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A Abstract 

Experiments at Advanced Laser Light Research Infrastructures (ALL-RIs) are routinely carried 

out in pump-probe geometry, where the generated ångström-wavelength and few-

femtosecond pulses are used in conjunction with ultrashort laser pulses to reveal dynamics 

at molecular and atomic temporal and spatial scales. In this approach, one pulse is used to 

excite a specimen, while another pulse at controlled temporal delay probes the evolution of 

this excitation. Obviously, for this the precise knowledge of the relative arrival time of the X-

ray pulse and the optical pulse is crucial and hence needs to be measured with a precision of 

the pulse duration or ideally better. In addition, this measurement has to be done ideally 

without deteriorating the pulses for the actual experiment, but at the same time the 

potentially high pulse intensities should not deteriorate the interaction medium or even 

destroy it. Therefore, the novel technique of fast flowing liquid jets (as reported on in the 

previous EUCALL Deliverable 7.2) is applied for the prototype implementation of a scheme to 

measure the relative arrival time between X-ray and optical pulses. In addition, the 

established timing detection scheme (“spectral encoding”) had been extended by an 

interferometric component, which promises to make the arrival time measurement more 

precise, more sensitive and background-free. In this report, the results of investigations of 

the scheme alone and the complete implementation of a timing tool prototype, even in 

conjunction with a chemical dynamics study, are discussed, as well as the results of work on 

implementing ultra-thin sheet systems applicable for timing tool implementations on 

sources of ultrashort soft X-ray and infrared pulses. 
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1 Introduction 

The European X-ray Free-Electron Laser Facility (European XFEL), along with similar hard X-

ray FEL facilities, and ELI-Beamlines, being the two facilities benefiting most from the 

investigation of advanced timing tool developments, are briefly introduced in the following. 

Some of the methods for the high-repetition timing tools are 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 in the 

text. 

1.1 European XFEL 

The generation of ultrashort pulses in the soft to hard X-ray spectral regions is based on self-

amplified spontaneous emission (SASE) at the European XFEL and is driven by an 

approximately 2 km long superconducting linear accelerator (linac) with a maximum electron 

beam energy of 17.5 GeV [Alt06, Alt11, DL13]. Three undulator beamlines, called SASE1, 

SASE2 and SASE3, serve six scientific instruments with different goals (see Figure 1.1): 

• FXE at SASE1 for studies of dynamic processes in the fields of liquid chemistry and 

solid-state systems 

• SPB/SFX at SASE1 for studies of single-particles, clusters and for biomolecular 

imaging 

• MID at SASE2 for studies and imaging of material dynamics on time- and length 

scales inaccessible with previous sources 

• HED at SASE2 for studies of matter under extreme conditions 

• SQS at SASE3 for studies of small quantum systems by means of gas phase 

spectroscopy of atoms, ions and molecules 

• SCS at SASE3 for coherent scattering and photoelectron spectroscopy using soft X-

rays 

Each of these instruments will allow for time-resolved experiments, and therefore precise 

knowledge about the temporal delay between pump and probe pulses is crucial for a correct 

interpretation of the data acquired. Due to the large scale of the accelerator facility with a 

total length between the electron source and the X-ray experimental station of 3.6 km, 

timing jitter between the X-ray pulse and an independent optical laser system is inevitably 

present. To address this problem, two approaches are followed simultaneously. First, the 

electron bunch arrival time (and by this, the X-ray pulse arrival time) is stabilized to the few- 
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Figure 1.1: Sketch of the arrangement of the different SASE beamlines, possible wavelengths 

and scientific instruments at the European XFEL. Image downloaded from 

https://www.xfel.eu/facility/beamlines/index_eng.html on 2018-06-25. 

 

femtosecond level based on advanced all-optical synchronization techniques [SBG+15], 

including synchronization of external laser systems. Secondly, a measurement between the 

X-ray and the optical pulses are carried out close to or at the sample position, allowing for 

sorting acquired data a posterior based on that time measurement [HCB+13, SBB+17]. 

 

1.1.1 Time Structure 

Due to low losses and a high quality factor, a radio frequency (RF) accelerating field can be 

sustained over a long duration in superconducting cavities, in contrast to normal conducting 

cavities [Schm02]. At the European XFEL, this duration amounts to 600 µs, in which a 

maximum number of 2700 electron bunches can be placed, with a maximum “intra-train” 

repetition rate of 4.5 MHz corresponding to a minimum temporal distance of 222 ns 

between two consecutive bunches. Additionally, there are several discrete setpoints for the 

intra-train repetition rate to reduce it down to approximately 100 kHz with an accordingly 

reduced number of bunches. This sequence of accelerated electron bunches and the 

resulting X-ray pulses are also referred to as “pulse train”, which furthermore can be split 

after an arbitrary number of bunches to distribute them to the three SASE beamlines. The 

repetition rate of those pulse trains is 10 Hz, which ultimately results in a maximum number 

of X-ray pulses of 27000 per second in a so-called burst-mode time structure. This “bunch 

pattern” or “pulse pattern” is schematically shown in Figure 1.2. 
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Figure 1.2: Pulse pattern or time structure of the European XFEL. 

 

On one hand, only the high intra-train repetition rate of up to 4.5 MHz allows for the 

establishment of advanced longitudinal accelerator stabilization techniques, such as electron 

bunch arrival time feedback as mentioned above, and efficient data acquisition during user 

experiments, while the duration of several hundreds of microseconds allows for the study of 

microsecond chemical dynamics within one pulse train. On the other hand, this imposes 

challenges on detector readout at MHz frequencies, data transfer, data processing and data 

storage [BAG+16]. In particular, this not only affects the analysis of the retrieved relative X-

ray/optical arrival time and its incorporation into the online data processing and preview 

capabilities during user experiments at the European XFEL but might be even limited by the 

physical process itself, such that a sample may not decay fast enough before the next X-

ray/optical pulse pair arrives. 

 

1.1.2 The FXE Scientific Instrument 

The Femtosecond X-Ray Experiments (“FXE”) Scientific Instrument aims at time-resolved 

investigation of ultrafast processes in liquid and solid, 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 different optical laser systems, 

which produce visible light and near-infrared pulses with a duration of tens to hundreds 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” and “von Hamos” types), while for the use of X-ray absorption   
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Figure 1.3: Artistic view of the “Instrument for Femtosecond X-ray Experiments” (FXE) at the 

European XFEL. 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 (see also below, Section 3.4 of this report). 

 

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 the adjustment of the beam parameters over a wide range to the requirements of 

the actual experiment. Figure 1.3 shows an artistic view of the entire instrument within the 

so-called experimental hutch. Components installed in the photon beamline tunnel are 

omitted. 

