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ABSTRACT

We explore the pressure evolution and structural dynamics of transient phase transitions in a microfluidic water jet after laser-induced
dielectric breakdown. To this end, we use a combined approach of near-field holography with single femtosecond x-ray free-electron laser
pulses and x-ray diffraction. During cavitation and jet breakup, we observe shock wave emission along the jet. The formation of the shock-
wave is accompanied by pronounced changes in the structure factor of water as an evidence by a shift in the water diffraction peak. This indi-
cates a transition to a high density liquid structure induced by the transient pressure increase.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0131457

I. INTRODUCTION

The exceptional properties of water are believed to be deeply
rooted in the molecular structure of this most important fluid on
earth. Molecular interactions, short range order, and the hydrogen
bond network have all received abiding interest in view of their role
for thermodynamic response functions and the equilibrium phase dia-
gram. This research has required structural analysis of water in the liq-
uid and also the supercooled, amorphous state, as reviewed in Refs.
1–4. From x-ray and neutron diffraction in the supercooled regime, it
was since long known that amorphous ice can be presented in two
forms with different densities, namely, high-density5 and low-density
amorphous ice.6 Later it was realized that not only amorphous ice but
also liquid water can exist in two different molecular configurations
with higher and lower densities, respectively.7 In its low-density liquid
(LDL) form, water molecules tend to arrange in a tetrahedral structure,
whereas for the high-density liquid (HDL) observable at high pres-
sures, the second coordination shell of water molecules seems to

collapse.8 This duality of a water structure may possibly also play a
role already at ambient conditions.9

The advent of high brilliance x-ray radiation, both at synchrotron
radiation sources and x-ray free-electron lasers (XFELs), has more
recently spurred investigations of water, mainly in the low tempera-
ture, undercooled regime,10–13 but also under ambient conditions, and
at high temperatures/high pressures.14–17 Evidence for a liquid–liquid
transition (LLT) between HDL and LDL was reported in the synchro-
tron study of Ref. 11 and more recently confirmed with XFEL pulses.12

Beyond equilibrium conditions, strongly driven processes are of inter-
est, in particular, in view of the extreme pressures, which can be
reached by dynamic (transient) compression.18,19 For isentropic com-
pression of water, a crystallization to body-centered cubic ice (ice VII)
was observed within less than 10ns via heterogeneous nucleation.20

The heating effects during shock compression and, more generally, the
compression path can be varied by the experimental geometry and
parameters. However, this also entails a spatial variation, since the

Phys. Fluids 35, 016126 (2023); doi: 10.1063/5.0131457 35, 016126-1

VC Author(s) 2023

Physics of Fluids ARTICLE scitation.org/journal/phf

https://doi.org/10.1063/5.0131457
https://doi.org/10.1063/5.0131457
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0131457
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0131457&domain=pdf&date_stamp=2023-01-27
https://orcid.org/0000-0002-0368-8782
https://orcid.org/0000-0002-4341-5121
https://orcid.org/0000-0003-2768-9496
https://orcid.org/0000-0001-7005-9452
https://orcid.org/0000-0002-7865-515X
https://orcid.org/0000-0003-1780-5131
https://orcid.org/0000-0001-8363-9077
https://orcid.org/0000-0001-5669-9912
https://orcid.org/0000-0002-1195-6329
https://orcid.org/0000-0002-1996-397X
https://orcid.org/0000-0003-4559-7982
https://orcid.org/0000-0003-1048-3432
https://orcid.org/0000-0002-2573-5738
https://orcid.org/0000-0002-3577-8918
https://orcid.org/0000-0001-6594-1029
https://orcid.org/0000-0003-4636-0813
mailto:tsaldit@gwdg.de
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0131457
https://scitation.org/journal/phf


excitation conditions vary strongly, for example, with the distance to
the laser focus. Hence, diffraction studies require not only temporal
synchronization but also a spatial confinement. To spatially control
the location where the structural dynamics of water is probed in an
inhomogeneous and transient perturbation such as a shockwave and
to provide complementary density information, we here combine the
pump-probe diffraction in the wide-angle x-ray scattering (WAXS)
regime with our recently developed x-ray near-field holography
(NFH) scheme.21,22 By using advanced phase retrieval and a general-
ized empty-beam division,21 we showed earlier that the local densities
inferred from phase retrieval can reveal the pressure profile of a shock-
wave22 in the regime of several GPa. We now use this NFH scheme in
combination with WAXS to investigate the structural dynamics of
water following dielectric breakdown induced by an infrared (IR) laser
pulse and during the subsequent formation and growth of a cavitation
bubble. For successive sample replenishment, and in particular, to cir-
cumvent the otherwise dominating signals of unperturbed water, we
use a laminar microfluidic water jet. The main goal of the work is to

evidence a transient transformation of the molecular water structure
within the shockwave. By combining diffraction with imaging, we can
precisely place the diffraction probe in space and time with respect to
the expanding cavitation bubble in the jet. We can, hence, cover length
scales from the molecular level to the mesoscale, where the pro-
nounced non-equilibrium hydrodynamic effects manifest themselves,
while being intrinsically coupled to the molecular water structure.
Importantly, not only the combination of the technique but also the
WAXS experiment on a shocked water alone is a novelty. The experi-
mental schemes for the two modalities are sketched in Figs. 1 and 2.

