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Modern emerging technologies, such as additive manufactur-
ing, bioprinting, and new material production, require novel
metrology tools to probe fundamental high-speed dynamics
happening in such systems. Here we demonstrate the appli-
cation of the megahertz (MHz) European X-ray Free-Electron
Laser (EuXFEL) to image the fast stochastic processes induced
by a laser on water-filled capillaries with micrometer-scale
spatial resolution. The EuXFEL provides superior contrast
and spatial resolution compared to equivalent state-of-the-
art synchrotron experiments. This work opens up new pos-
sibilities for the characterization of MHz stochastic processes
on the nanosecond to microsecond time scales with object
velocities up to a few kilometers per second using XFEL
sources. © 2019 Optical Society of America under the terms of
the OSA Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.6.001106

Hard x-ray beams are well suited for microscopic two-
dimensional (2D) and three-dimensional (3D) imaging of sam-
ples not transparent to visible light due to their high penetration
power. Over the last two decades, the field of x-ray imaging has
developed considerably, mainly due to the availability of modern
third-generation synchrotrons producing x rays of high brilliance
[1]. These sources have provided access to the structural determi-
nation of specimens down to nanometer-scale resolutions.
Exploiting the (partial) spatial coherence of synchrotron x-ray
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probes, several phase-sensitive techniques have been developed
providing access to the electron density of specimens either via
x-ray optical analyzers [2—4] or sophisticated algorithms [5,6].
While much attention has been paid to improving the spatial res-
olution of x-ray imaging to its limits, fewer resources have been
used to explore the boundaries of the temporal domain. With the
progress in the development of detectors over the last decade [7],
fast radiography and tomography with kilohertz frame rates are
available, allowing, for example, ~100 tomograms per second
[8,9]. Only relatively recently has the stroboscopic nature of syn-
chrotrons been exploited. For example, imaging with synchron-
ized or individual x-ray pulses applied to fast stochastic transient
processes has been demonstrated [10-12]. Further advancement
of ultrafast x-ray imaging could be introduced by megahertz
(MHz) x-ray free-electron laser (XFEL) sources, where the high
flux per pulse can reveal dynamics of stochastic processes with
velocities up to the scale of several kilometers per second with
submicron-scale resolutions with high sensitivity to projected
densities. In this work, we exploit the unique properties of the
first operational hard x-ray MHz XFEL source European XFEL
(EuXFEL) and explore its possibilities for ultrafast x-ray micros-
copy with MHz sampling. The laser-induced dynamic processes
in an open-ended glass capillary filled with water was used as a
dynamic sample. We use this simple model system to show the
advantages of microsecond temporal resolution, micrometer
spatial resolution, and the improved signal-to-noise in the images
all brought about by using a MHz repetition rate XFEL. We
compare the results obtained at EuXFEL to that at European
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Fig. 1. Schematics of the time-resolved MHz x-ray microscopy of laser-induced dynamics in a water-filled glass capillary.

Synchrotron Radiation Facility (ESRF) ID19 beamline with the
setup depicted in Fig. 1. The first results obtained at EuXFEL are
already comparable to the state-of-the-art synchrotron perfor-
mance [12] and are still subject to improvement. Further develop-
ments will allow for improving the spatial resolution beyond the
reach of most brilliant synchrotron sources with potential acquis-
ition of 3D MHz movies by employing x-ray multiprojection
imaging [13].

It has been reported that liquid jets with velocities as high as
850 m/s can be generated by focusing a visible light laser into a
capillary filled with water [14]. A jet based on this principle
may be considered for needle-free drug-delivery injection or for
sample delivery applications at MHz XFEL sources as a jet on de-
mand, which can significantly minimize the sample usage. The
characterization of the laser-induced jets and fluidics on the nano-
second to microsecond time scales is typically done by visible light
microscopy. However, details on the microstructure are difficult or
impossible to access with light microscopy due to the large refrac-
tion angle and strong multiple light scattering at the interfaces
caused, for example, by microcavitations [15]. To explore the dy-
namics induced by the focused frequency-doubled Nd:YAG laser
(Minilite II, Continuum) in the glass capillaries filled with water, we
constructed conceptually similar time-resolved microscopy setups
at the ID19 beamline at ESRF and at the Single Particles, Clusters
and Biomolecules and Serial Femtosecond Crystallography
(SPB/SFX) instrument of the EuXFEL using an indirect scintilla-
tor-based detector coupled to the MHz frame transfer CMOS
camera SHIMADZU HPV-X2 schematically depicted in Fig. 1.

For the experiment at EuXFEL, we used the SPB/SFX instru-
ment [16]. For the x-ray microscopy measurements, we reused
the spent beam from the upstream interaction region and was
outcoupled into air via a 180 pum thick diamond window. A
photon energy of 9.3 keV was used, and the pulse train was filled
with 128 x-ray pulses with a repetition rate of 1.128 MHz.
The effective pixel size of the imaging system was 3.2 pm (see
Supplement 1).

For the experiment at the ESRF synchrotron, we used the 16-
bunch filling mode, providing a bunch separation of 176 ns; the
MHz camera was recording every third frame with an interframe
time of 530 ns. The harmonics of the undulator with central
photon energy 32 keV were conditioned by a set of 1D com-
pound refractive lenses to enhance the flux density at the detector.
The effective pixel size of the imaging system was 8 pm (see
Supplement 1).