In the figure, the beam enters the instrument from the lower right and first passes an 

imaging unit (labeled BIU1) for position measurements, and a spectrum analyzer (SA1). It 

then enters the location which is foreseen for the timing tool installation (TAD, marked with 

the rightmost orange arrow in the figure). In fact, there is a diamond grating installed 
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upstream of the experimental hutch in the tunnel, which enables the measurement of the X-

ray/optical arrival time using the first diffracted order, and thus, the measurement is non-

invasive to the main beam (the zeroth order is transmitted through the grating). 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 

installed, such as another spectrum analyzer (SA2), an imaging unit (BIU4) and another 

intensity monitor. 

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, optical delay lines and wavelength conversion. Depending on the actual 

implementation of the timing measurement, different schemes and constraints apply, as 

discussed below in Section 3.4 of this report. 

 

1.2 Linac Coherent Light Source 

The Linac Coherent Light Source (“LCLS”) at the Stanford National Accelerator Laboratory in 

Menlo Park, California, USA, was the first free-electron laser providing hard X-ray radiation 

for user experiments since 2009 [EAA+10]. Originally based on the SASE principle, it now can 

also be operated in a self-seeding scheme for improved and more shot-to-shot stable 

properties of the delivered X-ray pulses. The pulses can be delivered to seven experimental 

stations, located in two different experimental halls, as sketched in Figure 1.4. The “near 

experimental hall” houses 

• AMO: Atomic, Molecular and Optical Science, 

• SXR:  Soft X-ray Research, 

• XPP: X-ray Pump-Probe, 

while the “far experimental hall” houses 

• XCS: X-ray Correlation Spectroscopy, 

• MFX: Macromolecular Femtosecond Crystallography, 

• CXI: Coherent X-ray Imaging, 
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Figure 1.4: Artistic rendering (not to scale) of the LCLS X-ray free-electron laser and its 

experimental stations. Image downloaded from 

https://lcls.slac.stanford.edu/instruments/maps on 2018-06-24. 

 

• MEC: Matter in Extreme Conditions. 

In the soft X-ray regime, photon energies of 280 eV to 2 keV with pulse durations of 70 – 200 

fs (FWHM) are available, while photon energies between 2 keV and 12.8 keV with pulse 

durations of 50 – 250 fs (FWHM) are delivered to the hard X-ray instruments. In both cases 

special short pulse modes (down to 5 fs at hard X-ray instruments) are possible with reduced 

intensity. A complete set of parameters is available in the Internet at 

https://portal.slac.stanford.edu/sites/lclscore_public/Accelerator_Physics_Published_Docu

ments/LCLS-parameters-3-22-17.pdf (as of 2018-07-03). 

Since the LCLS is based on normal conducting acceleration cavities, its maximum electron 

bunch and X-ray pulse repetition rate is limited to 120 Hz. In the future, the LCLS-II facility 

will provide quasi-cw operation at 1 MHz repetition rate albeit at lower photon energies for 

user experiments compared to the LCLS facility. 
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Figure 1.5: Sketch of the different experimental stations in the SACLA experimental hall. 

Image downloaded from http://xfel.riken.jp/eng/users/bml01-11.html on 2018-06-24. 

1.5 The SACLA X-ray Free-Electron Laser 

The SPring-8 Angstrom Compact free-electron Laser (SACLA), in operation since 2011, was 

the second X-ray free-electron laser providing ultrashort pulses in the hard X-ray regime for 

user experiments and is, like the LCLS and the European XFEL, based on the SASE principle 

[IAA+12]. The maximum electron beam energy is 8.5 GeV, which, however, allows for a 

wavelength of down to 0.6 Å (corresponding to approximately 20 keV photon energy), since 

the undulator is placed in vacuum and thus enables a very small gap. The operation of the 

normal conducting accelerator is limited to 60 Hz. As shown in Figure 1.5, in the 

experimental hall different experimental stations are available for user experiments. 

 

1.6 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 Dolní Břežany, Czech Republic, 

and is one of three ELI facilities; the other two are in Szeged, Hungary (ELI Attosecond) and 

Magurele, Romania (ELI Nuclear Physics). The main goal of ELI-Beamlines is to build one of 

the most advanced laser resources in the world and implement research projects covering  
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Figure 1.6 – Layout of the Laser Building of the ELI Beamlines facility 

 

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 hundreds to just a 

few femtoseconds (10-13 to 10-15 s) duration at the peak power reaching up to 10 petawatt 

(1016 W). The main research activities of the facilities are going to be taking place in its laser 

building (see Figure 1.6), which is about to run four high power laser systems directing their 

beams into six experimental halls. The experimental science programs of ELI-Beamlines have 

the following breakdown: 

 

1. Lasers 

2. X-ray sources driven by ultrashort laser pulses 

3. Particle acceleration by lasers 

4. Application in Molecular, Biomedical and Material Sciences 

5. Plasma and High energy density physics 

6. Exotic physics and theory/simulations 
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Figure 1.7: Layout of the secondary sources and end-stations of the Experimental Hall 1 at 

ELI-Beamlines. 

 

Technologies of ELI-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. 

The realization of the ELI-Beamlines project started in 2012 and, as of the time of writing of 

this report (summer 2018), two of the four main laser systems and one experimental hall 

(E1) were already operational with the full completion of the facility expected by the end of 

2019. 

1.6.1 The SRS endstation for Stimulated Raman Spectroscopy and 

other ultrafast optical pump-probe methods 

A 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 took place in 

Experimental Hall 1 of the ELI-Beamlines facility. The different secondary light sources in the 

E1 hall are driven by 1 kHz repetition rate lasers. So far these have been commercial 4-7 mJ 

lasers with ~20-30 fs pulse length, but in very near future they will be driven by the ELI-

Beamlines L1 laser, which is going to be providing ~15 fs pulses of up to 100 mJ at a 

repetition rate of 1 kHz. The primary laser power is 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 
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eV in energy by high harmonic generation in a gas jet (HHG source), and a 4� 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 are 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 in duration. 

Several experimental endstations are being developed for the E1 hall (see Figure 1.7), 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, 

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 (for 

example vacuum pumps) - a timing jitter on the order of tens of femtoseconds may be 

expected. This allows the simplification of investigations of timing tool systems. 
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2 Objectives 

2.1 History of X-ray/Optical Relative Arrival Time Measurement 

In the past, different techniques had been developed to determine the relative arrival time 

of X-ray and optical pulses, which are either based on cross-correlation of the two pulses in a 

solid, or on terahertz (THz) photoelectron streaking spectroscopy in a gaseous sample. In 

Table 2.1 selected results from such measurement campaigns are summarized, which had 

taken place at different soft and hard X-ray free-electron lasers. 

