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A Abstract

Modern user facilities for X-ray generation, like the European XFEL and ELI, will deliver X-ray
pulses with Angstrém-wavelength and durations of single to tens of femtoseconds. To reveal
dynamics at the molecular and atomic level, experiments will routinely be carried out in a
pump-probe geometry where an external, optical laser pulse excites a specimen, while the
ultrashort X-ray pulses are used to follow the development of the excitation. For this, the
precise knowledge of the relative arrival time between the optical and the X-ray pulses is
essential, and hence needs to be measured with a temporal precision of the order of the
pulse duration. Moreover, this measurement has to be done ideally without deteriorating
the pulses of the actual experiment and hence a key component is the interaction medium
for this measurement. Established techniques are based on probing thin solid samples or
foils with an optical laser pulse. Here an X-ray induced change of the electronic properties,
e.g. refractive index, is exploited to retrieve the relative arrival time. With European XFEL
and ELI Beamlines, two high repetition rate (up to 4.5 MHz) X-ray sources will soon become
available, which set two significant challenges for arrival time measurements: First, the
decay time of the material’s modified property may be too large, as electronic processes can
last for tens of nanoseconds, such that for a subsequent X-ray/optical pulse pair an already
excited sample is probed, which alters the outcome of the timing retrieval. Secondly, the
induced heat load into the sample from high repetition rate X-ray free-electron laser pulses
can deteriorate or destroy the sample. Therefore, the capabilities of liquid jets are being
investigated in this report, as these jets can be made fast flowing for shot-to-shot sample
replacement while providing a thin, flat interaction region for high time resolution.
Additionally, by choosing an appropriate solvent and solute, the effect exploited for the
timing measurement can be tailored to some extent.
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1 Introduction

In the following, the two facilities benefiting most from the investigation of the flat-sheet
liquid jet capabilities and the timing tool developments are briefly introduced. Some of the
methods for the high-repetition timing tools to be developed can be also potentially
beneficial for the operation with other high-repetition sources, e.g. synchrotron slicing
beamlines. Additional information on conceptual or technical details can be found in the
references given below.

1.1 European XFEL

The European X-ray Free-Electron Laser (European XFEL, or sometimes just XFEL) is based on
self-amplified spontaneous emission (SASE) for the generation of ultrashort pulses in the soft
to hard X-ray spectral regions, and is driven by a superconducting linear accelerator (linac)
with a maximum electron beam energy of 17.5 GeV [Alt06, Alt11l, DL13]. Three undulator
beamlines serve six scientific instruments:

e FXE for studies of dynamic processes in the fields of liquid chemistry and solid state
systems

e SPB/SFX for single-particle, cluster and biomolecular imaging

e MID for studies and imaging of material dynamics on time and length scales
inaccessible so far

e HED for studies of material under extreme conditions

e SQS for studies of small quantum systems by means of gas phase spectroscopy of
atoms, ions and molecules

e SCS for coherent scattering and photoelectron spectroscopy using soft X-rays

All instruments will allow for time-resolved experiments. A precise knowledge about the
temporal delay between pump and probe pulses is therefore crucial for a correct
interpretation of the data acquired in those experiments.

The X-ray source is based on a large-scale facility with a total length of 3.6 km, hence a
timing jitter between the X-ray and optical pulses is unavoidably present. European XFEL’s
advanced feedback techniques (based on its superconducting linear accelerator and in
conjunction with all-optical synchronisation schemes for the involved laser systems) allow to
reduce this timing instability down to the order of a few tens of femtoseconds [SGB+15]. For
single-digit femtosecond time resolution, a cross-correlation measurement at or close to the
sample position in a user experiment is mandatory and will allow for post-sorting of the
acquired experimental data, see e.g. [HCB+13].
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1.2 The FXE Scientific Instrument at the European XFEL

The FXE (“Femtosecond X-Ray Experiments”) scientific instrument aims at time-resolved
investigation of ultrafast processes in liquid and solid states, and potentially also gaseous
samples. The main research focus is chemical dynamics on the molecular level and dynamics
in condensed matter systems.

For this, the FXE instrument exploits the short X-ray pulse duration of a few to tens of
femtoseconds together with several optical lasers which produce visible light and near-
infrared pulses with a duration of tens of femtoseconds, thus enabling time-resolved pump-
probe experiments.

X-ray techniques to be applied are various kinds of diffraction (Bragg, powder, amorphous)
and spectroscopy. In spectroscopy, the use of X-ray emission spectroscopy (XES) is enabled
by two different types of spectrometers (“Johann”-like and “von Hamos”-like), while for X-
ray absorption spectroscopy (XAS) the photon energy will be tunable around element-
specific absorption edges which can be selected in the range of 5 keV to 20 keV.

Upstream of the sample environment the X-ray beam passes several components and
subsystems for diagnostics allowing to adjust the beam parameters to the requirements of
the current experiment. In Fig. 1.1, the entire instrument is shown within the experiment
hutch, while the components installed in the tunnel are omitted. In the figure, the beam
enters the instrument from the lower right and first passes an imaging unit (labelled BIU1 in
the figure) for position measurements and a spectrum analyser (SA1). After a slit assembly, it
then enters the location which is foreseen for the timing tool installation (TAD, marked with
the rightmost orange arrow in the figure). At this location, the X-ray beam is supposed to
have constant parameters, as the adjustments for the user experiment are only made
subsequently. This allows for a robust implementation of a timing tool. In fact, there is a
diamond grating installed upstream in the tunnel, which allows to measure the X-ray/optical
arrival time using the first diffracted order, and thus, the measurement is non-invasive to the
main beam, i.e. the zeroth order is transmitted through the grating, for the experiment.
Here the liquid jet needs to be operated in vacuum, which makes requirements more
stringent, as will be discussed below. Additionally, this location is around 6 m away from the
sample environment, therefore the required optical laser beam transport may introduce
slow drifts. In order to mitigate the influence of thermal drifts the complete X-ray and laser
optical branch is covered and equipped with a precision air conditioning system. After the
timing tool location, the X-ray beam passes an attenuator assembly (SAA), an intensity
monitor (IPM1) and another imaging unit (BIU2) before it enters the compound refractive
lens system (CRL) for setting the final focus for the experiment. Before the beam leaves the
vacuum system through a diamond window (DW) to the ambient or helium atmosphere
sample environment (see the inset of the figure), a final imaging unit (BIU3) and another slit
assembly (SL2) is passed. The detector for scattering experiments is designed in such a way
that the beam can pass onto another optical table, where additional diagnostic devices are
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installed, such as another spectrum analyser (SA2), an imaging unit (BIU4) and another

intensity monitor.