II. EXPERIMENT
A. Experimental approach and schemes

The experiments were performed at the Materials Imaging and
Dynamics (MID) instrument23 of the European X-ray Free-Electron
Laser.24,25 Focused nanosecond infrared (IR) laser pulses were used to
induce dielectric breakdown in a l-fluidic water jet (Fig. 1). A pump-
probe scheme with variable time delay Dt (Ref. 26) was implemented

FIG. 1. Diffraction from a water jet—the
experimental setup. (a) A l-fluidic water
jet is excited by a focused nanosecond
laser pulse and probed after time delay Dt
by the XFEL pulse. For x-ray diffraction
(WAXS configuration), the foci of the
pump laser and XFEL beam are aligned
to the same spot in the water jet, while the
jet and laser focus are moved down-
stream from the x-ray focus for imaging of
plasmas and cavitation bubbles (NFH con-
figuration). The diffraction signals in verti-
cal (~qv ) and horizontal (~qh) directions are
acquired on two pixel array detectors. (b)
Normalized, azimuthally averaged inten-
sity I(q) of the signal for both detectors as
shown in (a).

FIG. 2. Near-field holography. (a) The water jet is illuminated by the diverging x-ray beam. The x-ray holograms are acquired with a scintillation-based camera. (b) Empty-
beam corrected x-ray hologram of the perturbed water jet with Dt ¼ 9 ns. (c) Phase shift �/ of (b) after iterative phase retrieval. Scale bar: 20lm in (b) and (c).
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to record both WAXS and NFH signals. In both configurations,
WAXS as well as NFH, the IR laser was focused into the water jet.
With 6ns pulse duration and 17 mJ pulse energy, the IR laser delivered
peak intensities of about �3� 1010 W cm�2. The XFEL was operated
in a single-bunch mode with 10Hz repetition rate at 17.8 keV photon
energy, 660 lJ average energy per pulse, and a pulse duration of less
than 100 fs.25,27 A stack of aberration-corrected, nano-focus com-
pound refractive lenses (CRLs)28–30 was used to focus the XFEL beam
to a diffraction-limited focal spot31,32 of 94 nm (FWHM). In the NFH
configuration (Fig. 2), the water jet was positioned behind the x-ray
focus in the diverging beam. The x-ray holograms were recorded by
a sCMOS camera equipped with a fiber-coupled scintillator. It was
positioned on-axis in the diverging beam at 9.94m distance behind
the focus [Fig. 2(a)], resulting in a geometrical magnification of 36 and
an effective Fresnel number of 1:71� 10�3. In the WAXS configura-
tion [Fig. 1(a)], the water jet was placed in the x-ray focus. Two off-
axis charge-integrating hybrid pixel detectors (ePix100)33,34 recorded
scattered photons in a scattering vector range of q � 1:4–2:7 Å

�1
[Fig.

1(b)]. The detectors were placed in the vertical and horizontal scatter-
ing plane with main scattering components ~qv and ~qh, respectively.
The on-axis x-ray camera was used as an intensity monitor in the
WAXS configuration.

B. Instrumentation, parameters, and data acquisition

1. XFEL specifications

The linear accelerator of the XFEL accelerated the electrons to an
energy of 16.5GeV into the 175m-long undulator (magnetic length).
A repetition rate of 10Hz with one pulse per train was used. The
undulator delivered photons with an energy of 17.8 KeV. The resulting
self-amplified spontaneous emission (SASE) pulses had a pulse width
of less than 100 fs (Refs. 25 and 27) and an average pulse energy of
660 lJ.

2. X-ray optics

A stack of 50 beryllium compound refractive lenses (CRLs),29

aberration corrected by a customized phase plate,28,30 focused the
XFEL pulse to an diffraction limited focal spot of 94 nm (Ref. 31). The
CRL stack had a focal length of 475mm with a numerical aperture of
2:7� 10�4. For further details on the experimental parameters, see
Refs. 26 and 21 for a detailed characterization of the illumination.

