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Toward an integrated device for spatiotemporal
superposition of free-electron lasers

and laser pulses
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Free-electron lasers (FELs) currently represent a step for-
ward on time-resolved investigations on any phase of matter
through pump-probe methods involving FELs and laser
beams. That class of experiments requires an accurate spa-
tial and temporal superposition of pump and probe beams
on the sample, which at present is still a critical procedure.
More efficient approaches are demanded to quickly achieve
the superposition and synchronization of the beams. Here,
we present what we believe is a novel technique based on an
integrated device allowing the simultaneous characteriza-
tion and the fast spatial and temporal overlapping of the
beams, reducing the alignment procedure from hours to
minutes. © 2016 Optical Society of America

OCIS codes: (040.7480) X-rays, soft x-rays, extreme ultraviolet
(EUV); (140.2600) Free-electron lasers (FELs); (320.7100) Ultrafast
measurements.
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Time-resolved investigations have begun a new era of chemistry
and physics, enabling the monitoring in real time of the dy-
namics of chemical reactions and matter [1]. Generally, in such
kinds of studies, one or more laser pulses acts as the pump,
triggering a particular process such as ultrafast melting [2,3],
demagnetization dynamics [4,5], impulsive stimulated scatter-
ing [6,7], and coherent antiStokes Raman scattering [8—10], to
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name a few. The particular dynamics triggered by the pump
pulse is then probed by another laser pulse which, properly de-
layed, encodes the temporal information of the process (e.g., in
the scattered intensity). The physical information is thus con-
tained in the temporal trace of the monitored physical quantity
obtained by varying the pump-probe delay. A further step in
time-resolved investigations has been achieved with the advent
of free-electron lasers (FELs), which permitted the addition of
chemical and elemental selectivity to the above-mentioned
studies [11-13]. In general, any pump-probe study requires
the spatial and temporal superposition of the pump and probe
lasers, which is realized by exploiting the peculiar properties of
different samples. In particular, in the FEL-optical laser class of
experiments, the first step is the spatial superposition of the two
beams, which is usually accomplished using a cerium-doped
ytrrium aluminum (Al) garnet fluorescent screen (YAG:Ce);
the FEL-induced fluorescence is used to define the FEL position
on the sample to which the optical laser is subsequently super-
posed. We have already presented a novel pixeled phosphor
detector (PPD), which allows an improvement with respect to
standard YAG as far as FEL diagnostics is concerned [14].
Once the spatial superposition has been achieved, the YAG is
substituted with an antenna [15] coupled with an oscilloscope
and used to roughly align the two pulses in time. This super-
position is conducted looking at the electrical signals generated
by the FEL and the laser; the relative delay is adjusted until the
rising edges of the two are overlapped. This procedure is quite
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inaccurate, and the delay value can be determined only with a
30 ps error, a value that is dictated by the intrinsic temporal res-
olution of the common oscilloscopes. The subpicosecond syn-
chronization requires a much faster diagnostic, and the finer
temporal superposition is subsequently conducted using a third
sample (e.g., Si;Ny4 or Al,Oj5 crystals) and monitoring the FEL-
induced changes in the visible/IR optical properties. In insulators
and semiconductors, the main process, which underlies the op-
tical property changes, is believed to be a partial depletion of the
valence band, resulting in an induced absorption [16]; the imagi-
nary part “k” of the refractive index increases, and this should
manifest in a diminished reflection and/or transmission, accom-
panied by a perturbation of the value of the real part of the re-
fractive index, which can cause an interferential demagnification
of the transient signal [17,18]. The overall procedure is generally
time-consuming and highly complex. Each sample is employed
for its peculiar characteristics, and only for a specific task of the
overall alignment procedure. This is inefficient and not robust.
First of all, the spatial superposition has to be preserved during
the temporal alignment steps. This is commonly obtained by
using as a reference the image of a CCD camera; after the spatial
superposition, the CCD is put in focus and thus every sub-
sequent sample has to be adjusted in order to reach the same
level of focus. The quality of the focus is defined by a human
user and is influenced by the quality of the sample surface, by the
illumination, and by the geometry of the imaging setup. A sec-
ond and more substantial problem in the alignment procedure is
represented by the scarce contrast of the transient signal; since
the FEL spot can be smaller than the laser spot, the valence band
is depleted by the FEL radiation only in a fraction of the sample
surface. Therefore, a fraction of the visible laser is reflected or
transmitted by an unexcited sample, giving rise to a dominant
baseline over which to detect the transient signal. We propose
here a beam monitor designed to increase the contrast and to
speed up the alignment procedure. The ideal sample should pos-
sess the fluorescence characteristics of a YAG screen and at the
same time be suitable for the temporal overlapping procedure
with an increased contrast. This can be obtained, for example,
by embedding some Al, O3 timing zones in a modified version of
the PPD previously proposed by our group [14]; we call this
enhanced version PPD 2.0. This new device would permit em-
ploying adjacent portions of the same surface to spatially (using
the phosphors pixels) and temporally (using the Al,Oj5 islands)
superpose the FEL and laser beams. A simple strategy to dras-
tically increase the contrast is to operate in transmission (thus
looking for a change in transmittivity induced by the FEL pulse)
and to create a pinhole around the Al O3 zones. The pinhole,
realized by a reflective material for the visible/IR laser, should be
smaller or comparable to the FEL beam size. This permits geo-
metrically blocking the circular crown of the laser spot that would
not interact with the FEL-excited portion of the Al, O3, avoiding
the origin of baseline contribution, as shown in the sketch in
Fig. 1. A scheme of the fabrication process of such a sample
is reported in Fig. 2; in detail, a fused silica wafer (250 pm thick)
is coated with 50 nm thick chromium (Cr) thin film via e-beam
evaporation and with 400 nm of ZEP 520A resist for the follow-
ing lithography. The micrometric honeycomb pattern is achieved
by direct e-beam lithography (EBL) at 200 kV and 1 nA using a
Vistec VB-300 EBL system [Fig. 2(a)]. Cr wet etching is used for
pattern transfer on a metal mask. For the transfer in the silica
substrate, a plasma etching process is carried out with a multiple
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Fig. 1. Left part: sketch of usual superposition between the laser
and FEL spots. The circular crown of the laser spot not excited by
the FEL produces a nonnegligible baseline. Right part: the introduc-
tion of a pinhole equal or smaller than the FEL spot cuts the unexcited
circular crown, increasing the contrast.
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Fig. 2. Scheme of the fabrication process. (a) EBL on Cr-coated
fused silica; (b) dry etching of fused silica; (c) ALD of Al Oj;
(d) GLAD deposition of Al; () FIB process; (f) phosphor deposition.