 

year facility repetition 

rate 

method photon energy resolution Timing 

jitter 

NIR pulse 

energy 

reference 

2011 LCLS 60 Hz (?) spectral 

encoding 

N/A 12 fs rms N/A ~ 1 µJ [BLC+11] 

2012 LCLS 120 Hz spatial 

encoding 

1.7 keV 22 fs rms N/A N/A [SGC+12] 

2013 LCLS 120 Hz spectral and 

spatial 

encoding 

7.1 keV 6 fs rms 180 fs 

rms 

9 mJ (incl. 

experiment) 

[HCB+13] 

2014 LCLS 120 Hz spectrogram 

analysis 

800 eV 1 fs rms n/a 500 µJ [HHG+14] 

2014 SACLA 30 Hz THz streaking 5 – 10 keV 7 fs 130 fs 

rms 

7 mJ [JSI+14] 

2015 FLASH 10 Hz THz streaking 234 eV 4 fs 28 fs 

rms 

3 mJ [SGB+15] 

2015 SACLA 30 Hz spatial 

encoding 

12 keV 9 fs 110 fs 2 µJ [STO+15] 

Table 2.1: Selected results of former X-ray/optical arrival time measurements. All of them 

had been performed as stand-alone experiments and had only partially evolved to standard 

diagnostics at different facilities. 

 

Most notable in Table 2.1 is the fact that all experiments so far had been carried out at a few 

tens to a few hundreds of Hz, limited by the capabilities of the free-electron lasers in 

operation, as described above. For operation at MHz repetition rates, two main questions 

arise: 
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• Will a sample degrade over time or even gets destroyed, or can it withstand the heat 

load imposed by MHz repetition rate X-ray pulses? 

• If yes, will the decay to ground state of the excited sample be fast enough before the 

next X-ray pulse arrives, for example 222 ns at the European XFEL? 

Both questions can be addressed at the same time when a liquid jet is used for sample 

delivery: due to potentially fast flowing speeds, the interaction volume of X-ray and optical 

pulses is, at least partially, replaced from shot to shot. Additionally, the use of a liquid jet for 

timing measurement opens the possibility to measure in situ in chemical dynamics studies, 

i.e. the sample of interest will be delivered, excited and probed in the very same jet as the 

actual timing measurement. Beside flow speed, the liquid jet has to fulfil several 

requirements, such as, most importantly, thickness, flatness and uniformity, as well as 

geometry, possibility to be run in vacuum, in closed loop operation such that the sample is 

reused, and the flexibility to perform with different solvents such as water and various 

alcohols. The capabilities of different types of liquid jets (“colliding” type and “microfluidic” 

type) had been reported on in detail in EUCALL Deliverable 7.2 

2.2 X-ray/Optical Timing Detection Schemes 

2.2.1 Spectral Encoding 

One of the well-established methods of measuring the relative arrival time between X-ray 

and optical pulses is the “spectral encoding” technique. It is based on the transient change of 

optical properties of a material after hit by an X-ray pulse. To probe this change, an optical, 

spectrally broadband white light or “supercontinuum” pulse is used, which is either 

generated in a crystal or by filamentation in a gas [BKL+95] from the 800 nm laser system 

usually installed at the beamline or scientific instrument. Due to the chirp of the pulse, i.e. 

spectral components travel at different velocities caused by the generation process, a low-

order polynomial mapping between time and wavelength can be, given a proper calibration, 

established, see e.g. [HCB+13, BHW+14]. Overlapping such a supercontinuum with the X-ray 

pulse in a liquid jet or solid sample, as described above for low repetition rate facilities, leads 

to the perception of a different complex index of refraction, as it was modified by the X-ray 

pulse compared to the undisturbed sample. As a result, amplitude and phase of the 

transmitted optical spectrum are modulated at a particular wavelength depending on the 

instant of overlap. Hence, the detected spectral location of the feature can be translated 

into a relative arrival time of the pulses. A simplified implementation of the scheme is shown 

in Figure 2.1, where the white light is generated from an NIR laser, delayed for establishing 

coarse overlap, then coupled into the vacuum chamber or X-ray beam pipe to overlap in a  
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Figure 2.1: Sketch of the spectral encoding scheme for the measurement of the relative 

arrival time between optical and X-ray pulses. 

 

sample, and, after coupling out, send to an imaging spectrometer, such that the signal can 

be processed after detection. 

In the sketch, the relative arrival time can be identified by an increased optical absorption of 

a portion of a spectrum of the transmitted white light pulse. In principle, the amount of chirp 

introduced to the original laser pulse is a known parameter but fluctuates from shot to shot 

to some extent. Therefore, reference measurements (depicted by the “bypassed” laser 

beam not entering the gray-backgrounded vacuum chamber in Figure 2.1) should be taken 

ideally from every shot or at least after several shots. This does not only make both the 

optical setup and data processing more complicated but can even introduce small errors in 

the calculation of the arrival time if, for example, the chirped spectrum changed significantly 

from one shot to the other, but an older reference is taken into account. 

 

2.2.2 Interferometric Extension of the Spectral Encoding Scheme 

An extension to the spectral encoding technique by means of interferometric detection of 

the spectral phase changes of the white light pulse had been recently proposed at the LCLS. 

In this scheme, as depicted in Figure 2.2, the chirped white light pulse does not directly 

overlap with the X-ray pulse in the sample after its generation. Rather, it passes a 

birefringent crystal (for example a-cut BBO as in the figure, or calcite), where two copies of 

the white light pulse are generated with orthogonal polarization and a temporal distance 

given by the material and its thickness. Then, both pulses propagate through the sample, 

before they hit a second birefringent crystal. This crystal, required to be the same as the first 

one, is set such that the temporal separation of the pulses is compensated. Now the two 

pulses, which still have orthogonal polarization, propagate to a polarizer where they 

destructively interfere with each other for a specific orientation of the polarizer and the 

birefringent crystals. 
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Figure 2.2: Sketch of interferometric X-ray/optical arrival time measurement. The white laser 

light pulse is split into two copies with orthogonal polarization and a mutual time delay in an 

a-cut BBO crystal before the second copy is overlapped with the X-ray pulse in the sample 

where the spectral phase of that pulse is being altered. Image courtesy of Michael Diez. 

 

If now one of the pulses – and usually the second one – is overlapped with an X-ray pulse in 

the sample, it experiences a change of optical properties and therefore its spectral phase 

and amplitude is modified depending on the instant of overlap. Upon interference with the 

other, unmodified, pulse those spectral components cannot interfere destructively anymore, 

and, as a result, only these spectral components lead to a signal in the detector. By this, the 

scheme is not only “background free”, but promises a better temporal resolution due to the 

interferometric detection. 