3. X-ray detectors

An Andor Zyla camera (Zyla 5.5, Andor, Abingdon, United
Kingdom) was used for the holography measurements. The camera
had a LuAg:Ce scintillator (thickness 20lm), which was coupled to
the sCMOS chip with a fiber-optic plate with a pixel size of 6.5lm.
The sample to detector distance was z12 ¼ 9670mm. An 8m long
evacuated flight tube reduced air absorption between the sample and
detector. For the diffraction measurements, two ePix100 detectors33,34

were used. The ePix100 is a charge-integrating hybrid pixel detector
and consisted of four modules with 384� 352 pixels each. The pixel
size was 50lm. The distance between the water jet and the ePix detec-
tors was 250mm, and the detectors were arranged in an angle of
�12.5� toward the x-ray focus.

4. X-ray holography

For the holographic measurements, the water jet was placed in a
defocus position of z01 ¼ 271:3mm behind the CRL focus, resulting
in a geometrical magnification of M¼ 36, an effective pixel size of
177 nm, and an effective Fresnel number of F ¼ 1:71� 10�3.

5. Laser and laser optics

The pump laser (Nano L 200-10, Litron, Lasers, Rugby, United
Kingdom) had a wavelength of 1064nm, a pulse length of 6 ns, and a
maximum pulse energy of 200 mJ. An internal attenuator reduced the
pulse energy to 17 mJ. The focusing optics had a numerical aperture of
0.2. The focal spot was expected to exceed the diffraction limited spot
size of 1.7lm (radius 1=e2-intensity beam waist) due to aberrations
from a through-hole mirror between the focusing lens and water jet.
The through-hole mirror was used to get a co-linear alignment of the
pump laser and the x-ray beam.

6. l-fluidic water jet

A l-fluidic jet (Microliquids GmbH, G€ottingen, Germany) with
a nozzle diameter of 40lm was used. The jet nozzle creates a laminar
water flow and is connected to a pump (PU-2080, JASCO GmbH,
Pfungstadt, Germany) with a flow rate of 1.5ml min�1. With a jet
diameter of 34lm, measured at the interaction region [cf. Fig. 2(c)],
we calculate a mean jet velocity of approximately 28m s�1. This value
agrees well with observations of an optical high-speed camera. For the
experiments, de-ionized water at room temperature without additional
thermal control of the water reservoir was used.

7. Timing

The timing scheme and equipment are described in great detail in
Ref. 26. Here, we will only summarize key parameters. A low jitter delay
generator (DG535, Stanford Research Systems, Sunnyvale, CA, USA)
controls the pump-probe delay between the XFELs master clock and
the Pockels cells of the pump laser. A second delay generator (DG535)
was used to keep the delay between the laser’s flashlamp and Pockels
cell constant at 160 ls for maximum laser output. We determined Dt
¼ 0 as the delay in which first perturbations are visible in the hologra-
phy measurements. Note that remaining fluctuations of the IR laser tim-
ing, pulse shape, and intensity can lead to a jitter of the breakdown
process. For this reason, first perturbations of the pulse-averaged signal
h�/i are only distinctly visible at Dt ¼ 3 ns (cf. Figs. 3 and 4).

8. Data acquisition WAXS

To avoid artifacts from a systematic drift in any optical compo-
nent, we measured the same time delay Dt multiple times in a ran-
domized order. To this end, we acquired ten measurement blocks for
each Dt. One block contained �50 frames. In between these blocks,
we acquired �40 frames of the reference signal without pump-laser
output. In total, we acquired 210 of these blocks for delays between
�10 and 10ns in steps of 1 ns and ten blocks for each delay.

III. DATA PROCESSING

Next, we first briefly sketch the processing steps for the phase
retrieval of the holographic data, then the processing of the WAXS
data. More details are given in Appendixes A and B.
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The spontaneous nature of the process of self-amplified sponta-
neous emission (SASE) does result not only in strong pulse-to-pulse
intensity fluctuations but also in fluctuations of the modal composition
of the wavefront, impeding a simple empty-beam division for NFH.
We have shown in Ref. 21 that SASE pulses are well described by a
low-dimensional configuration space, and more importantly, that for a
given hologram, an individual empty-beam image can be synthesized
by a suitable linear combination of components from a principal com-
ponent analysis (PCA) of a set of empty-beam images. The phase
retrieval, therefore, proceeds in the following two steps: (1) empty-
beam correction with the PCA-based approach and (2) phase retrieval
with the iterative algorithm alternating projections (AP).35,36

Examples of an empty-beam corrected single-pulse hologram and the
retrieved phase �/ are shown in Figs. 2(b) and 2(c). Note that the
retrieved phase �/ is proportional to the projected electron density of
the sample, thus proportional to the projected mass density of water.

The WAXS detection geometry was calibrated with a polycrystal-
line LaB6 sample. The intensity measurements were first corrected for
a dark current by pedestal subtraction followed by a gain map correc-
tion to take gain variations between individual pixels into account (cf.

Fig. 9). An x-ray polarization factor was applied to correct for the
polarization dependent scattering amplitude (cf. Fig. 11). After azi-
muthal averaging, a low-pass filter suppressed high frequency noise
(cf. Fig. 12). Figure 1(a) shows the corrected diffraction signal of
unperturbed water on both detectors. The azimuthal average of the
scattered intensity I(q) [Fig. 1(b)] was normalized to the peak
intensity.