Figure 1.1: Artistic overview of the “Instrument for Femtosecond X-ray Experiments” (FXE) at
the European XFEL, including optical components and experimental sections. The X-ray beam
is coming from the lower right. The inset shows a close-up of the sample environment, where
precisely timed X-ray and optical laser pulses interact in the target. The optical beam can be
provided by two laser systems installed in two adjacent laboratories. The orange arrows
point to possible locations for the X-ray/optical laser pulse relative arrival time measurement.

The optical laser is coupled into the experiment hutch from an adjacent laboratory roughly 1
m in front of the sample stack, where an optical table provides space for laser diagnostics,
beam forming and wavelength conversion. This optical table, being very close to the sample,
is also suited for the operation of a liquid jet-based timing tool, yet limited to spectroscopy
as the scattering in the liquid jet will spoil the actual, subsequent measurement. For liquid
scattering experiments, it may be feasible to install the timing tool closely behind the
detector on the last optical table (marked with the leftmost orange arrow in the Figure 1.1).
For a certain class of experiments, it might even be feasible to measure the timing in-situ, i.e.
within the liquid jet used for the actual sample delivery of the experiment. In all cases, the
jet is operated in ambient conditions or a helium atmosphere, which makes a technical
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implementation less demanding. On the other hand, at those locations, the timing tool
needs to be flexible enough to accept different focus sizes from um to hundreds of
micrometres and attenuation setpoints of covering orders of magnitude of the X-ray beam
intensity. Since a change of these parameters will be requested frequently, the timing tool
implementation will require a large extent of automation to cope with these changes.

1.3 Time Structure of the European XFEL

In superconducting cavities, the accelerating field can be sustained over a long duration due
to low losses and high quality factors as compared to normal conducting cavities. At the
European XFEL, the maximum pulse duration of the radio frequency (RF) field is 600 ps, in
which a maximum number of 2700 electron bunches with an intra-train repetition rate of 4.5
MHz can be accelerated, i.e. the X-ray pulse separation is 222 ns. In addition, there are
several discrete settings for the intra-train repetition rate to reduce it from 4.5 MHz down to
~100 kHz with an accordingly reduced number of maximum pulses. This sequence of
electron bunches and X-ray pulses is also called pulse-train. The repetition rate of the pulse-
train is 10 Hz, which results ultimately in a so-called burst mode time structure or “bunch
pattern” or “pulse pattern”, and is depicted schematically in Fig. 1.2.

. 100ms BOW /2 = (global average)
600 us 10 KW ~ (train-averaged)
-
100 fs 20 GW (peak power)
1111 11 1
up to 2,70.0 up to 27000 pulses/sec
pulses/train

220 ns
spacing

(4.5 MHz)

Figure 1.2: Pulse pattern and time structure of the European XFEL.

The high intra-train repetition rate of up to 4.5 MHz will allow for efficient data acquisition,
while the several hundreds of microseconds pulse-train duration allow for studies of
microsecond dynamics within one pulse-train, but imposes challenges on detector
technology at MHz readout frequencies, as well as data transfer, data processing and data
storage, see e.g. [BAG+16]. In particular, this affects the online analysis of the retrieved X-
ray/optical laser relative arrival time timing tool data and its incorporation into the online
data provided to the user during the experiment.
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1.4 ELI Beamlines

The Extreme Light Infrastructure (ELI) is a European project forming a pan-European Laser
facility to design and commission the most intense lasers in the world for fundamental and
applied research, as user facilities. ELI Beamlines is located in Dolni Bfezany, Czech Republic,
and is one of three ELI facilities, the other two are in Szeged, Hungary (ELI Attosecond) and
Magurele, Romania (ELI Nuclear Physics). ELI Beamlines is currently the largest scientific
project in the Czech Republic coordinated by the Institute of physics (FZU) of the Czech
Academy of Sciences.

The realization of the ELI Beamlines project started in 2012. This project is a part of the
European plan to build a new generation of large research facilities selected by the European
Strategy Forum for Research Infrastructures (ESFRI). The main goal of ELI Beamlines is to
build one of the most advanced laser resources in the world and implement research
projects covering the interaction of light with matter at intensities many times higher than
the currently achievable values. ELI Beamlines will produce ultra-short laser pulses of a few

>'5) duration at the peak power of up to 10 PW. Technologies of ELI

femtoseconds (10
Beamlines will enable creation of new techniques for time-resolved spectroscopy, scattering,
and diffraction techniques, medical imaging, display, diagnostics, and radiotherapy, tools for
design, development, and testing of new materials, improvements of X-ray optics among
other. ELI Beamlines will also be an attractive platform for educating a new generation of
scientists.

Comprehensive overview of the various laser and experimental technologies is too broad to
be presented here (see the webpage of the project [ELIWEB]), for the subjects touching the
PUCCA work package the most relevant instrument development will be taking place in
Experimental Hall 1 of the ELI Beamlines facility. The different secondary light sources in the
E1 hall will be driven by the ELI Beamlines L1 laser, which is going to be providing ~15
femtosecond pulses of up to 100 mJ at a repetition rate of 1 kHz. The primary laser power
will be utilized to create three principal kinds of pulsed photon sources: sources spanning
the spectrum from ~190 nm ultraviolet to multi-micron infrared, as well as THz wave
sources, by nonlinear light conversion of the primary infrared pulse - these will serve also as
auxiliary sources, extreme UV source of up to ~100 eV in energy by high harmonic
generation in a gas jet (HHG source), and a 4m point source of hard X-rays (5-20 keV) from
laser-induced plasma interaction in a liquid metal jet filament (PXS source). All sources but
the PXS source will be capable of providing pulse lengths of a few tens of femtoseconds, in
the case of the PXS the expected pulse length will be on the order of a few hundred
femtoseconds long.