 

In both schemes, classical spectral encoding and its interferometric extension, it is possible 

to tailor the temporal window by introducing more or less chirp to the original laser pulse for 

either covering a larger time window in the order of several picoseconds or by reducing the 

window to increase the temporal resolution (within constraints). Furthermore, both 

schemes require only a 1D (“line”) detector, which are now available with MHz readout 

capabilities and can therefore handle the high intra-train repetition rate of the European 

XFEL and the upcoming LCLS-II. 
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3 Methods, Experiments and Results 

3.1 X-ray/Optical Arrival Time Measurements at the LCLS 

The interferometric timing detection scheme was first demonstrated in a beamtime at the 

XPP experimental station the LCLS in April 2016. The principle was shown to work with white 

light generated by filamentation in argon gas and a temporal window set by the process of 

approximately 6 ps. Several different solid samples had been tested with the scheme, as can 

be seen in Figure 3.1: 

• cerium-doped yttrium aluminum garnet (Ce:YAG, 20 µm and 100 µm thickness) 

• diamond (5 µm thickness), 

• silicon nitride (Si3N4, 2 µm thickness), 

• gallium arsenide (GaAs, 500 µm thickness), 

• strontium titanate (SrTiO3, 100 µm thickness), 

• tin oxide (SnO2, 1 µm thickness), 

as well as different liquids, which can be relevant for chemical dynamics studies: 

• water, 

• isopropanol, 

• methanol, 

• pentanol. 

The liquids were flown using a home-built jet, where a U-shaped foil is sandwiched between 

two glass slides, such that just below the opening of the U a flat liquid sheet is generated 

with an approximate thickness of 12 µm. 
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Figure 3.1: Photograph of the sample paddle holding the solid targets tested in the 

measurement series. The sapphire sample used for time-calibration was mounted on a 

different sample holder and is not shown. 

 

The time calibration, i.e. the mapping between optical spectrum and arrival time was 

realized by pumping a sapphire sample with an 800 nm laser pulse from the same laser 

source as the one generating the white light. Upon scanning the relative delay of the two 

intrinsically synchronized pulses, a spectrogram shown in Figure 3.2 (top) is recorded. The 

strong feature in the center of the spectrogram is analyzed by determining its inflection 

points, as exemplarily shown in the middle of the figure for four different time delays. While 

then a low order polynomial is fitted to the data points. By this, the relative arrival time for a 

temporally jittering pump beam, i.e. the X-ray pulses, can be determined. 
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Figure 3.2: Results of the time calibration measurement of the setup at LCLS using a sapphire 

sample and an 800 nm pump beam. Top: spectrogram showing the recorded optical spectra 

for different delays. Center: examples of single spectra at different time delays. The dots 

mark the inflection point of the rising edge of the signal. Bottom: camera pixel-to-time 

calibration by inter- and extrapolation based on the determined inflection points. Image 

courtesy of Michael Diez. 

 

Exemplarily for a solid target, the upper plot of Figure. 3.3 shows a raw recorded spectrum 

(blue) from 5 µm thick diamond, which, in addition to the expected sharp rising and falling 

edges, shows also a strong modulation of the spectrum due to the etalon effect in the 

material. For subsequent analysis this effect is filtered out, such that the edges of a more 

uniform spectrum can be retrieved automatically for huge numbers of FEL shots. Five 

consecutive shots are shown in the lower part of the figure, where the different pixel 

positions of the edge correspond to a variation of arrival time in the order of 100 fs. 
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Figure 3.3: Top: interferometric X-ray/optical arrival time measurement using a 5 µm thin 

diamond sample. The blue curve represents data acquired in a single shot, while the orange 

curve represents Fourier-filtered data to suppress the effect of the etalon in the diamond for 

further analysis. Bottom: example of five consecutive, filtered curves. From the time 

calibration, the variation of the pixel position of the inflection points a timing jitter of few 

hundred femtoseconds can be estimated. Image courtesy of Michael Diez. 
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Figure 3.4: Arrival time distribution of approximately 12000 consecutive shots using a 5 µm 

thin diamond sample and the interferometric detection scheme, resulting in a width of 175 fs 

FWHM. Image courtesy of Michael Diez. 

 

The arrival time distribution for approximately 12000 shots measured with the diamond 

sample is shown in Figure 3.4, and results in a width of 175 fs FWHM. 

 

In a second series of measurements, a jet of water had been investigated using the same 

experimental geometry. Figure 3.5 (top) shows an example of a measured spectrum (blue) 

and its Savitzky-Golay filtered shape, showing a very high signal to noise ratio. The filter had 

been applied to all approximately 12000 recorded spectra to suppress excess noise and 

mainly to enable a more robust automated edge finding procedure. It should be noted that 

the error introduced by filtering the data had not been quantified but estimated to be in the 

single-digit femtosecond level. The result of this preliminary analysis procedure is an arrival 

time distribution as shown in the bottom plot of the figure with a width of 231 fs FWHM. 

The discrepancy with the value retrieved from the solid sample of 150 fs, assuming an 

uncorrelated source of jitter, cannot be explained purely by geometric reasons, for example 

that the jet position, thickness and roughness fluctuates during the measurement. Presently, 

a more detailed analysis on this is ongoing, and motivated further investigations as explained 

in Section 3.3 of this report. 
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Figure 3.5: Interferometric X-ray/optical arrival time measurement in a 12 µm thin water jet. 

Top: The blue curve represents data acquired in a single shot, while the orange curve shows 

that spectrum Savitzky-Golay filtered to suppress the effect of noise for automated analysis. 

Bottom: arrival time distribution of approximately 12000 consecutive shots, resulting in a 

width of 231 fs FWHM. Image courtesy of Michael Diez. 
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3.2 In-Situ Timing Diagnostics for Chemical Dynamics Studies at 

SACLA 

Based on the promising results from the LCLS obtained with different liquids flown in a jet, a 

second beamtime was carried out the SACLA X-ray free-electron laser under the number 

2017A8072. It was proposed to measure the X-ray/optical relative arrival time in-situ, i.e. the 

timing measurement takes places in the very same sample environment as the chemical 

dynamics pump-probe experiment. To prove the feasibility of such an experimental 

geometry, an X-ray absorption spectroscopy (XAS) measurement was planned on 

photoexcited sodium iodide (NaI). There, the photoionization with an UV pulse or a 2-

photon absorption process at 400 nm affects the 5p valence orbital of I- and creates a hole 

and an electron, which is ejected in the surrounding solvent (water, H2O). After ejection of 

the electron, the solvation shell around the nascent iodide radical is expected to rearrange 

dramatically and should also partially reduce the 2s-5p oscillator strength [PPV+15, Mar93, 

NBB00]. This rearrangement can be monitored by recording XAS spectra at the 2s-5p atomic 

resonance line at 5.188 keV. Previous measurements carried out at the LCLS in 2013 proved 

the appearance of the resonance to occur within less than 100 fs, limited by temporal 

resolution of the experiment. Therefore, the in-situ arrival time measurement using the 

interferometric spectral encoding technique with its expected improved time resolution and 

sensitivity was planned to be applied in order to access shorter timescales to reveal the 

predicted ultrafast transition process. At the same time, data was taken by the SACLA X-

ray/optical arrival time monitor to correlate our retrieved timing information with an 

established technique. 