The pulse-to-pulse SASE fluctuations do not only complicate the
empty-beam correction of NFH but also the analysis of the WAXS
data, since, in particular, beam pointing fluctuations result in varying
background contributions of different optical elements. To mitigate
these effects, the WAXS signal was averaged over multiple pulses (see
Appendix B).

IV. RESULTS: TIME SERIES OF HOLOGRAPHY
AND WAXS DATA

Using the experimental system and data analysis schemes
described above, a time-lapse series of (i) phase images and (ii) diffrac-
tion patterns was obtained. These data provide quantitative insight
into the structural dynamics of the water at molecular scales following

FIG. 3. Time series of phase-shift images
from x-ray holography. Pulse-averaged
phase shift h�/i and an exemplary differ-
ence phase shift D�/ ¼ �/ � h�/i (gray
scale) for multiple pump-probe delays Dt
after laser irradiation. The time series
shows the growth of the perturbation in
the water jet after dielectric breakdown.
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dielectric breakdown, combined with observations of the mesoscale
hydrodynamics. The pulse-averaged phase shift21 h�/i (Fig. 3) visual-
izes the growing perturbation in the water jet after dielectric break-
down in a time series of images, shown here for the case of �90
single-pulse reconstructions. Details on individual perturbations with-
out pulse-averaging become apparent when inspecting the phase shift
�/ retrieved from single-pulse holograms [cf. Fig. 2(b)]. To highlight
the variability of the dynamics from an individual perturbation (sin-
gle-pulse phase shift �/), compared to the ensemble dynamics (pulse-
averaged phase shift h�/i), we display the difference phase shift D�/
¼ h�/i � �/ (Fig. 3), for a sequence of time delays. A small cavitation
bubble is visible in D�/ at a time delay of 1 ns, followed by a fast expan-
sion at later time delays Dt. Here, we do not only observe the dynam-
ics of the elliptic growth of the perturbation, pushing the outer walls of
the water jet apart but also the fine details of water filamentation. A
decrease in the magnitude of the average phase shift h�/i and, hence, a
decrease in the projected mass density start to become visible at
Dt ¼ 3 ns. For later time delays, the projected mass density decreases
further to a cavity with ellipsoidal shape.

Figure 4 shows the structure factor S(q) calculated from the dif-
fracted intensity recorded in the WAXS configuration for the same

time delays as the NFH measurements. The diffraction signal is domi-
nated by the oxygen atoms in the water molecules with only very weak
contributions from the hydrogen atoms. The diffracted intensity I(q)
is proportional to the scattering of a single oxygen atom, i.e., the
squared form factor f 2ðqÞ, and the coherent scattering of the oxygen
atoms, described by the structure factor S(q); hence, IðqÞ / f 2ðqÞSðqÞ
(Ref. 37). The Fourier transform relates the structure factor S(q) to the
pair distribution function g(r), describing the structure of the liquid
phase in real space.37 Both scattering directions~qh and~qv show similar
S(q), as expected based on the isotropic distribution of the water mole-
cules, since the laser field is not intense enough to change the orienta-
tion of water molecules. S(q) was extracted from the diffracted
intensity IonðqÞ by division of the squared atomic scattering factor
f 2ðqÞ for O2� ions.38 The structure factor was normalized to the maxi-
mum value of unperturbed water. At ambient conditions (Dt � 0 ns),
the typical doublet structure is observed, albeit not entirely covered by
the q-range here. Next, we consider the changes in the measured dif-
fraction intensity I(q), which directly reflects changes in the structure
factor S(q) by short range liquid coordination of the water molecules.

Figure 4 shows the structure factor S(q) obtained from our mea-
surements for different time delays Dt. The first slight shift in the