Several experimental endstations are being developed for the E1 hall (see Figure 1.3), these
will be covering the area of atomic and molecular science and coherent diffractive imaging
(MAC endstation), magneto-optical ellipsometry (ELIps endstation), time-resolved X-ray
experiments (TREX endstation at the PXS source), time-resolved optical spectroscopy,
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including stimulated Raman scattering (SRS endstation). Due to the fact that these photon
sources are all directly driven by the primary laser light and are generated in close proximity,
major sources of jitter are inherently avoided compared to accelerator driven FELs,
nonetheless - due to the potentially relatively long travel path between the probing and
pumping beams that may magnify the deleterious effects from local vibration sources (e.g.,
pumps) - a timing jitter on the order of tens of femtoseconds may be expected.
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Figure 1.3: Artistic view of the secondary sources and end-stations of the Experimental Hall 1
at ELI Beamlines.
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2 Objectives

The EUCALL project description states: “European XFEL is developing 4.5 MHz repetition rate
X-ray/optical diagnostics and has already acquired experience in exploiting such high
repetition rates at SR sources. XFEL experiments at LCLS and SACLA sought to reveal dynamic
effects on the femtosecond level, and XFEL has also contributed to the 100 Hz development
of a sub-10 fs timing tool at LCLS. Within this project XFEL will develop schemes to measure
the precise arrival time of pulses from a distant light source (with respect to an independent
closer light source) at MHz repetition rates based on fast liquid jets for fast sample exchange
on a shot-by-shot basis. This effort aims to exploit the energy range from about 5 — 20 keV,
but also throughout the UV-vis-NIR range. [...] ELI joins these timing tool efforts by
developing a similar liquid jet based tool to measure the arrival time between two
independent laser sources (of which one may serve as an X-ray plasma source).”

Based on this, the requirements and capabilities of the liquid jet used for the realisation of
the measurement of the relative arrival time of EUV, soft and hard X-ray pulses relative to an
optical laser are defined.

2.1 Liquid Jet Timing Tool Requirements for Tender and Hard X-rays

The requirements for a liquid sheet-based timing tool (and/or sample delivery system) for
hard X-ray applications are the following:

e linear flow speed of the liquid of about 100 um/us to accommodate the high intra-
train repetition rate (4.5 MHz) of the European XFEL, such that the sample volume is
replaced for each pulse in the train;

e variable sheet thickness in the range of 0.1-1 um (this depends on the detection
scheme, transmissive schemes may suffer from loss of time resolution at thicknesses
above 10 um);

o the width of the flat, unobstructed part of the sheet is optimally 0.5-2 mm;
o flat, uniform surface with no ripples or waves;

e running water and different alcohols (ethanol tested);

e closed loop operation (reflow the sample);

e capability of operation in vacuum is desirable;

e motorized control of jet position relative to X-ray/optical beam and focus (3 axis)

o corresponding motion of catcher assembly;

o full integration into the facilities’ data acquisition and control system (Karabo at the
European XFEL, Tango at ELI);
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e easy maintenance;
e online monitoring of the injection with an optical camera;

e possibility for double use as means for sample introduction

o for specific cases, this would mean that simultaneous X-ray scattering
application could be used along with timing purposes.

The main requirements for the timing tool to be utilized for hard X-rays applications stem
primarily from the high repetition rate of the XFEL source, which then result in the need for
high rate of sample replacement, - i.e., high liquid speed. However, many applications at the
hard X-ray beamlines can be performed outside of vacuum chambers, in air or in protective
atmosphere - this puts less demand on the effort to minimize the volumetric flow rate in
cases where the liquid is not used simultaneously as a (limited) sample.

2.2 Timing Tool Based on Microfluidic Liquid Sheet Jet

For applications with soft X-ray and extreme UV radiation vacuum environment is always
required for the experiments, in contrast to hard X-ray applications. This mostly means that
the vacuum environment needs to be protected from the operation.

In recent years, liquid jet systems capable of delivering extremely thin jets of the order of
one micrometre has been developed [DWS+08, TKD+14] which is capable of operation in
such conditions. The system is based on the utilisation of the technique of gas dynamic
virtual nozzle (GDVN) where gas pressure and flow is utilized to compress and elongate the
liquid stream into a jet of a few micron to sub-micron diameter, one to two orders of
magnitude thinner than a regular Rayleigh jet produced by a simple orifice would allow. For
sample introduction purposes a major advantage of these micro-liquid jets is the relatively
small liquid consumption rate, on the order of hundreds of microliters per hour. Recently the
technique has been modified to produce also flat liquid sheets that could be utilized for the
purpose of a liquid jet based timing tool. The liquid sheet of the microjet can serve as a
moving target for characterizing the X-ray pulses and the arrival time.

The requirement for the liquid microjet sheet-based timing tool are the following:

e The surface of the sheet should be uniform, with minimum roughness.

e The linear speed of the flow of liquid (water) should be approximately around 100
um/us to accommodate the shot-to-shot spacing of the European XFEL shown in
Figure 1.2, 220 ns (4.5 MHz rep rate) of 2-100 fs X-ray pulses (600 ps pulse per train
with up to 2700 pulses per train with 0.1 second separation / 10 Hz rep rate of the
pulse train). For the kHz repetition rate of X-ray/XUV sources at ELI Beamlines, the
flow velocity may be slower.
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e The volumetric flow rate should be as low as possible, desirably less than circa 100
uL/min, to enable operation in deeper vacuum. The estimates of the volumetric flow
rates are shown in Table 2.1. The total flow of the supporting gas envelope needs
also to be taken in consideration, since it might easily overwhelm the vacuum
pumping system.

e The clear (uniform) width and the length of the surface of the sheet should be about
100 um to accommodate a few hundreds of femtoseconds jitter of the X-ray pulse
(see below).

e The thickness should be less than 1 um. The thickness sets the flow rate of the liquid,
the thinner the jet, the better for the vacuum system. For the application as a timing
tool, only the surface quality is important, the thickness is of less relevance. It can be
as thin 100 nm.

o However, for some other applications, for instance in water radiolysis
measured by transient absorption at low X-ray flux such as 5 - 20 keV plasma
X-ray sources planned at ELI Beamlines, thicker jets would be of interest with
the thicknesses above 1 um.

