (M1 and M2 in Fig. 3) toward
a dedicated delay line (DL in Fig. 3)
equipped with a set of multilayer
mirrors working at incidence angles of
45°, in order to keep the dimension of
the delay line compact while allowing
for nanosecond-sized time delay scans.

The multilayers reflectivities are
nominally peaked at around 17.8 nm,
13.3 nm, 6.7 nm and 3.3 nm and hence
also allow for filtering out the first
harmonic content from the probe
beam. The maximum accessible time-
delay range depends on the chosen
geometries and varies between 3.5 ns
(pump 1) and 1.5 ns (pump 4). In the
end, the probe is steered toward the
sample through a set of dedicated
toroidal mirrors (PrsM in Fig. 3). The second half of the beam
is split again by a second wavefront-division beam-splitter
(PuBS in Fig. 3) and propagated toward the pump chambers.
Each chamber contains a toroidal mirror which, if inserted,
intercepts the beam and defines the pump trajectory (T1A,
T1B, T2A, T2B in Fig. 3). Of the four available geometries
(Cucini et al., 2011b; Bencivenga et al., 2016; Foglia et al.,
2017), only the first two have been commissioned (semi angle
at the sample position of 9.2° and 13.8°) at the time of
submitting this manuscript. Preliminary measurements of the
pump spots, reported in Fig. 4, show that the focal spot
dimensions estimated on a P20 (Weber, 2003) phosphorus
screen are in quite good agreement with the simulations.
However, further and more accurate studies are definitely
needed to fully characterize the beams.

Due to the variety of the FEL trajectories and mechanical
constraints inside the experimental chamber, it is not always
possible to perform transient transmission or reflection
measurements to determine #,. Moreover, in TG experiments
the temporal superposition between FEL and optical pulses
is only a preliminary, yet critical, procedure. Indeed, the two
FEL pump pulses have to be superposed in space and time to
generate the TG, but due to the phase matching constraint the
generation of the TG cannot be probed by an optical laser (i.e.
the TG period is much shorter than optical wavelengths). In
this framework, we ideated a new, fast and effective technique
called ‘crater scattering’ (CS). In CS the main idea is to
temporally increase the FEL intensity [usually removing some
filters in the FEL transport path (Zangrando et al., 2015) in
order to slightly damage a flat SizN, surface]. The scattering
of the optical laser (780 nm, 100 fs pulse duration and pulse
energy of 0.1 pJ) from the surface is thus increased from
nearly zero to a selectable value [Fig. 5(a), top and middle

Figure 3
EIS-TIMER beamline.
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fay ,

diagrams]. In the subsequent step of the procedure the FEL

intensity is decreased again to reach a fluence of
~10 mJ cm™% The FEL pulse had a central wavelength of
40 nm, an estimated time duration of 60 fs and an energy at
the source of 10 pJ. This permits the system to be efficiently
pumped without introducing any further variation of the
surface morphology. Scanning the delay between the FEL and
the optical pulse is possible to record a trace of the scattered
intensity such as the ones shown in Fig. 5(b). In analogy with
transient transmittivity/reflectivity experiments, #, can be
defined as the time at which the half-drop in the scattered
intensity occurs. According to Born et al. (1999), in a first-
order approximation the scattered field is proportional to the
spatial Fourier transform of (w?/4mc?)(n* — 1), where w is the
pulsation of the probe field, ¢ is the speed of light and » is
the complex refractive index. Therefore, irrespective of the
underlying physical processes, a FEL-induced modification of
n (Durbin, 2012; Eckert et al., 2015) results in a change of the
total scattered intensity, in analogy with what is commonly
observed in transient reflectivity or transmissivity experi-
ments.

EIS-TIMER allows the optical pathlength of only one of the
two pump beams to be varied, namely the A-branch. With
such a constraint, the timing trace of the B-branch represents
the reference trace and the goal of the temporal alignment
is to superpose the A-branch trace to the reference one (see
Fig. 5b). This is iteratively performed by moving the toroidal
mirror in the A-branch along the trajectory of the reflected
beam and correcting for deviations of the impinging point on
the toroidal mirror and exit angle by using the pitch angles
both of the toroidal mirror and of the pump beam splitter
mirror. CS is a powerful technique under many aspects. First
of all, it permits the base-line of the following transient scat-
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Figure 5

(a) Diagrams of the CS procedure. A FEL pulse with high intensity is
employed to damage the SisN, surface (top, purple arrow). The scattering
of an optical pulse from the crater is hence recorded by a CCD (middle
and bottom). The FEL intensity is subsequently decreased (bottom, light
purple arrow) and the transient scattered intensity measured. (b) Timing
traces obtained with such a procedure, and an image of the scattering
crater.