FIG. 4. Time series of the structure factor.
Normalized structure factor of perturbed
water with pump-laser irradiation (Son, left
ordinate) and the difference structure fac-
tor between perturbed and unperturbed
water Son � Soff (right ordinate) for differ-
ent pump-probe delays Dt. The structure
factor is normalized to the maximum value
of unperturbed water.
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scattering factor becomes apparent at a time delay of 2–3ns and is
clearly visible for time delays Dt � 3 ns. The magnitude of the main
diffraction peak at q � 2:0 Å decreased, whereas a second maximum
appears at q � 2:5 Å, indicating a change in the molecular distances
due to rearrangement of the molecules. The latter peak reaches its
maximum intensity at about Dt � 6 ns, whereas the initial peak van-
ishes roughly at the same time delay. For intermediate time delays
(Dt � 4 ns), the main peak of S(q) shifts toward higher q, but a shoul-
der remains at the position of the initial maximum (q � 2:05 Å), indi-
cating a mixture of water at ambient conditions and water at higher
pressures p. This observation agrees well with the holographic data, as
the region of lower phase shift magnitude in h�/i, corresponding to a
lower mass density, covers roughly half of the diameter of the water jet
for Dt ¼ 4 ns. For longer time delays (Dt � 6 ns), the contribution of
water at ambient conditions quickly vanishes, and the structure factor
is dominated by water at higher pressure. Again, this observation is
supported by the holographic data, where the initial jet completely
vanishes at a time delay between 6 and 7ns leaving a diffuse cloud of
lower mass density. At this delay, the main peak of S(q) starts to shift
toward lower values of q. The transition from the typical doublet struc-
ture to a single dominating peak can be attributed to a transition from
a tetrahedral arrangement of the water molecules toward the molecu-
lar structure of a simple liquid, as reported before.7,15 The vanishing
initial peak indicates that the amount of water molecules in its initial
state (ambient atmospheric pressure and room temperature) goes
down, while a large fraction of water rearranges in response to the
quickly rising pressure, as represented by the second peak. The decline
in the total scattered intensity for later time delays is most likely caused
by an overall reduction of water along the beam path.

Comparing the diffraction signal with the NFH data, first
changes are observed in the averaged signal at around Dt¼ 2–3ns.
The single-pulse holograms, however, show first changes already from
Dt ¼ 1 ns onward. There are two reasons for this: (1) The seeding rate
at small Dt is lower due to a spread of the time point of seeding within
the beginning of the 6 ns-long pulse of the pump laser, i.e., not all cavi-
tation bubbles are seeded in the very early beginning of the laser pulse.
(2) Variations in the position of the perturbation are on the same
length scale as the perturbation itself, since the perturbation is still
quite small for small Dt. In the NFH data, the decrease in the magni-
tude of the averaged phase-shift for Dt � 3 ns implies a reduction in
the projected mass density within the region of the perturbation. The
decreasing number of water molecules along the beam path should
manifest itself in a reduction of the total scattered intensity in the
WAXS data; however, this decrease becomes clearly visible only at

Dt � 8 ns. This might be explained by the increased scattering inten-
sity of highly pressurized water.

V. RESULTS: WATER STRUCTURE FACTOR
AND PRESSURE

In principle, the calculation of the pair distribution function g(r)
as the inverse Fourier transform of S(q) would enable us to deduce
thermodynamic quantities from the molecular arrangement in real
space. This inversion, however, requires S(q) to be measured over a
large q-range, impeding the direct inversion of the present data. We,
therefore, compared S(q) obtained from the present experiment to
published structure factors of water measured for different pressures
and temperatures14,15 to access the pressure dynamics in the water jet
after dielectric breakdown. Both studies measured the diffraction of
water under well-defined static pressure and temperature conditions
in thermal equilibrium using diamond anvil cells and synchrotron
radiation. Weck et al. obtained data up to a pressure of 4.1GPa [cf.
Fig. 5(a)], whereas Katayama et al. measured up to a maximum pres-
sure of 17GPa. The literature data for the static pressure increase
show a shift of the left-most peak (the peak at lowest q) of S(q) toward
higher values of q for increasing pressures p, as shown in Fig. 5(a).
Using the data of Refs. 14 and 15, the position qp of this peak can be
extracted from S(q) for different pressures p. Specifically, a power-law
fit can be used to model the peak position qp as a function of the pres-
sure p. To this end, S(q) is digitized from the manuscripts using Ref.
39, and the peak position qp is determined. The following function
was then fitted to the data in Fig. 5(b) with pressures p � 0:4GPa;

log10 qp=Å
� �

¼ m 	 log10 p=GPað Þ þ b: (1)

The least-square fit converged for the values m ¼ 0:059ð2Þ and
b ¼ 0:3665ð9Þ. Using this fit result, the pressure evolution pðDtÞ was
computed from the peak positions qp of the structure factor measured
in the present work and is finally presented in Fig. 6. The error of the
pressure values is dominated by the fit errors. Note as well that the
temperature dependence was not taken into account, as it has a negli-
gible influence compared to the pressure (cf. data in Ref. 15). The
deduced power-law fit, hence, gives a valid estimation of qpðpÞ for val-
ues of p� 0:4GPa and, thus, enables us to determine pressure values
from the present data of the transient pressure increase with sufficient
accuracy, despite its limited q-range.