frequency parallel plate etching tool with 60 MHz on the top
plate and 13.56 MHz on the bottom plate (Oxford Plasma
lab 100 Viper). The periodic lattice of micrometric pixels is
etched through 4 pm of fused silica with a mixture of 70 sccm
CF4 40% O, at 20 mTorr of pressure, 150 W of radio-frequency
power and 400 W VHE forward power [Fig. 2(b)]. The diameter
and period of holes are 2 pm and 4 pm, respectively, with a total
fill factor of an active area close to 20%. After the etching step,
the surface is covered with a 250-nm-thick Al,O; deposited by
plasma-enhanced atomic layer deposition (ALD) at 40°C (Oxford
FlexAl) [Fig. 2(c)]. After that, a conformal layer of 100 nm of Al is
evaporated on the sample by the Glancing Angle Deposition
(GLAD) process [Fig. 2(d)]; the metal thin film is needed to re-
duce the cross talk between the pixels of phosphor and to achieve
the desired pinhole structures where the visible/IR laser is trans-
mitted. The patterning of the Al layer is performed by selectively
removing the metal layer, avoiding the damaging of Al, O3 under
the layer by the focused ion beam (FIB) process [Fig. 2(e)]. The
final step is the deposition of phosphors inside the 2 pm cavities
[Fig. 2(f)]; the process is described in Ref. [14]. The P20 used
phosphor is commercially available at Phosphor Technology
Company. Scanning electron microscopy (SEM) images of the
sample before [Fig. 3(a)] and after the phosphors’ deposition
[Fig. 3(b)] are presented. The average grain size of powder ranges
from a minimum of 1.2 pm to a maximum of 6 pim, as reported
by the company. The 2 pm holes are thus fillable only with a
small fraction of the available grains. This causes an incomplete
filling and a decrease in the FEL-visible conversion efficiency.
After the fabrication, the sample was installed and tested at
the EIS-TIMEX beam line [19], at the FERMI FEL facility
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(a) Before FIB and the filling
with phosphors; (b) after phosphor deposition. An Al, O3 island

and the phosphor presence can be noticed in the microcavities.

in Trieste, Italy. The beam line is conceived to operate pump-
probe experiments in a high-fluency regime both for the FEL
and IR laser. For this purpose, it is equipped on the FEL side
with an ellipsoidal gold-coated mirror able to focus the FEL emis-
sion down to 6 pm at full width half maximum (FWHM). In
such conditions, the FEL is generally destructive, an undesired
feature as far as the overlapping procedure is concerned. The
superposition is thus conducted out of the focal plane of the
FEL, where the spot has a dimension of 15 pm, and decreases
the intensity at the source down to 1 pJ. In the present case, the
FEL wavelength was 32 nm. The employed IR laser had a
FWHM of 50 pm and an intensity of 0.1 pJ. Figure 4 (upper
part) reports a schematic of the experimental setup. The sample
was rotated by 20° with respect to the FEL beam, due to a
mechanical constraint of the manipulator. The spatial overlap
was conducted in such rotated geometry. The bottom part of
Fig. 4 shows the images of the spots acquired for the FEL
and the IR on the above described sample. The images have been
acquired using a Questar QM 100 telemicroscope, operated in air
and coupled to a Basler ACE CCD camera.