The estimates of the flow rates for 1 um and 0.2 um thick sheets for the velocity of the liquid
equal to 100 um/us are presented in Table 2.1.

Table 2.1: Estimates of the parameters of the microjet sheet for the X-ray timing tool.

Width thickness velocity volumetric flow rate
pm M um m m/s = um/us m>/s cm®/s=mL/s mL/min
100 1x10* 1.0 1x10° 100 1x10°® 0.010 0.60
100 1x10* 02 2x10”7 100 2 x10° 0.002 0.12

2.3 Detection Scheme Considerations
2.3.1 Spatial Time Encoding

One possible method for the detection is based on the change of reflectivity of the surface of
the liquid (usually water) sheet. As mentioned already above, X-ray/optical cross-correlation
has been shown to be effective for the case of solid substrates [GAB+08, MCW+08, Durl2,
KTS+12, HCB+13, DBP+14, STO+15, EBP+15], while the usage of liquid water and of other
liquids has been so far investigated to a lesser degree [HGR+10]. It is generally expected that
the reflectivity of the water surface will rapidly change with the impact of an X-ray pulse,
since it is well known that spectral properties of water do change already during the first
tens of femtosecond during pulse radiolysis [OKS+11, YKK+11]. Nonetheless, the exact
dynamics will need to be investigated to achieve comparable level of timing precision.
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For reflection based detection, the thickness of the sample sheet is of small significance.
However, the width W of the liquid flat sheet defines several parameters with respect to
time window and temporal resolution(see Figure 2.1). In a geometry where the X-ray beam
and the probing optical laser beam are perpendicular, the optical laser pulse arrival time t;
will be mapped directly on the planar image of the reflection of the optical laser beamas L =
c - t; (the time t, is the period of delay of the laser pulse after the first moment of interaction
of the X-ray with the liquid sheet, c is the speed of light in vacuum). For the purposes of the

experiment, a more practical “time zero” would be the moment of central overlap of both
pulses (where L = 0.5 - W - cos ¢) , but the selection may depend on which pulse is to come

earlier on the sample in the particular study.

D X-ray

X-ray

w 2¢

opt

optical Laser

D

opt
Figure 2.1: Geometrical considerations for the usage of the liquid sheet for spatial-based time
encoding.

The observable time window will depend on the angle ¢ of incidence of the X-ray beam with
the liquid sheet. The entire maximum span of the time window to investigate the timing
jitter is given by t,, = W-c’-cos ¢.

For example, if the sheet width is W = 100 pum and the angle of laser beam incidence is ¢ =
22.5° (under this circumstance the reflected laser beam has a 90° - 2¢ = 45° angle with the
incoming X-ray beam), then the time window is t, = 308 fs. The relatively sharp angle will
either require that the X-ray pulse diameter is either equal to W-sin ¢ = Dx.rqy = 38.3 pm, or
that only a smaller portion of the same width of the X-ray pulse is imaged, which potentially
can be a split-off beam of the main X-ray beam [KOT+16]. The imaging laser beam diameter
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then must be more than W. cos ¢ = Dgp: = 92.4 um wide. A limit on the time resolution will
then be determined by the pixel density of the imaging system. Subsequently the imaged
area / line of Doy is going to be magnified by optics onto either a 2D camera chip or onto a
1D pixel array. A time resolution per pixel can then easily be calculated. Dividing the time
window by the number of the illuminated pixels, e.g. 308 fs / 100 px yields 3 fs per pixel.
However, the actual radiation physics of the change of reflectivity on the surface and
instrumental sources of instability will certainly introduce signal dispersion that will degrade
the timing resolution, experience with similar systems on solid samples had a 5 - 10 fs (RMS)
residual timing jitter [DBP+14, STO+15].

2.3.2 Spectral Time Encoding

Another possible method for relative X-ray/optical timing measurement by exploiting a
change of optical properties of a material is the spectral encoding technique, which
schematically is shown in Fig. 2.2 and described in the EUCALL project description as Task
7.1.2. In this method, the optical probe pulse is a spectrally broadband white light
(“supercontinuum”) pulse, which is generated either in a crystal or via filamentation
[BKL+95] from the 800 nm optical pump-probe laser. Due to the chirp of the pulse, i.e., the
different velocities of different spectral components resulting from the generation process, a
low-order polynomial mapping between time and wavelength is established (see, e.g.,
[HCB+13, BHW+14] where - in these studies a sub-10 fs timing resolution was achieved on
solid samples at LCLS). Overlapping the supercontinuum with the X-ray pulse in a liquid jet or
thin solid samples, as it is realised for established timing tools at low repetition rates, leads
to a change of the complex refractive index. Thus amplitude and phase of the transmitted
optical spectrum are modulated at a particular wavelength depending on the instant of
overlap. Hence, the spectral location of the feature can be translated into a relative arrival
time of the pulses.

white light  delay imaging spectrometer + line detector

X-rays —

Figure 2.2: Sketch of the spectral encoding scheme for the measurement of the relative
arrival time between X-rays and optical pulses.
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As can be seen on the sketch of the method in Figure 2.2 above, the pulse arrival can be
identified through an increased optical absorption of a portion of the spectrum of the
transmitted chirped pulse. Since the introduced chirp is a known parameter, the specific
wavelength at which the drop-in transmittance occurs carries the information about the
delay between the X-ray and optical pulses. The advantage of this technique is two-fold:
first, the temporal window can be tailored by applying more or less chirp to the probe pulse
for either covering a larger time window in the order of several picoseconds or by reducing
the window to increase the temporal resolution (which, however, is limited by other factors
as well). Second, from a technical point of view, spectral encoding is favoured over spatial
encoding at the European XFEL, since only a 1D (or “line”) detector is required in comparison
to spatial encoding and hence it can be realised at the 4.5 MHz high intra-train repetition
rates as mentioned above.
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3 Methods, Experiments and Results

3.1 Flat-Sheet Colliding Jet

The first liquid jet system under investigation is a commercial device developed and
manufactured by Microliquids GmbH, Go6ttingen (http://microliquids.com), since it promises
to meet the requirements described above. It is based on the phenomenon that upon
collision of two round, laminar jets under an angle a stable flat sheet is formed, as sketched
in Fig. 3.1. Depending on the angle and positioning of the nozzles with respect to each other,
their diameter and their individual pressures the thickness, flatness, shape and stability of
the sheet can be influenced and controlled to some extent. Typically, the width of such a
sheet is between 0.5 mm and 1 mm while the length, i.e. the size in the liquid flow direction,
of the flat part of the sheet is a few millimetres.

a)

Figure 3.1: a) Photographs of a liquid flat sheet from two orthogonal directions showing the
formation of a first sheet (left picture) and a second, smaller one. b) Sketch of the flat sheet
with notation used, taken from [EQF+15].