Figure 6(a) shows the structure factor S(q) for different time
delays Dt, as in Fig. 4, but now with all curves superimposed. As
explained above, S(q) is obtained from the diffracted intensity IonðqÞ

FIG. 5. Structure factor and pressure. (a)
Structure factor S(q) of water for different
static pressure values p from Ref. 14. (b)
Position qp of the main peak of S(q) for
different pressure values p on a double
logarithmic scale. The peak position qp
was extracted from data of Weck et al.14

(a) and Katayama et al.15 The power-law
fit (black) yields a good approximation for
pressure values of p� 0:4 GPa. Only val-
ues with p� 0:4 GPa were used for
fitting.
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(cf. Fig. 13) by division of the squared atomic scattering factor f 2ðqÞ
for O2� ions.38 Furthermore, the structure factor is normalized to the
maximum value of unperturbed water. At ambient conditions
(Dt � 0 ns), we observe indications for the typical doublet structure,
even if not entirely covered by the measured q-range. The transition
from the typical doublet structure to a single dominating peak can be
attributed to a transition from a tetrahedral arrangement of the water
molecules toward the molecular structure of a simple liquid, as
reported before.7,15 Next, we have extracted the peak position qp from
S(q) and used the power-law fit to calculate the pressure p for different
time delays Dt. For the time delays 3 and 4ns, the peak position qp
was outside or close to the boundary of the measured q-range of S(q).
We, therefore, manually extrapolated qp for these two time delays. The
resulting pressure evolution [Fig. 6(b)] shows a peak pressure of
�10GPa, which quickly decays within 7 ns resulting in a pressure of
�1.5GPa. Note the impressive pressure differences of five orders
of magnitude within the thin water jet at early time delays where parts
of the jet are still at ambient conditions and parts of the perturbation
are at �10GPa. This observation is well supported by the NFH data
(cf. Fig. 3).

VI. SUMMARY AND CONCLUSION

We have shown that holographic imaging and diffraction (NFH
and WAXS) with focused XFEL beams complement each other to
obtain information on hydrodynamic and molecular length scales,
respectively, with time resolutions, in principle, only limited by the
pulse length of the XFEL. We were able to obtain images with quanti-
tative contrast and a field of view on the order of �100lm with
single-pulse x-ray holography. NFH resolves fine details during the
growth of the laser-induced cavity, including shot to shot fluctuations
and water filamentation. In the correlated WAXS measurement, we
observe a shift of the first peak of the structure factor S(q) of water
toward 2.5 Å

�1
during shock compression. By comparing our data to

data from the literature measured at static pressures,14,15 we report a
peak pressure of 10GPa at Dt ¼ 6 ns in agreement with our previous
study.22 Importantly, we can attribute the change in the structure fac-
tor S(q) after dielectric breakdown to a transition of the structure from

a tetrahedral arrangement of water molecules to the molecular struc-
ture of a simple liquid.7,15

Future extensions of this work will be directed at a wider q-range
in order to compute the pair distribution function g(r) using the
AGIPD-detector40 and a higher photon energy. Comparing g(r) to
molecular dynamics simulations would then provide a more complete
picture of the thermodynamic processes, including pressure as well as
temperature traces. Single pulse reconstruction of g(r) of water in a
pump-probe scheme could also provide “movies” with molecular time
resolution,41 only limited by the pulse length of the XFEL (less than
100 fs). This is of particular interest for the observation of structural
dynamics during the early plasma states of cavitation after dielectric
breakdown. Furthermore, comparison of the macroscopic mass den-
sity determined by holography with the molecular-scale density
obtained from g(r) by diffraction would allow us to detect a possible
inhomogeneity in the liquid structure or the presence of domain
boundaries. This would be of particular interest for the observation of
water in different density configurations and its transitions (LDL to
HDL). The future work could compare the imaged mesoscopic density
distribution during shock propagation obtained from holographic
imaging with hydrodynamic simulations. By probing the molecular
structure at different positions along the jet, quantitative density and
pressure profiles can be measured not or not easily accessible by other
methods.42–44 To this end, the combined approach of NFH and
WAXS could contribute to a comprehensive understanding of cavita-
tion and shock propagation in liquid jets.

To conclude, we have combined two x-ray methods at the XFEL
to study the dynamics of water after dielectric breakdown. This allowed
us to relate structural information at the molecular scale to quantitative
images at mesoscopic scales, where non-equilibrium hydrodynamic
phenomena manifest themselves. The combination of techniques,
hence, provides the boundary conditions required to interpret the
molecular structure in heterogeneous non-equilibrium systems.
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APPENDIX A: DATA PROCESSING—HOLOGRAPHY

An overview over the data processing workflow for NFH is given
in Fig. 7(a). The data processing, empty-beam correction, and phase
retrieval of the x-ray holograms are described in great detail by
Hagemann et al.21 Here, we will only briefly sketch the involved steps.

1. Empty-beam correction

A series of empty-beam images (�150 images) is acquired
directly before and after the measurement of the holograms with the
pump laser switched on. The empty-beam correction is based on the
components of a principal component analysis (PCA) of the empty-
beam series. For each hologram, a reference image is calculated from
the first 30 components of the PCA, which is then used for empty-
beam division. This approach was first described for data acquired at
synchrotrons46 and was adapted to data from XFELs in Ref. 21.