3.2.1 Colliding Liquid Jet for Sample Delivery 

An integral part of the experiment is the colliding liquid jet [EQF+15], as it is used for NaI 

sample delivery and the liquid for the timing measurement at the same time. It is based on 

the collision of two round, laminar liquid jet under a small angle resulting in a sub-mm wide 

and approximately 5 mm long flat liquid sheet (see Figure 3.6). 
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Figure 3.6: Photograph of the liquid jet flat sheet illuminated by the measurement head used 

for determination of the thickness and stability of the jet. The usable area between the two 

branches in the center is a few millimeters long and less than a millimeter wide. 

 

By adjusting the angle, distance, diameter, and liquid pressures of the nozzles, the flat sheet 

thickness can be set in a range from sub-10 µm to 100 µm, while at the same time the flow 

speed is varied between a few 10 m/s to up to 80 m/s. The capabilities of the colliding liquid 

jet and its technical peculiarities had been studied extensively within the PUCCA work 

package of the EUCALL framework and are summarized in Deliverable 7.2. For the 

measurements at SACLA, a thickness of 10 µm had been chosen, which proved to be stable 

over extended periods of time, as shown in Figure 3.7. 

 

 

Figure 3.7: Stability of the thickness of the colliding jet usable area over a period of 100 

seconds, as measured with a commercial thickness sensor based on the confocal chromatic 

imaging technique. 

usable area 

branch branch 
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Figure 3.8: 2D CAD drawing (top view) of the main part of the experimental geometry used at 

SACLA. 

3.2.2 Experimental Details 

For the planned in-situ chemical dynamics and arrival time measurement, an experimental 

geometry, whose main part is shown schematically in Figure 3.8, had been developed. It 

allows the overlapping of X-ray pulses with a white light pulse for interferometric timing 

measurement and an additional 400 nm pump pulse for the time-resolved XAS study of NaI 

in the colliding jet. 

In Figure 3.8, this interaction point (flat sheet of the colliding jet) is located on the right 

inside the white circle. The X-ray beam is coming from the left in a beam pipe (depicted by 

the central pink and gray lines), while the white light and 400 nm laser beams are entering 

this central area of the experiment at the lower right edge of the optical breadboard (dotted 

area). The frequency conversion from the 800 nm beam provided by the SACLA optical laser 

group is realized on a lower level optical table, together with the required optical delay 

paths. Both optical laser beams are focused by curved mirrors to the target position. The 

polarizers and birefringent crystals for the interferometric arrival time measurement are 

mounted in highly stable optical mounts allowing for precisely setting the initial destructive 

interference conditions before the actual measurement. The spectrometer (Andor Shamrock 

193i) is mounted also on a lower breadboard, where the white light is guided after 

interaction with the sample using a periscope. To improve time resolution compared to the 

measurements at LCLS, an optical grating with higher line density had been used in the 

spectrometer at the cost of dynamic range (see also Section 2.2). 
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Figure 3.9: Photograph of the SACLA experimental hutch “EH2” taken during the preparation 

of the experiment. The black enclosure on the left side of the picture houses the optical laser 

and X-ray beam delivery, and while the X-ray beam propagates in the metal pipe in the 

center of the image (to another experimental hutch when the photograph was taken), the 

optical laser beam is guided to the optical table at its upper left corner. There it is split for the 

generation of the white light (in the pipe at the left side), the generation of the 400 nm light 

for pumping the sample and an unmodified fraction for pumping a glass target for time 

calibration. The optical table also incorporates the required relative delays and motorized 

delay lines. The elevated breadboard in the center of the picture houses the main part of the 

experiment with the colliding jet assembly, polarizers, birefringent crystals and final focusing 

as shown in Figure 3.8. On the right, also the MPCCD detector had been prepared which was 

meant as a backup when the originally planned measurements would not work 

 

It should be noted that it was required to shipped almost the complete experimental 

equipment, for example the colliding jet assembly, its characterization tools, the white light 

generation, all special optics (crystals, polarizer, focusing mirrors, etc.), to SACLA in Japan in 

order to carry out this prototype measurements. 
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Figure 3.10: Results of the time calibration measurement of the setup at SACLA using a glass 

slide and an 800 nm pump beam. Top: spectrogram showing the recorded optical spectra for 

different delays. The white line is a polynomial fit to the inflection points determined at each 

delay. Bottom: example of four consecutive time steps. The dots mark the inflection point of 

the sharp leading edge. 

 

3.2.3 Results 

The time calibration procedure for the experiments at SACLA is the same as the one applied 

at LCLS. For this, a 100 µm thick glass slide is installed at the sample position and is pumped  
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Figure 3.11: Time-calibrated optical spectra of 5000 consecutive XFEL shots with overlapped 

400 nm pump beam at a fixed time delay 

 

by the 800 nm pulses tapped off on the optical table before the white light generation and 

probed by the white light (after setting the destructive interference carefully). By varying the 

relative delay between the pump and the probe, a spectrogram as shown in Figure 3.10 (top) 

is recorded. The lower plot in the figure shows four different filtered spectra taken after 

changing the relative delay by 100 fs with respect to the previous one. After determining the 

inflection point of each of the spectra (black dots in the spectrogram), a low-order 

polynomial is fit to them (white line in the spectrogram), resulting in the time calibration 

applied to all following measurements. 

 

Figure 3.11 shows the accordingly time-calibrated optical spectra for 5000 consecutive XFEL 

shots measured in NaI solution, overlapped with the 400 nm pump beam at a fixed time 

delay with respect to the white light probe. This results in the temporally fixed positions of 

features in the spectra, for example at approximately −0.45 ps, as both pulses originate from 

the same source. At the same time, the fluctuating features visible in the figure result from 

the actual relative timing jitter of the X-ray pulse and the white light pulse, and a preliminary 

data analysis results in a value of 276 fs FWHM from shot-to-shot. It should be noted that for 

this test a flat nozzle based liquid jet with a thickness of 100 µm and an X-ray photon energy 

of 10 keV at a 200 µm focus size had been used after technical problems with the liquid 

pump of the colliding jet. 