By comparing the images, it is easy to observe that the
laser spot is roughly twice as large as the FEL spot. The
inhomogeneous readout of the FEL spot intensity is due to
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Fig. 4. Upper part: sketch of the experimental apparatus. Lower
part: FEL spot (on the left) and IR laser spot (on the right). A lack
of luminosity in the lower right part of both the spots identifies the
presence of an Al, O3 timing zone (represented also in the SEM image
in the inset). The images were obtained using a Questar QM100 tele-
microscope operated in air and coupled to a CCD camera.
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the incomplete filling of the phosphor holes: it is also possible
to recognize on the lower/right part the lack of intensity of the
spot that corresponds to the unpatterned area of the Al, O3 tim-
ing island. The fine-timing procedure was subsequently con-
ducted monitoring the time evolution of the transmittivity of
the Al,O3-excited island. An UVG100 (OptoDiode) photo-
diode was employed to detect the transmitted IR intensity.
Figure 5 reports the relative change of transmittivity of our
device (red trace) and, for comparison, the one recorded on
the bulk Al, O3 (black trace) and on a 100 nm Ni-coated bulk
Al O3 (blue trace). All the measurements were conducted under
the same FEL and laser conditions. To obtain the traces shown
in Fig. 5, the delay between the IR and FEL laser was contin-
uously increased and the shot-to-shot transmitted intensity was
recorded. This procedure was repeated three times for each
sample, and the single traces have been averaged and binned with
20 fs steps. The error bars are one standard error. The bulk
Al O3 exhibits a change of the transmittivity in the order of
a few percent, comparable with the standard timing traces
generally reported in the literature [18,20].

In contrast, on our device the transmittivity change is am-
plified by cutting the fraction of the IR that does not interact
with the excited region of the sample. As expected, this in-
creases the intensity of the effect up to ~25%. The blue trace
is instead obtained on a nominally identical Al,Oj; sample
coated with 100 nm of Ni. The coating is removed by exposing
the sample to an unattenuated FEL. The high-intensity FEL
drills a hole of its dimensions, which can subsequently be used
as an Al,Oj island to perform the fine timing with an attenu-
ated FEL. Such a procedure is a valid alternative that also pro-
duces a contrast increase with respect to the uncoated bulk
sample, but does not possess the capabilities for the spatial
alignment offered by the PPD approach.

In conclusion, we have determined two different procedures
to solve the identified common problems responsible for the
scarce contrast in the temporal overlapping procedure of the
FEL and laser pulses: the introduction of a metallic coating,
subsequently removed by a high-intensity FEL, and the crea-
tion of a purposely designed sample with well-defined pinholes.
The PPD 2.0 permits an increase in the contrast by a factor
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Fig. 5. Fine-timing traces acquired on the same FEL/IR laser con-
dition on three different samples: bulk Al, O3 (black trace), Ni-coated
bulk Al,O;3 (blue trace), and our sample (red trace).
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~7 with respect to the bulk Al,Oj5 crystal, being contempora-
rily exploitable for the spatial overlapping procedure. This al-
lows more efficiency in the overall superposition procedure in
terms of time and spatial precision, since it does not require the
use of different crystals with their own characteristics. The in-
tegration of currently used tools can be pushed further with the
introduction of an electric contact on the surface coating; that
would allow operating our sample as the antenna described in
Refs. [15,21] and also conducting the raw-timing procedure on
the same spot. Specific setups exploiting high-resolution spatial
detection devices can be employed to have even higher contrast
in the timing signal. However, such types of setups have to be
carefully designed and aligned to detect the reflected or trans-
mitted signal [22-24]. Instead, our device can be fruitfully in-
serted in any existing transmission setup, achieving at the same
time an increase in the available space and an augmented con-
trast in the timing signal. The geometrical parameters of the
PPD 2.0, such as relative distances, diameters, and depths,
can be easily modified to extend its use toward noncollinear
geometries, where small spatial deviations between the YAG
screen and the timing sample may also become important.
An increase of the cavities’ diameter may also bring an efficiency
increase due to an augmented filling factor. It is important to
have a compromise between the filling of the cavities and their
size: large diameters (tens of pm) reduce the resolution in the
diagnostic of the FEL beam; a diameter of 4 pm can be a good
compromise with this type of phosphors, as already demon-
strated by our group. Moreover, as far as the linear absorption
process holds for the timing material [22], our device can be
employed with identical advantages in terms of contrast in-
crease and speeding up the overall procedure. The only con-
straint is regarding the dimensions of the timing islands,
which have to be rescaled according to the adopted FEL focal
spot size. A study on different materials that change their op-
tical properties when exposed to the FEL beam, such as SizNy,
GaAs, MgF,, or wide bandgap insulators could be interesting
to determine the best material to further increase the contrast
and in principle speed up the overlapping procedure.
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