The system shown in Fig. 3.2 is equipped with several manual and motorised translation
stages which provide the required degrees of freedom for alignment of the nozzles.
Moreover, the system is prepared to be used in vacuum (with pressures of around 103
mbar) and therefore mounted on a DN100 CF flange. The complete jet assembly can be
moved using motorised translation stages by £10 mm in all three dimensions to allow an
optimum placement of the jet once integrated into the experiment or sample environment.
The delivery of the liquid to the nozzles is equipped with individual pressure regulators,
providing another possibility for fine-tuning the flat sheet. In addition, the pipes for the
liquid are installed inside another pipe, where another liquid can be flown for tempering the
sample liquid using an external heater or cooler. Finally, a catcher assembly (not depicted
here) is used to collect the liquid and allows for reflowing it, which is in particular important
when such a jet is not only used in a timing tool configuration, but for actual sample delivery.
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The pressure system is consisting of a commercial HPLC pump (Shimadzu LC-20AP

Prominence) and pulsation dampeners.

Figure 3.2: Photograph of the colliding flat-sheet jet assembly. On the left, the two nozzles
installed at an angle are visible, together with one motor for remote optimisation of the
sheet and a diagnostic camera. On the right, the motorised manipulator and individual
pressure regulators for the nozzles can be seen. The central rod includes the possibility for
tempering the liquid. The vacuum-ready assembly is based on a DN100 CF flange. The
catcher assembly and the pressure system are not shown in the picture.

3.1.1 Flatness and Thickness Measurements

The flatness and the thickness of the sheet are two important parameters and were the first
to be analysed. The basis for this is a technique called confocal achromatic imaging, sketched
in Fig. 3.3, where the light of a white source (typically an LED) falls onto a chromatic lens,
such that the focal planes for different wavelength have a different distance to the lens.
When light is reflected from a surface placed at a certain distance from the lens, the light
with the corresponding wavelength is reflected and can be analyses using a spectrometer. If
light is also reflected from the back surface of a thin, optically transparent sample, such as
an liquid flat sheet jet operated with water, interference occurs which thus can be used to
analyse also the thickness of the sample in a contactless way. For the measurements
discussed below an commercial device (Polytec/STIL TopSens CCS Prima with optical pen
CLO-MG140) is used, which allows for a thickness range of sub-5 pum up to 100 um at a
working distance of approximately 2.7 mm.
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Figure 3.3: Principle of confocal chromatic imaging, being the basis for contactless distance
and thickness measurements.

Figure 3.4 shows the results of a thickness measurement series, where the jet is equipped
with nozzles of 128 um diameter and operated at different volumetric flow rates of 60
ml/min, 70 ml/min and 80 ml/min. Clearly, as can be seen in the left graph, for all flow rates
the thickness reduces from tens of micrometres to less than 10 um over a distance of 15 mm
along the liquid flow direction (“y” direction in Fig. 3.1b) in the sheet. The right graph of Fig.
3.4 shows the thickness of the jet across the sheet (“x”) for selected flow rates and y-
positions on the sheet. Notably, the sheet is not uniformly flat over its extent in y-direction,
but exhibits a certain curvature, which changes from convex to concave the further away
from the liquid interaction point and the thinner it gets. Thus, there is only one particular
point where the surface is flat, which will have a particular thickness depending on the
nozzle size and flow rate. This result has to be considered when operating the timing tool in
the spatial encoding geometry, as explained in Section 2 above. For this particular
configuration of the liquid jet system, the optimum conditions are a flow rate of around 80
ml/min., with a resulting thickness of ~5 um.

To produce thinner sheets with the colliding jet technique, nozzles with smaller diameter can
be used, which however may have negative consequences on the speed of the jet, as lower
flow rates may be required. It is planned to investigate this in the near future.

For permanent operation of a liquid jet timing tool, the possibility of diagnosing the
thickness of the jet is desirable, such that integration of an optical pen sensor should be
considered.
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Figure 3.4: Thickness (a) and flatness analysis (b) of the colliding jet as function of the

position along (“y”) and across (“x”) the “leaf”.

3.1.2 Measurement of the Flow Speed of the Jet

The flow speed of the liquid jet is an important figure of merit for the MHz intra-train
repetition rate of the European XFEL. Ideally, the complete interaction volume of the X-rays
and the optical laser pulse should be replaced from shot to shot. In case of the spectral
encoding geometry a reasonable laser focus size is 25 um, which would require a linear flow
speed of 113 m/s for a repetition rate of 4.5 MHz, i.e. bunch spacing of 222 ns.

To measure the flow speed of a liquid jet, we distort the sheet with an intense ultrashort
laser pulse and then track the development of this distortion in time using a high-speed
camera. The geometry is sketched in Fig. 3.4 a). The back-illuminated liquid jet is imaged
using a microscope objective onto the sensor of a Photron FastCam SA4, which is capable of
recording up to 500000 frames per second (fps) with a minimum shutter speed of 1 us. For
the measurement, the laser pulses were distorting the liquid sheet at kHz repetition rate,
such that a single impact could be tracked with the fast camera.
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Figure 3.5: Schematic top-view of experiments to determine the flow speed of a liquid jet
indirectly using an ultrashort intense laser pulse. In a) a high-speed optical camera is used to
film the laser induced distortion of the jet directly while in b) a gated image intensifier is used
to improve temporal and spatial resolution.