tering experiment to be defined in real time. Obtaining a low
baseline is a key ingredient, as mentioned before, to reach a
good contrast in the measurement. Secondly, it does not
require a perfect alignment between the FEL pump and a well
focused optical probe. In terms of time cost, this is a
tremendous advantage, also considering the fact that the
optical laser will not be used either as a pump or as probe in
the subsequent TG experiments. Moreover, the crater behaves
similarly to the pinhole discussed above. Starting from a
perfectly flat surface, no photons are scattered toward the
detector. Instead, the crater induces some photons to be
scattered toward the detector, but only those showing an
interaction with the crater itself. Since the crater is generated
by the FEL, those photons surely originate from a FEL-
excited region of the sample. To guarantee the maximum
contrast, a crater per branch line is created. Furthermore, the
detector employed in CS measurements is a low-cost
commercial CCD camera coupled to a tele-microscope
(Questar QM100). Directly imaging the surface permits the
crater region to be precisely selected and the scattered
intensity originating from the crater only to be integrated and
measured (Fig. 5b). Due to its peculiarities, CS demonstrated
to be a very efficient technique to determine ¢, and permitted a
contrast in the measurement of up to 60% to be reached.
Similarly to the case of the PPD 2.0 detection scheme
(reported in §3), the uncertainty in the half-drop determina-
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tion estimates the accuracy of the method in determining ¢,
which is approximately 20 fs in the present case.

4. DiProl

DiProl is a multi-purpose endstation. It is equipped with
Kirkpatrick-Baez mirrors able to independently focus the
FEL beam in the horizontal and vertical direction. The DiProl
system uniqueness resides in the fact that the two mirrors are
bendable. This enables the FEL spot size to be varied from a
few pm? to a few mm? for major details see Capotondi et al.
(2013, 2015) and Raimondi (2017). Thanks to its flexibility and
re-configurability, DiProl can host a number of setups: they
can range from the mini-TIMER setup (Bencivenga et al.,
2015) to diffraction imaging (Willems et al., 2017; Martin et al.,
2014). As with the other above-mentioned endstations, DiProl
is equipped with an optical probing laser, intrinsically
synchronized with the FEL emission (Danailov et al., 2014).
Three possible trajectories for the laser are available: 2°, 15°
and 45°. Angles are given with respect to the FEL beam. In
order to determine #, in DiProl, thanks to the possibility to
vary (enlarge) the FEL spot and to match the laser spot size
(100 pm FWHM), it is not required to adopt particular stra-
tegies to control the effective interaction region and the
standard transient reflectivity/transmittivity measurements are
more than appropriate. The laser was characterized by a
central wavelength of 780 nm, a time duration of 100 fs and a
pulse energy of 0.5 pJ. The easiness in determining the time
instant at which the pulses overlap permitted more advanced
studies on the physical process behind the phenomenon to be
performed. To this end (see Fig. 6), we installed a setup to
measure the polarization of the reflected/transmitted light
both in reflection and in transmission geometry. In both
geometries, the first element of the setup is a wave plate used
to obtain a balanced signal after the Wollaston prism that
separates the horizontal and vertical polarization components.
The two linearly polarized beams, emerging from the prism,
have been detected making use of an optical bridge, consisting
of a couple of nominally identical photodiodes (Thorlabs
PDB210A).

A beam splitter installed before the Wollaston prism (not
shown in Fig. 6) completes the setup. Its purpose is to steer a
small fraction of the beam (~5%) to a commercial CCD
camera (Basler Scout), to have a reference for the beam
pointing, in addition to a redundant determination of the total
reflected/transmitted intensity. The same detection scheme is
employed both in reflection and in transmission geometry. In
this preliminary study, the setup was used to investigate a
diamond crystal (§ mm x 8 mm X 1.5 mm chemical vapour
deposition single-crystal plate, face orientation along the (100)
direction, nitrogen and boron concentration below 1 part per
million, both faces with a roughness below 30 nm r.m.s.), as a
function of the FEL fluence. The central FEL wavelength was
25nm and the estimated time duration 50 fs. Before any
measurement the half-wave plate was slightly rotated to
balance the polarizations and obtain a zero difference in the
optical bridge. Diamond shows a peculiar signal already in the

Optical bridge
detection

Optical bridge
detection

Transmitted

Wollaston prism J/S;\,\IV\NW\NEL pump

IR probe

Figure 6

Sketch of the polarization-sensitive optical setup installed at the DiProl
endstation for performing polarization-resolved transient reflectivity/
transmittivity experiments.