2. Phase retrieval

The object’s phase shift, encoded in the empty-beam corrected
x-ray holograms, is retrieved by the iterative phase retrieval algo-
rithm alternating projections (AP).35,36 The algorithm projects the
object’s guess alternatingly onto a measurement constraint, the
intensities of the empty-beam corrected hologram, and a sample
constraint, the spatial limitation of the object by a compact support.
Two additional sample constraints are used: The range constraint,

limiting the phase shift to �/ 2 ½�10; 0
 rad, and the homogeneous
object constraint with prior knowledge of the d=b-ratio of water,
where d and b are given by the refracting and absorbing parts of the
index of refraction n ¼ 1� dþ ib. The phase retrieval is then
divided into two stages: In a first stage, the support for the sample
constraint is determined automatically with a maximum number of
500 iterations. In a subsequent second stage, this support is used to
calculate the object’s phase shift with a maximum of 4000
iterations.

APPENDIX B: DATA PROCESSING—DIFFRACTION DATA

An overview over the data processing workflow for NFH is
given in Fig. 7(b).

1. Calibration of the detection geometry

The detection geometry was calibrated with powder diffraction
measurements of a polycrystalline LaB6 sample. Figures 8(a) and
8(b) clearly show the ð1 0 0Þ; ð1 1 0Þ, and ð1 1 1Þ diffraction rings of
the LaB6 sample on the ~qh and ~qv detectors, respectively. We fit
three circles with common center position to the diffraction rings
on both detectors to determine the detection geometry with respect
to the diffraction center. The result is shown in Fig. 8(c). With this
diffraction center, the azimuthal average of the detected intensities
yields I(q) [Fig. 8(d)]. The calculated positions of the
ð1 0 0Þ; ð1 1 0Þ, and ð1 1 1Þ diffraction peaks for LaB6 with a lattice
constant of 4.16 Å (Ref. 47) are shown.

Note that the images in Figs. 8(a) and 8(b) are not background
corrected, only the pedestal was subtracted, such that they give a

FIG. 7. Data processing steps. (a) X-ray near-field holography (cf. Fig. 2): The
PCA-based flat-field correction was performed using a set of empty beam images
recorded before and after each run. The phase of the sample is reconstructed
numerically by an alternating projections (AP) algorithm for single shot x-ray
images. The pulse average phase shift h�/i and exemplary difference D�/
¼ �/ � h�/i are depicted in Fig. 3. (b) X-ray diffraction (cf. Fig. 1): The processing
steps are summarized in the schematic and explained in detail in the sections
below.
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good impression on the background intensity due to scattering at
optics and other elements. For example, the vertical blue line in Fig.
8(b) results from a shadowing of the background scattering at the
nozzle of the l-fluidic jet.

2. Detector pedestal and gain-map correction

The pixels of the ePix100 detectors accumulate charge linear to
the photon energy incident during the acquisition. Each pixel has to
some extent its own readout electronics, leading to different gain

factors gij and pedestals pij (dark current). The pedestal can easily
be corrected by a subtraction of dark images. The correction of dif-
ferent gain factors requires the calculation of a gain map. With
monochromatic radiation and low incident flux, the gain map can
be calculated by determination of the single photon charge value
from pixelwise histograms. Figure 9(a) shows the gain map of the
~qh detector with a gain variation of �15%. The gain-map-corrected
intensity measurement shows homogeneous scattering intensity
along the diffuse diffraction ring of water, whereas intensity varia-
tions are visible in the uncorrected image [cf. Figs. 9(b) and 9(c)].

FIG. 8. Calibration of the detection geom-
etry. [(a) and (b)] Detected intensity of the
polycrystalline LaB6 sample after pedestal
subtraction for the ~qh and ~qv detectors,
respectively. The powder diffraction rings
of the LaB6 structure are clearly visible on
both detectors. In addition, the images
give a good impression of the strong
background scattering present in the
experiments. (c) Optimized geometry of
both detectors. The circles (black, dashed)
correspond to the circles fitted to the dif-
fraction rings to calibrate the detection
geometry. (d) Diffracted intensity after azi-
muthal integration of (a) and (b). The verti-
cal lines (gray, dashed) indicate the
position of the LaB6 diffraction peaks from
the literature.47 The diamonds mark the
experimentally determined peak positions.
Scale bars: 0.2 Å in (a) and (b).