In a first series of measurements we recorded the development of a laser-induced distortion
of the sheet for different laser pulse energies and again for the three volumetric flow rates
of 60 ml/min, 70 ml/min and 80 ml/min. Figure 3.6 shows a series of frames taken from
videos which were recorded with 360000 fps and a laser pulse energy of 100 W imping the
flat sheet (see panel a) in the figure). After 2.8 us (1/360000 s, i.e. the next frame shown in
panel b)) the induced distortion is clearly larger than the impinging laser spot, but hardly any
motion can be observed. For later times, as shown in panels c) and d) for ~30 ps and 75 us
after the impact, different propagation lengths and change of the shape of the distortion
become obvious. While for the lowest flow rate the shape of the distortion stays practically
round while it keeps growing and eventually forms a hole in the liquid sheet, it even breaks
up into two fractions for the highest flow rate. This, and the distortion of the branches of the
sheet are a clear sign for instability of the jet in this setting. It should be noted that the jet
assembly needed to be relocated and realigned in the laboratory where the measurements
were carried out, such that the parameters of the sheet may be different from them
discussed in the previous section on the thickness and flatness measurements. This
underlines again the need for diagnostic measures when the jet is employed as a timing tool
in a user experiment. Finally, it is interesting to note that at higher flowrates, another
systematic distortion of the branches of the jet is seen, roughly 100 us after the laser impact
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Figure 3.6: Frame grabs from movies of flat jets with different volumetric flow rates recorded
at a rate of 360000 frames per second a) at the time of the laser impact on the flat jet, b)

after 2.8 us, i.e. the first frame after the impact, c) after ~28 us, d) after 75 us and e) after
~117 us.
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as depicted in panel e) in the figure.

To calculate the linear flow speed of the jet, for each laser event a background, being the
average of 20 frames (corresponding to 56 us in these measurements) before the laser pulse
arrives, is subtracted from each of the first 20 frames following the laser impact for which
then the width and the centre of the distortion in the flat sheet is determined.

The result of this analysis for the different pump laser energies and flow rates is summarised
in Fig. 3.7 and Table 3.1. Each data point in the figure represents an average of the analysis
of 50 consecutive laser events while the line shows the average of all these data points.
Notably, all determined speeds are approximately 10% higher than the estimate from the
volumetric flow rate Q = v ‘A, where v = v ‘n is the flow speed along the direction n through
a surface A = A -n with the normal n. As expected, the speed is not high enough to cope with
the maximum intra-train bunch spacing of 222 ns at the European XFEL for a complete
replacement of the interaction volume, because the laser spot size will be around 25 um. It
remains to be demonstrated if a replacement of approximately one half is sufficient for
effective relative timing measurements, and if faster flowing water jets with a thickness of a
few micrometres can be realised. However, since also the intra-train repetition rate
European XFEL can be varied, the investigated jets are potentially suitable for all
experiments but the ones with the highest repetition rate.
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Figure 3.7: Summary of the laser pulse assisted flow speed measurements of the flat sheet
for different flow rates. Each data point represents the speed obtained from an average of 50
consecutive laser impacts.

To investigate the distortion directly after the impact of the laser pulse and in particular in
between to X-ray pulses with 222 ns spacing, the limitations of the direct imaging need to be
overcome. Those include limited time resolution in the order of a few microsecond given by
the camera exposure time and frame rate, as well as only limited spatial resolution given by
the camera (128 x 32 pixels at 360 000 fps). Therefore, we performed a second series of
measurements on the flat sheet liquid jet, where we incorporated a gated image intensifier
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(Hamamatsu C9538-03) into the setup. Such an image intensifier consists of a photocathode
which converts incoming photons into electrons, a microchannel plate (MCP) serving as
intensifier as the number of electrons is significantly multiplied by showering in the MCP, an
accelerating electric field realised as a high voltage between the two sides of the MCP, and a
fluorescent screen to convert the electrons back into visible light which can be recorded
using the fast camera. This modified measurement setup is sketched in panel b) of Fig. 3.5
and also depicted in Fig. 3.10 below.

Table 3.1: Results of the laser pulse assisted flow speed measurements for different flow
rates and nozzle diameters.

80 ml/min, 128 um nozzles SI bunch spacing
measured (58.0+1.1) m/s (12.9 £0.3) um/222 ns
theoretical 51.8 m/s 11.5 um/222 ns

70 ml/min, 128 um nozzles

measured (50.6 £0.8) m/s (11.2£0.2) um/222 ns
theoretical 45.3 m/s 10.1 um/222 ns

60 ml/min, 128 um nozzles

measured (42.9+£0.7) m/s (9.5+£0.2) um/222 ns
theoretical 38.9m/s 8.6 um/222 ns

50 ml/min, 100 um nozzles

measured 44.3 m/s 9.8 um/222 ns
theoretical 53.1 m/s 11.8 um/222 ns

The main advantage of this technique is the greatly improved temporal resolutions as the
time, where the high voltage pulse is active, and by this effectively gating the light which falls
onto the camera, can be as short as 30 ns, being a factor of about 100 compared to the
measurements described above. Furthermore, with an improved imaging system, the spatial
resolution could also be improved and the full frame of the camera could be employed. The
drawback of the used image intensifier unit is the limited repetition rate of approximately
200 kHz, which required us to use the even lower repetition rate of 1 kHz of the optical laser
system. In contrast to the measurements with direct imaging of the liquid sheet, where we
can follow the development of the laser-induced distortion for a single shot, we here need
to record a number of images for each time delay after the impact.
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Figure 3.8: Frame grabs of a movie recorded using an gated image intensifier with a gate
length of 30 ns. Each frame is an average of 1000 images recorded at different time delays
after the laser impact. The white spot b) to i) marks the location of the impact of the laser
pulse as shown in a).

An example of such a measurement is shown in Fig. 3.8, where each panel shows an average
of 1000 frames (1 second of measurement time) for different time delays, with a background
subtracted which was recorded without the jet running. Note that for this measurement
nozzles with 100 um diameter were used with a flow rate of 50 ml/min, which turned out to
be the most stable operating point. Since in this measurement we were only interested in
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the speed of the jet and in particular the capabilities of the gated image intensifier unit, we
did not measure the thickness of the jet for this configuration.