polarization-insensitive transmission trace (see Fig. 7). The
signal is characterized by a fast increase of the transmission
at fy, suddenly followed (250 fs) by a decrease of the same
magnitude (10%) with a slower recovery (picosecond time
scale). A similar behaviour persists in the polarization differ-
ence trace. The accuracy in the estimation of ¢, varies from
approximately 140 fs in the lowest fluence case (4 mJ cm ) to
about 70 fs in the highest fluence case (27 mJ cm™?). On the
contrary, in reflection geometry the polarization-independent
time traces show a smooth trend characterized by a fast
decrease of the reflectivity (~500 fs) and a slower recovery
(~ps). However, a more careful analysis of the polarization
difference trace highlights a trend resembling the one found in
transmission. Similar values for the accuracy in the reflection
geometry have been observed. The first steps in the data
interpretation of reflectivity and transmittivity traces are being
conducted in the framework of a density-dependent two-
temperature model (n'TTM) (Rémer et al., 2014). The set of
differential equations defined in the n'TTM, which describes
the time evolution of electron density and of carrier and lattice
temperatures, are being used to describe the interaction of the
FEL pump with the diamond crystal. The absorption of FEL
photons transiently alters the free-electron density, as well as
both the electronic and lattice temperatures, hence transiently
modifying the complex refraction index of the material in a
layer with thickness comparable with the FEL penetration
length. At the highest fluence (27 mJ cm™2), the free-electron
density can reach a value of ~1 x 10%' e~ em 3, accompanied
by a peak electron temperature of ~10eV. The electron
subsystem couples with the lattice subsystem reaching an
equilibrium temperature (0.05 eV) with the ions in ~100 fs.
The alteration of the optical constants is significant: at ¢, the
real part is modified by about 10% while the imaginary part,
related to the absorption, reaches a maximum value of 0.2.
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Time-resolved traces for the total reflected (a) and transmitted (b) intensity.

transmitted beams.

A variety of non-linear phenomena arising from pulse
propagation can take place in a medium with non-constant
optical parameters (Boyd, 1996; Lebedev et al., 2005; Wahl-
strand et al., 2013). Therefore, data analysis and interpretation
are not straightforward and are still ongoing. Nevertheless, in
the optical spectral window similar phenomena have been
observed for example using an IR pump and a super-
continuum probe. The alteration of the optical constants due
to the pump can induce a time-dependent energy redistribu-
tion among the spectral components of the probe. Similar
shapes have been observed in a transmission geometry (Ekvall
et al., 2000). This phenomenon is known as cross phase
modulation. Qualitatively, it can be explained recalling the
fact that a pulse propagating in a non-linear medium can
experience a modification of its temporal profile (e.g. a pulse
steepening) which introduces more spectral components on
the ‘head’ of the pulse that can interfere with the already
present ones. Quantification of this phenomenon is strictly
related to the precise measurement/knowledge of the chirp of
the pulses. Similarly, a more complete description of the pulse
propagation can contemplate also a rotation of the polariza-
tion which can ultimately describe our trend in the polariza-
tion variation. This generally happens at time scales
comparable with the pulse length (~100-200 fs). At longer
time scales, the persistence of a negative value in the signal
may simply indicate the persistence of the FEL opened
absorption channel, and can give an estimation of the
recombination lifetimes of the carriers. However, the magni-
tude of the effect can be modified by interferential effects. As
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Panels (c) and (d) refer to the polarization change for the reflected and

a conclusive remark, it is important to stress that the vast
majority of similar studies in the visible energy regime have
been conducted in a transparent medium, an approximation
which is not true in our specific case.

5. Conclusion

The main characteristics of the FEL spots for the EIS-TIMEX,
EIS-TIMER and DiProl endstations have been introduced
and their advantages/disadvantages regarding the timing
diagnostics have been discussed. A pixelated detector devel-
oped to increase the experimental sensitivity in the timing
procedure at the EIS-TIMEX beamline was introduced. The
same approach can be employed as well to perform non-
destructive pump-probe experiments. Moreover, the pixel-
ated detector merges the capabilities of a phosphor screen and
of a timing crystal, resulting in time and space saving. The CS
technique was developed at the EIS-TIMER endstation and
enables a very fast and effective timing, without the need of a
precise spatial overlap of the FEL and IR beam. The CS
technique can be easily extended in any other endstation
equipped with a tele-microscope. DiProl possesses the
capability of adjusting the FEL shape and can easily match, if
needed, the optical focal spot. Alongside its extreme flex-
ibility, this enables DiProl to be a privileged tool to straight-
forwardly perform non-destructive pump-probe measure-
ments. In this framework we conducted polarization-resolved
timing experiments, the analysis of which is still ongoing.
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