FIG. 9. Gain-map correction of the ePIX100 detectors. The gain map (a) represents the conversion gain per incident 17.5 keV photon for each individual pixel. Strong variations
appear between adjacent pixel columns and submodules of the detector chip and in the vertical direction toward the intermodular gap. (b) and (c) Normalized intensity of water
diffraction at the~qh detector without and with gain correction, respectively. In (a), the color scales linearly with the gain in the range of 250–350 ADU ph�1 and in (b) and (c)
with the normalized intensity in the range of 0.3–1.6.
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FIG. 10. Masked areas on the diffraction
detectors. Areas with strong fluctuations
of the background scattering or pedestal
are excluded from further analysis. (a)
and (b) The difference intensity Ion � Ioff
for Dt ¼ �7 ns (unperturbed water) mea-
sured by the~qh and~qv detectors, respec-
tively. Regions with strong background
fluctuations are excluded from further
analysis, indicated by the black regions in
(c) and (d) for the ~qh and ~qv detectors,
respectively. (e) Angularly averaged and
filtered intensity I(q) of the~qh detector for
two delays Dt with and without mask (c).
The difference intensity in (a)–(c) scales in
arbitrary units.

FIG. 11. Polarization correction. (a) Polari-
zation factor for the ~qh detector with its
main scattering contribution parallel to the
x-ray polarization. (b) Normalized intensity
of water diffraction with and without polari-
zation correction for both detectors. The
polarization factor deviates by less than
0.01 from unity on the~qv detector with its
main scattering contribution perpendicular
to the x-ray polarization.
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3. Correction of pulse-to-pulse intensity fluctuations

The SASE process leads to strong pulse-to-pulse intensity fluc-
tuations. As the total scattered intensity measured at the ePix100
detectors was not constant with Dt, an external intensity reference
was needed. To this end, we corrected each single-pulse diffraction
signal by the total intensity measured with the on-axis Zyla camera.

4. Background subtraction and signal calculation

The signal of our interest is the combined signal of the laser-
induced perturbation and the unperturbed water jet Rpertub þ Rjet.
The easiest way to obtain this combined signal would be to measure
the intensity with pump laser and water jet Ion and the background
intensity with neither pump laser nor water jet active IBG and

FIG. 12. Signal filtering. Comparison of
unfiltered (light colors) and filtered (dark
colors) intensity difference Ion � Ioff for
three values of Dt. The Savitzky–Golay fil-
ter reduces high-frequency noise but
leaves the low-frequency variations
unchanged. (a) and (b)~qh and~qv detec-
tors, respectively.

FIG. 13. Time series of the diffracted
intensity. Diffracted intensity of the per-
turbed water jet (Ion, left ordinate, orange)
and difference in the diffracted intensity
with and without laser irradiation
(Ion � Ioff , right ordinate, green) for differ-
ent values of the pump-probe delay Dt.
Both detectors (~qv , solid; ~qh, dashed)
showed a similar change in the diffracted
intensity. Time delays as shown in Figs. 3
and 4.
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simply deduce Rpertub þ Rjet ¼ Ion � IBG. We have to consider,
however, that the background intensity is not constant over time
due to drifts, so that IBG would have to be measured directly before
or after the pump-probe experiment. As we lack this direct mea-
surement of the background, we complemented our overall inten-
sity Ion with the intensity obtained in between pump-probe
intervals Ioff after switching off the pump laser, but leaving the
water jet running. In an independent measurement, we obtained
the intensity with water Ioff and the background intensity IBG in
subsequent measurements. We, thus, end up with Rpertub þ Rjet

¼ Ion � Ioff þ Rjet ¼ ½Ion � Ioff 
t1 þ ½Ioff � IBG
t2 , where t1 and t2
indicate the different points in time of acquisition.

5. Detector mask

Some regions on the ePix100 detectors experienced strong
pulse-to-pulse fluctuations in the scattering background or pedestal.
These areas have been excluded from the analysis (cf. Fig. 10).

6. Polarization correction

The amplitude of the scattered field depends on the polariza-
tion of the incoming x-ray wavefield. For horizontally polarized x
rays, the full scattering amplitude would only be observed along the
vertical axis, i.e., for values of ~q without any contribution in the
horizontal direction ~qh. The polarization factor and polarization
correction for area detectors are well described in Ref. 48. Let 2Hh

and 2Hv be the scattering angle in the horizontal and vertical
planes, respectively. The polarization factor Ph for horizontally
polarized x rays is then given by48

Ph ¼ 1� cos2 2Hvð Þ sin2 2Hhð Þ: (B1)

We assume horizontal polarization of the x rays generated
within the undulator. Figure 11 shows the polarization factor for
the~qh detector and the influence on the diffracted intensity I(q).

7. Signal filtering

The I(q) intensity measurements are filtered by a
Savitzky–Golay filter [savgol_filter of SciPy’s signal module (v.
1.5.4)49 with parameters polyorder: 0, window_length: 51]. The win-
dow length of 51 pixels corresponds to a length in q of �0.09 Å.
Figure 12 shows a comparison of filtered and unfiltered I(q) for
three values of Dt.

For completeness, we also include the evolution of the
diffraction intensity Ion, before division of the atomic form factor,
see Fig. 13.
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