Due to the lower flow rate the jet is less wide, yet it spans around 500 um between the
branches which is sufficient for all envisioned use cases. After the laser impact, shown in
panel a) in Fig. 3.8, the induced distortion by the laser seems to grow on a fast time-scale in
the liquid medium, as practically now movement is observed after 30 ns (panel b)) and even
100 ns later (panel c¢)) as can be seen when compared to the original location of laser impact
depicted with the white dot. In panels d) to f) it can be seen that the distortion starts to
propagate with the flow of the liquid, and only after approximately 3 us the distortion of the
liquid jet does not overlap with the original impact location (panel g)). After 10 us (panel h)),
a clear, circular hole has developed in the flat sheet, which extends the complete width after
50 ps (panel i)).
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Figure 3.9: Frame grabs of a movie recorded using an gated image intensifier with a gate
length of 30 ns at a fixed set delay of 220 ns after the laser impact for different laser shots.

For more insight at the development of the distortion at the time delay when the next X-
ray/optical laser pulse pair is arriving, we recorded a number of laser shots at the
corresponding time delay of ~220 ns after the first impact. Figure 3.9 shows as examples the
first recorded laser impact in panel a) and two other ones after 473 ms and 701 ms. Clearly,
the position of the distortion induced by the first laser shot has a different position
compared to the one of the first shot by up to 150 um. Our present explanation for this is a
combination of instabilities of the pointing of the laser and the liquid jet itself, but further
analysis and additional measurements are required. Specifically, it needs to be determined
whether the apparent growth of the distortion discussed in Fig. 3.8 is purely caused by the
instability of the distortion caused by averaging or if other mechanisms, like shockwaves or
microcavities, cause the distortion to grow faster than it can flow down with the liquid.
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Figure 3.10: Photograph of the setup to measure the jet flow speed with the gated image
intensifier unit. In a) the jet is mounted into its vacuum-ready structure in the center of the
picture, and the image intensifier and the camera are visible in the lower right. In b) a close-
up side-view of the liquid sheet is shown, where the spray of liquid is caused by the near-
infrared laser beam coming from the left side. Upon careful observation, also the second leaf
is visible (compare Fig. 3.1).

3.2 LCLS Sample Environment Jet

Nozzles that can generate thin liquid columns and sheets are desirable for use in sample
delivery systems at soft X-ray and electron sources. A soft X-ray source operating at the
oxygen K-edge has a 1/e attenuation length of only 500 nm, which is coincidentally, about
the maximum usable thickness of a liquid in a 200 keV transmission electron microscope.
Due to the likelihood of nozzle clogging for diameters under 20 micrometres it is
advantageous to produce thin liquid targets by starting with larger nozzles then reducing the
downstream liquid thickness. This can be accomplished by accelerating the liquid or
spreading out the liquid with the application of transverse momentum through colliding jets,
converging channels or in this case by a gas dynamic forces.

In cooperation with our partners from the DePonte group at the LCLS X-ray free electron
laser facility, a microfluidic sheet device was tested. Prototype microfluidic sheet jets were
produced by Micronit Microfluidics BV and consisted of three channels converging at the
edge of a glass chip. The central channel was 20 micrometres in diameter and the two
external channels were approximately 50 micrometres. Three geometries were tested with a
convergence half angle of the external channels chosen as either 20, 30, or 40 degrees. The
external channels were equal in length and connected to a single port approximately 1 cm
from the exit of the chip.
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Testing was carried out in a rough-pumped vacuum vessel at pressures from single Torr (1.3
mbar) to a few tenths of a Torr depending on the gas load. The liquid flow was controlled by
pressurized reservoir. The jet was imaged with an external long working distance microscope
through a glass port. All tests were carried out with helium used as the gas in the external
channels and purified water for the liquid jet.

-
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Figure 3.11: Optical micrograph of a liquid sheet in vacuum produced from a 20 micron
orifice. The edge of the nozzle can be seen on the left. Gas-dynamic forces cause the liquid to
spread out into a thin sheet.

100 uym

It was found that the most reliable method to start the nozzle vacuum was to start with a
free liquid jet and then increase the pressure in the external channels. As the gas pressure
increases, the jet flattens out into a sheet, or more precisely, a series or alternately
orthogonal sheets. Figure 3.11 shows such a series with the first and third sheet visible edge-
on and the second sheet in the imaging plane of the microscope. The visible sheet is 100
micrometres across and since it was produced from a circular jet 20 micrometres in

diameter, a thickness of at most 2 micrometres is implied.

Figure 3.12: Optical micrographs viewed from in the plane of the device (left) and edge-on
(right) rotated 90 degrees. This demonstrates the series of alternating orthogonal sheets
generated as the fluid travels left to right in the figure.

At higher gas pressures the sheets become wider and thinner eventually breaking up close to
the nozzle. Figure 3.12 shows two optical microscope images of the same nozzle rotated 90

This project has received funding from the European Union’s Horizon 2020 research and 27
innovation programme under grant agreement No 654220




degrees relative to each other. In the left image, the liquid channels are visible at the left of
the image.

The thickness of the sheets has not been measured yet, but given that sheets as wide as 200
micrometres have been generated from a 20 micrometre cylindrical jet it is likely that the
thickness is at most a few microns and more likely even thinner. Converging half angles of
20, 30, and 40 degrees were tested and sheets were produced with each microfluidic jet
geometry. The 40 degree nozzles have so far performed best but due to the small sample
size we have not yet determined the optimal geometry.

Further experiments with these devices will be done in future in order to optimise their use-
ability for the purposes of liquid jet based timing tool development.

This project has received funding from the European Union’s Horizon 2020 research and 28
innovation programme under grant agreement No 654220




4 Synergy Aspects

There are obvious synergies stemming from having two different development projects for
timing tool development at European XFEL and ELI Beamlines.