 



 
 

 

     32 

  

 

This project has received funding from the European Union’s Horizon 2020 research and 

innovation programme under grant agreement No 654220 

The colliding jet had been used in the measurement shown in Figure 3.12. There, the timing 

jitter of 5.2 keV X-ray photons with a focus size of 20 µm is probed by the white light pulse in 

NaI solution, while at the same time the relative delay of the 400 nm and the white light 

pulse had been scanned, as it is required in a pump-probe measurement. The feature 

induced to the spectrum by the 400 nm beam is visible as the curved structure in the upper 

plot of the figure, while again the fluctuating structure is caused by the X-ray/optical timing 

jitter. 

 

 
Figure 3.12: Top: time-calibrated optical spectra of more than 8000 consecutive XFEL shots 

with overlapped 400 nm pump beam at variable delays. Bottom: example spectra of two 

different delays of the pump beam. 
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The goal of these two measurements was to prove that it is possible to disentangle the 

effect of the X-ray and the optical pump laser induced changes to the sample, which in 

general is possible when, for example, looking at the recorded spectra with a fixed delay of 

the 400 nm pump beam. However, when investigating optical spectra in more detail, 

ambiguities can arise, as shown in the lower plot of Figure 3.12. Here, two different set 

delays (one curve at 6.805 ps and three at 6.471 ps with an arbitrarily set “time zero”) 

between the white light probe pulse and the 400 nm optical pump beam are compared. The 

spectrum of the delay 6.805 ps (blue curve) clearly reveals two edges at the right-hand side, 

where on is induced by the X-ray pulse and one by the optical laser. The same is true for the 

orange and red curves for the set delay of 6.471 ps, where the laser induced edges are, as 

expected, aligned at a certain position in the spectrum, while the X-ray induced curve 

changed its position slightly due to its jitter with respect to the white light. When looking at 

the purple curve at delay 6.471 ps, however, the contribution of the optical laser is 

obfuscated by the edge induced by the fluctuating X-ray pulse. As a result, automation of 

edge finding can be difficult in these cases, when such an in-situ timing measurement is 

performed. Nonetheless, the results obtained during the beamtime at SACLA were very 

promising and motivate and pave the way for further tests and even a permanent 

implementation at, for example, the European XFEL. 

3.3 Measurements at a European ALL-RI 

The investigation of a liquid jet-based X-ray/optical relative arrival time measurement had 

been successful at tender and hard X-ray photon energies at the LCLS and SACLA, but several 

questions remain open: 

• How can the discrepancy between liquid jet and solid target in the LCLS data be 

explained? 

• Is it really not possible to use a solid target as timing tool at MHz repetition rates, for 

example when exposed to lower intensity X-ray pulses? 

• How to integrate and automate the determination of the relative X-ray/optical arrival 

time into the facilities’ control and data acquisition system and process this 

information in user experiments? 

• Is it really necessary to use white light pulses, or is the naturally broad spectrum of an 

ultrashort optical laser pulse centered at 800 nm sufficient? 

To address these questions, an experiment at the FXE scientific instrument at the European 

XFEL is planned. The optical setup is closely based on the experiences obtained at SACLA and 

is schematically shown in Figure 3.13 and depicted in Figure 3.14. The main difference is that 
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the solid and the liquid target for the interferometric arrival time measurement are 

separated only by 100 mm, such that possible contributions by beamline components or the 

optical laser transport and manipulation can be excluded. The setup as shown in the figure 

will, similar to the setup at SACLA, be installed on an elevated breadboard, but placed 

approximately 1 m upstream of the actual sample position with large parts housed in a 

helium atmosphere, such it simultaneously can be proved that the X-ray/optical timing 

information can improve the temporal resolution of a pump-probe experiment carried out at 

the European XFEL, being the latest hard X-ray facility coming into operation. Moreover, this 

setup also allows for the studies of the solid or the liquid target alone, and since it is planned 

to be placed behind all X-ray beam manipulation and diagnostics, a large parameter space is 

accessible, including studies of the optical laser parameters. Once this timing tool setup 

leaves the stage of being an experiment itself, automation and algorithms can be developed 

within facilities’ control system. 
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Figure 3.13: Two-dimensional CAD drawing (top-view) of the planned experiment at the 

European XFEL to simultaneously measure the X-ray/optical arrival time in a liquid and a 

solid sample simultaneously using the interferometric technique. 

 

  

Figure 3.14: Photographs taken during the assembly of the timing tool prototype. The left 

photograph is a perspective view of the complete breadboard as shown schematically in 

Figure 3.13. The right is a view more or less in the beam direction, where it would first pass 

the solid sample and then interact with the liquid jet. 

 

3.4 Timing Tool Implementation Considerations at FXE 

The FXE scientific instrument at the European XFEL is, as described in detail in Section 1.1.2, 

is highly versatile and provides a large degree of freedom for experiments. This, however, 

requires comprehensive considerations on where and how to measure the relative X-

ray/optical arrival time. Basically, there are three different locations possible, as sketched in 

Figure 3.15: 

1. Integrated into the beamline, upstream of all beam manipulation and with the 

possibility of measuring a diffracted portion of the beam from a diamond grating 

installed upstream in the tunnel 

nozzles of 
colliding jet 
 
 
holder for 
solid sample 
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Figure 3.15: Timing tool implementation possibilities at the FXE Scientific Instrument at the 

European XFEL. 

 

2. close to the sample position on the optical table, where the optical laser is coupled 

into the experimental hutch from an adjacent laboratory 

3. behind the sample position at an additional, dedicated diagnostics station. 

At the first location, the X-ray pulses entering the instrument beamline are coming directly 

from the undulator, despite being reflected by three mirrors, and are therefore expected to 

have within the limits of the SASE process stable parameters, once the accelerator is set up 

for a particular experiment. This will ease the implementation of a timing tool, since it does 

not need to be adapted to the large parameter space which is available at the sample 

position in terms of intensity, focus size, etc. Moreover, approximately 8 m upstream of the 

planned timing tool position, a diamond grating is installed in the tunnel. This would allow 

the arrival time measurement to be performed on the first diffracted order, which has 

approximately 100 times less intensity, and might not destroy the sample in case the zeroth 

order (i.e. the direct beam) would. However, here the timing tool is integrated into the 

beamline and its vacuum system, which may complicate access, automation, selection of 

optics and optical components etc. In addition, only a solid sample-based timing tool is 
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feasible here, since a liquid jet-based timing tool based on a high-volume liquid jet such as 

the colliding jet system would be very complicated to operate in vacuum on a routine basis. 