Stable jetting conditions were achieved at ESRF, with an
incident laser pulse energy of 2 mJ and approximately 0.05 total
absorbency of the laser power in water mixed with Nile blue dye,
resulting in approximately 100 pJ absorbed energy per pulse. This
was enough to form the repeatable jet [Fig. 3(a)]. This result is
consistent with previous reported results [14]. The measured
water jet speed is 184 m/s, and the wall velocity of the laser cavity
expanding wall reaches 272 m/s. The transformation of the me-
niscus into the jet during first frames is also clearly visible with
clear detail. Due to limited time during the EuXFEL experiment,
jetting conditions were not achieved. However, due to the high
contrast achieved and high spatial resolution, the microstructure
of the laser interaction with the sample is revealed with great detail
(Fig. 2), which is not possible by visible light microscopy. To
compare quantitatively the imaging performance for both experi-
ments, we used a signal-to-noise ratio (SNR) analysis and power
spectrum analysis. Detailed description about applied analysis is
described in the supplementary document. As a result, the SNR
analyzed for both ESRF and EuXFEL sequences show almost 2
times higher values for the maximum SNR from each analyzed
sequence for EuXFEL with SNR = 10.69 and for ESRF with
SNR = 6.19 [Figs. 3(b) and 3(d)]. A more objective comparison
using spectral power [Fig. 3(c)] clearly indicates the superior per-
formance of EuXFEL microscopy over ESRF. However, stronger
fluctuation in the mean values and SNR are observed for XFEL
data. This is a natural behavior of XFEL beams and is related to
the origin of x-ray pulse generation using the self-amplified spon-
taneous emission (SASE) process. Such fluctuations are the reason
for the lack of a procedure for correct data normalization, as every
sequence and pulse has a different intensity distribution. Simple
normalization of such data leads to image flickering and the in-
crease of the standard deviation of the signal. Another contribu-
tion responsible for the increase of the standard deviation for the
actual EuXFEL data is attributed to the high-frequency noise
caused by the focusing kilobyte optics. To remove normalization
artifacts and high-frequency noise for the EuXFEL data, we per-
formed an adaptive high-pass filtering by subtracting a low-pass
filtered (Gaussian convolution with the standard deviation 6 = 5
pixels) image from its original version. This procedure signifi-
cantly suppressed spatiotemporal image flickering. Using such im-
age processing, we visualized the velocities of breaking glass
reaching 35 m/s using flow analysis based on variational optical
flow methods [17]. The computed velocities provide quantitative
information about complex kinematics of the burst process
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Fig. 2. Image sequence of laser-driven explosion of a capillary filled with water imaged at EuXFEL. Sequence (a) is the result of high-pass adaptive
filtering to remove the high-frequency noise and image flickering; sequences (b) and (c) are the result of optical flow analysis [17] shown as a directional
vector for the movement of debris (b) and the velocity maps (c) (see Visualization 1). The phase retrieval of the corresponding sequence (d) is performed
using an ADMM-CTF algorithm [18].
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Fig. 3. (a) Image sequence of a water jet generated by absorbed power (~2 m] pulse energy) of a focused visible-light laser inside the glass capillary (see
Visualization 2) imaged at the ESRF synchrotron. The circle on the second frame shows the laser-induced cavitation with radius of 144 pm indicating an
initial velocity of 272 m/s of the expanding wall. The arrows on the third and fourth frame indicate the tip of the water jet reaching a velocity of 184 m/s.
The signal to noise analysis for (b) ESRF and (c) EuXFEL and (d) power spectrum curves shows superior image performance of EuXFEL data. For detailed
description of SNR (b) and (c) and power spectrum analysis (d), see Supplement 1 for supporting content.
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(see Supplement 1 for supporting content). The high spatial
coherence of XFEL data allowed us to apply a contrast-transfer
function (CTF)-based phase-retrieval method utilizing the
alternating direction method of multpliers (ADMM) [18].
The high spatial coherence of XFEL data allowed us to apply
a contrast-transfer function (CTF)-based phase-retrieval method
utilizing the alternating direction method of multipliers
(ADMM) [18], shown in Fig. 2(d). Here the data were first nor-
malized using a set of empty beam sequences; then the ADMM-
CTF phase-retrieval algorithm was applied. High-frequency noise
introduced by this process was removed by nonlocal-means
denoising [19]. ADMM-CTF phase retrieval of the synchrotron
data failed to provide meaningful phase reconstruction, which is
attributed to the weak signal.

In conclusion, we have successfully demonstrated x-ray micros-
copy sampled at greater than 1 MHz at EuXFEL, and with the full
performance of EuXFEL, maximum frame-rate of 4.5 MHz will
be achievable. Our model system shows a significant improvement
in the contrast of the data obtained at EuXFEL compared to data
obtained at ESRF. This is due to the much higher photon flux per
pulse as well as the much higher spatial coherence at EuXFEL.
Such performance at EuXFEL additionally allowed for a 2.5-fold
increase in the spatial resolution and a significant improvement in
power spectrum over the entire range of frequencies, which en-
abled us to apply a single-distance phase-retrieval algorithm.
This study opens up new perspectives for imaging, especially of
irreversible stochastic processes not accessible via visible light im-
aging or with less intense x-ray sources. At hard x-ray MHz rate
XFEL facilities, this method enables the observation of stochastic
object motions at high velocities on the order of meters per second
to several kilometers per second. High flux per pulse at EuXFEL
will enable 3D MHz rate microscopy by employing beam splitters,
which is the scope of our future development.
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