At the moment, there are two directions in the development of liquid-sheet based timing
tool developments - macroscopic colliding-jet generated sheets and microfluidic sheets-jets
based on the concept of the gas-dynamic virtual nozzle. The colliding-jet based sheets are
beginning to see applications already, but recent efforts to create new types of low-
consuming sample delivery systems for in-vacuum are a strong argument for the co-
development of microfluidic-based timing tools for systems where deeper level of vacuum
might be needed to achieve having smaller volume to be pumped into the chamber. Both
approaches are promising - basic capabilities can be used for timing tool development, but
both need to be further developed for the purpose.

The colliding-jet based approach is already an applicable development, for the microfluidic
based system more research and development effort is needed (especially in the areas of
identifying optimal methods for liquid micro-sheet generation, sheet characterization, and in
designing timing method appropriate imaging optics and image acquisition); however the
development already made for the macroscopic colliding jet system can be already then
used to create a timing tool from the microfluidic system. Conversely, the experience from
developing a reflection/spatial-encoding based tool for microfluidic system developed at kHz
at ELI Beamlines could be utilized in the development of a comparable tool for MHz
repetition rates at European XFEL. Due to the inherently better synchronization of the
ultrashort X-ray and optical pulses at ELI Beamlines (both being generated just a few meters
from each other from the originally single optical pulse), different approaches can be verified
for later use at XFEL beamlines.

Last, but not least, developing general abilities for liquid sample delivery are important for
both facilities. By sharing the efforts of learning about the control and characterization of
both macroscopic and microfluidic sheets a significant benefit is created for the sample
delivery development efforts of both the European XFEL and ELI facilities. In addition,
sharing the work on development of a particular method, duplication of effort to resolve
particular problems can be avoided. The methods developed and applied for the
characterisation flat sheets will be applicable to the other types of jets, even round “Rayleigh
jets” and the microfluidic GDVN jets.
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5 Conclusions

In this deliverable report, the capabilities of two different approaches for generation of
liquid jet flat sheets are discussed with respect to their practical utilization as timing tools.
The colliding-jets approach has proven to be able to generate flat sheets of acceptable
parameters with respect to sheet geometry (1-2 mm width, down to 5 um thickness) and
liquid replacement speeds up to 50 m/s that are quite acceptable for applications at kHz
repetition rates (including the laser driven X-ray and XUV sources of ELI Beamlines) and are
close to acceptable speeds for the highest possible repetition rate of 4.5 MHz of the
European XFEL.

The liquid sheet jet technique of liquid introduction can double as a sample introduction
method, in some cases allowing for simultaneous running of an X-ray experiment and a
timing tool analysis on the same liquid sample. For this purpose and for the purpose of
timing soft X-ray/XUV pulses a more promising - but as of now less mature technique - is
based on microfluidic gas-formed liquid micro-sheet. Preliminary experiments show that the
microfluidic sheet technique allows for considerable reduction of liquid consumption -
sheets approximately 100 um in width and 1 pum in thickness were generated. The lower
liquid volumetric flow (on the order of fractions of mL/h compared to up to several tens of
mL/h in the colliding-jets approach) would aid in preserving of the vacuum environment
required by soft X-ray/XUV light sources, as well as in maintaining sample economy when
used as a sample delivery method.

Either sheet generation method will need to be complemented by an appropriate detection
scheme. Currently developed spatial and spectral time encoding methods promise to
achieve sub-10 fs uncertainty in the determination of the timing jitter (shot-to-shot).
Achieving these parameters will be the main scope of work in the following period of the
EUCALL project.

In future, it is also expected that the colliding-jet sheet technique will be implemented at the
FXE scientific instrument and real data on X-ray timing will be gathered at reduced repetition
rate, since full 4.5 MHz is expected only in 2018. The microfluidic sheet method which is
being pursued by ELI Beamlines will be first tested with optical pump-probe setups due to
the expected slower time in X-ray source deployment, while verification of the method at
the European XFEL is still a possibility.
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6 Summary

This report describes the efforts for developing a new type of tool that could be used to
accurately measure the timing between X-ray and optical pulses of femtosecond length. The
basis of this tool would be a flat liquid sheet that changes some of its properties when
interacting with an X-ray pulse. Timing techniques that allow to measure the jitter between
the arrival of X-ray and optical pulses already exist, but they have been used with non-
replaceable solid samples. Since the solid targets would not survive in the direct beam at the
expected high pulse energy and repetition rate of the upcoming X-ray beams of the
European XFEL, the advantage of the liquid sheet concept compared to existing solid-based
techniques is in the continuous renewal of the material of the sheet. At ELI Beamlines the
microfluidic sheet development is strongly synergic to small-consumption sample delivery
development that can support the timing tool development with its nearly jitter free X-
ray/XUV generation schemes.

In this report, two arrival time detection schemes (spatial and spectral time encoding) and
two options for creating such a flat sheet (colliding-jets and microfluidic sheet jet) are
discussed. The considered detection methods employing either spatial or spectral time
encoding when used on solid targets at low X-ray repetition rates have proven to be capable
of compensating for timing jitter below 10 femtoseconds; similar performance is expected
from the liquid-sheet based methods.

The liquid sheet method based on colliding-jets has been demonstrated to deliver
dimensions and flow-rates needed for its implementation in a timing tool that would be
capable of running at initial operational parameters of the X-ray beam of the European XFEL,
similar liquid jet delivery system may be considered at ELI Beamlines for applications where
large liquid volume or liquid consumption is not a constraint. Further optimizations of the
liquid jet sheet may be needed to achieve readiness for the final high inter-train repetition
rate of 4.5 MHz at the European XFEL. At ELI Beamlines, the pursued flat sheet option is
based on a microfluidic gas-driven liquid jet system that has proven to be able to create
thinner sheets and thus require smaller amount of liquid sample. However, since this option
is less mature, more effort will be needed to develop an optimized design.
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8 Publications

So far, there have been no peer-reviewed publications on the subject discussed in this
report.

Beside the report on the progress at the Annual Meeting of the EUCALL project, and various
PUCCA meetings the EUCALL project in general and status of the timing tool developments in
particular had been disseminated on a poster at the Annual Meeting of the Hamburg Centre
for Ultrafast Imaging (CUI) in Hohwacht, Germany, in October 2016. The CUI is one of the
clusters of excellence of the University of Hamburg.
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