Lastly, the laser beam will have to be transported over a distance of approximately 10 m, 

while the beam propagated to the sample position needs to be delayed by the same amount 

to ensure temporal overlap in both the sample and the timing tool. This can lead to 

additional uncorrelated temporal drift due to thermal expansion of the beamline or changes 

in air pressure and relative humidity in the experimental area. At the third location, i.e. a 

dedicated diagnostics station, there would be the freedom to choose either an in-vacuum or 

a free-space setup and by this implement a liquid jet-based timing tool there, or both. 

However, in this case not only the laser beam needs to be transported there, but also the X-

ray beam, which impose other difficulties with the setup of the actual user experiment at the 

sample position. More importantly, a timing tool installed downstream of the sample 

environment only works when a “transparent” sample delivery like liquid jets is available, 

and thus the flexibility to also carry out experiments on solid-state samples might be 

restricted. 

Therefore, the installation of a timing tool closely upstream of the sample environment is 

preferable, since drift contributions are strongly reduced by a significantly easier laser beam 

transport. However, vicinity to the sample environment may geometrically interfere with the 

actual user experiment or scattering of the X-rays in the liquid sample used for the timing 

measurement or the surrounding air deteriorates data quality. Hence, the timing tool is 

required to be included in the helium-filled transport beamline and care has to be taken to 

proper shield the setup. Finally, the timing tool needs to be adaptable to a large set of 

operating conditions, for example intensity and beam size, which can significantly vary 

during a user experiment. 

To evaluate all these aspects, it is planned to install the experimental setup discussed in 

Section 3.3 close to the sample position, while in the beamline a solid-based timing tool will 

be installed. This has the additional advantage to allow the comparison of arrival time data 

obtained at the European XFEL with results obtained at the LCLS and at SACLA, where during 

the beamtimes discussed in Sections 3.1 and 3.2 the established timing tools were active. 

3.5 Concept/Design using gas-driven ultrathin microfluidic liquid 

sheet as target for a soft X-ray pulse timing tool 

As has been described in Deliverable 7.2, to address the objectives of PUCCA, the team at 

ELI-Beamlines has collaborated with the Sample Environment Group (Daniel De Ponte) at the 

LCLS to develop and characterize a new free-flowing ultrathin liquid sheet based on a gas-

driven microfluidic design. Compared to the colliding jet design described above (Section 
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3.2.1), the micro-sheet has reduced liquid flow rate requirements (by almost two orders of 

magnitude) and provides flat liquid sheets easily achieving thicknesses well below 100 nm. 

The motivation for the development of these sheets was that at these thicknesses, aqueous 

sheets can readily transmit photons across the electromagnetic spectrum, leading to 

potentially transformative applications in infrared, X-ray, electron spectroscopies and 

beyond. Aside they can be implemented as targets for pulse characterization and timing 

tools for sources of ultrashort soft X-ray pulses, such as HHG sources at the ELI 

infrastructure, FLASH, FERMI and the soft X-ray beamlines at the European XFEL. 

The results of this effort have been recently described in detail [KKB+18], below the most 

important results relevant for the application of the microfluidic liquid sheet-jets in timing 

tool systems are presented. 

3.5.1 Gas-driven liquid sheet jet generation 

The device used for generating ultrathin liquid sheets is a gas-dynamic nozzle consisting of 

three microfluidic channels in a borosilicate chip. The chips used for this study were 

fabricated with photolithography by Micronit Microtechnologies BV using standard hard 

lithography methods. Two 0.4 mm thick borosilicate wafers were etched with symmetric 

patterns, bonded, and diced. As can be seen in Figure 3.16, the 6×19 mm chip has two 

channels converging from both sides at a 40° angle relative to a central channel.  

Under normal operation, the side channels deliver gas, while the central channel carries the 

working liquid. As shown in the figure, the gas and liquid inputs are on the left-hand side of 

the chip, and the microfluidic channels can be traced to the exit of the nozzle on the right 

 

 
Figure 3.16 – Microscope image of the microfluidic chip: in normal operation the nozzle is 

formed at the tip on the right side, the gas is routed from the left port via the two side 

colliding channels, while the liquid flows from the right circular port through the central 

channel 
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Figure 3.17 – Size comparison of the tip of the microfluidic chip next to an ordinary 1-mm 

scale ruler, the face of the nozzle is approximately 350 micrometers wide (top-bottom 

direction) and 800 micrometers deep. 

 

side of the chip. The nozzle exit geometry is shown at higher magnification at Figure 3.17, 

the two 40 μm diameter gas channels intersect a central 20 μm liquid channel before exiting 

the chip. 

For operation, the chip is housed in a custom assembly (see Figure 3.18) that is connected to 

a source of liquid and gas via HPLC capillaries. The liquid (water or a lower viscosity liquid 

sample such as ethanol) can be supplied to the central channel of the microfluidic chip using 

a regular HPLC pump, preferably equipped with a pulsation dampener to enhance sheet 

stability. Driving gas (usually helium) is introduced from a pressure bottle through a manual 

or electronic pressure regulator. Stable liquid sheets can be formed for flow rates above 

about 150 μL/min. The gas flow required to form a sheet increases as liquid flow rate is 

increased, as do the physical dimensions of the sheet. Stable sheet operation is typically 

achieved using gas flow rates around 0.1 L/min at a liquid flow rate of 250 μL/min.  

The physics underlying this sheet formation is similar to that underlying the formation of a 

sheet by two colliding cylindrical liquid jets (the microfluidic chip can also be used to form a 

sheet by the collision of two cylindrical jets, as will be discussed below). As in the case of 

colliding liquid jets, the colliding gas jets here impart radial momentum to the liquid, causing 

it to spread into a thin sheet, bounded by a thicker fluid rim (see Figure 3.19). The sheet 

becomes progressively thinner moving outward along the streamlines and, in the case of 

vacuum operation, must also rapidly decrease in temperature due to evaporative cooling. 

Downstream from the gas–liquid interaction point, surface tension eventually overcomes 

the radial momentum, causing the thick rims of the sheet to reconverge, which then in turn 

produces a smaller sheet in the orthogonal orientation. 



 
 

 

     41 

  

 

This project has received funding from the European Union’s Horizon 2020 research and 

innovation programme under grant agreement No 654220 

 

.  

Figure 3.18 – Images showing slight variations of the complete microfluidic sheet assembly 

during operation 

 

 
Figure 3.19 – Formation of the chain of liquid sheets from the jet as observed at an angle of 

incidence of 45° relative to both the glass chip and the first liquid sheet that forms at a 90° 

angle to the plane of the glass chip. 
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Fig. 3.20 – Customized setup for the measurement of liquid sheet thickness via interferometry 

 

3.5.2 Characterization of sheets produced by the microfluidic liquid sheet jet 

The main method used for the characterization of the sheet geometry was based on 

interferometry. However, due to the small size of the liquid sheet that is formed (up to 100 

micrometer in width), an attempt has failed to use white-light interferometry commercial 

devices similar to the ones used for the characterization of colliding jet (as described in 

Deliverable 7.2). A specialized setup had to be built at SLAC to allow for such measurements, 

but due to its size it was thought as somewhat impractical for use in a vacuum beamline 

application. 

An alternative simple approach using microscope photography with highly absorbent water-

soluble dyes was used, in combination with standard optical spectrophotometry (optical 

densitometry), based on the application of the Beer-Lambert law: 

 

A = -log(I/Io) = ε.c.L 

 

where A – absorbance (or optical density), I – intensity of light transmitted through the 

sample with the dye, Io – intensity of light transmitted in blank conditions without the dye, ε 

– specific absorption coefficient (constant), c - dye concentration (constant), L – optical 

pathlength through the liquid containing the dye. The approach appeared to be acceptably 

fast and allowed to quickly characterize the jet in various liquid flows and gas pressure 

conditions.  
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Figure 3.21 – Thickness analysis of the gas-formed liquid jet sheet based on optical 

absorption of red light by a 1% aqueous solution of a blue food colorant dye; as can be seen, 

in regular operating conditions the thickness of the sheet easily reaches below 100 nm 

 

The thickness and dimensions of the liquid sheet are dependent on several conditions (e.g., 

composition and pressure of liquid and gas, vacuum/air environment), so when these 

conditions change, performing a re-characterization of the sheet thickness may be 

necessary. 

A comprehensive analysis of sheet thickness characterization methods (also by infrared 

absorption and soft-X-ray absorption) has been included in the recently published paper 

[KKB+18], mentioned above. 

3.5.3. Attempts for pump-probe experiments with the microfluidic sheet jet 

Performing a pump-probe experiment with the microfluidic sheet jet was a planned activity 

within the PUCCA work package.  
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Results of a successful experiment performed by our SLAC collaborators with overlapping of 

optical femtosecond laser and soft X-ray pulses during a beamtime at the FLASH free 

electron laser have been published [KKB+18] and the results are presented here in Figure 

3.22. The entire gas-driven liquid sheet was illuminated by an optical parametric amplifier 

(500 nm), which was used as a probe of the dynamics induced by the soft X-ray pulses on a 

liquid water sheet to study the electronic and thermal properties of isochorically heated 

water. 225 eV photon pulses from FLASH were used to excite the water sheet, and 

subsequent dynamics were monitored by transmission and reflection of visible light pulses 

from a femtosecond optical parametric amplifier (OPA). A flowing water sheet was necessary 

in order to present a flat water-surface for reflection and transmission measurements, which 

would not be possible with a cylindrical jet. The experiment was performed with the sheet 

running with a water flow rate of 250 μL/s and a helium flow rate of 100 ml/min, in a 

vacuum chamber at a pressure typically around 10−3 mbar. Under these conditions the sheet 

was able to operate continuously for up to 48 h while being illuminated by the OPA (8 μJ, 90 

fs, 1 mm collimated) and excited by the FEL (20 μJ, 100 fs, 25 μm focus) at 10 Hz. The FEL 

pulse excited free charge carriers near the critical density of the 500 nm probe. The high 

electron density led to transient metal-like behavior, resulting in increased reflection and 

simultaneously reduced transmission. Hence, the X-ray spot was visible as a bright spot in 

the reflection and as a dark spot in the transmission image. Scanning of the time-delay, the 

reflectance data showed that the reflectance increased with the time characteristic for the 

length of the pumping soft X-ray pulses. 

An attempt to perform similar pump-probe measurement using optical beams was 

undertaken at ELI Beamlines. Femtosecond optical laser pulses at (4 mJ, 15 fs, 800 nm 

central wavelength) from a 1 kHz laser amplifier (Spectra Physics Femtopower) were split to 

create synchronized white probe light pulses in a sapphire crystal (10s of nJ, 70 µm spot size) 

and 400 nm pump pulses from a second harmonic generation BBO crystal of 60 µJ of energy 

(see Fig. 3.23). The energy of the pump pulse and its focus size of ~150 µm was such that the 

creation of solvated electrons was expected to be observed in the jet [GPV+01, PGM+01]. 

The white light of the probe was sent through the sample and then detected in the spectral 

range of 450-750 nm by a 1 kHz CCD camera (Entwicklungsbuero Stresing). The 

measurement was performed based on a 4-pulse cycle (no pulse / probe only / pump only / 

pump + probe), from which the transient absorbance was calculated. Signals from 2000 of 

cycles were accumulated in order to get one time-delay reading – in the case of ELI 

Beamlines, it is assumed that the timing of the split pump and probe pulses is precise down 

to ~10 fs. 
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Fig. 3.22 - Soft X-ray measurements of liquid water sheets. Measurements from the FLASH 

free-electron laser are shown as described in the text. Shown are optical reflection (a) and 

transmission (b) images taken in situ. The entire sheet was illuminated by an optical 

parametric amplifier (500 nm), which was used as a probe of the dynamics induced by the 

soft X-ray pulses. The X-ray spot can be seen as a bright spot in reflection and a dark spot in 

transmission, immediately following the X-ray pump. c - The reflectivity of the X-ray pumped 

region of the water sheet, as a function of time delay between the X-ray pump and optical 

probe, for a series of different pump fluences. d - The intensity of soft X-rays transmitted 

through the water sheet, as a function of FLASH pulse energy, for different sheet thicknesses. 

The scale bar is 100 μm. (Reproduced in full from reference [KKB+18], under Creative 

Commons 4.0 license) 

 

A first attempt to characterize the flat liquid jet was performed immediately after the first 

laser light was available at the transient absorption setup, which is the first optical 

spectroscopic endstation of ELI-Beamlines to come online in June/July 2018. The data 

analysis of this first measurement, at the completion of this report, is still ongoing.  

Several challenges have emerged for measuring the expected transient absorption signal: 

• The lesser issue is that due to the extremely small thickness (<100 nm) of the liquid 

layer, the expected absorption signal is quite weak; the simpler transient absorption 

setup requires larger number measurements as opposed to the high sensitivity of the 

interferometric setup described in Section 3.1. 
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Fig. 3.23 – Optical setup for the pump-probe transient absorption experiment on the 

microfluidic sheet liquid jet as sample/target 

 

• The main challenge is to achieve a small enough focus of the white light probe, 

because at the current beam size of 70 µm the rim-fringes are a source of significant 

scattering even if optimum beam position is used. Even though the flat sheet target is 

conceptually stable, even very small fluctuations in significant light scattering effect 

from the nearly cylindrical edges of the jet (see Figure 3.24) increases the zero-

baseline noise of the signal too much. The necessary averaging time would then be 

pragmatically unattainable. 

 

An upgrade needs to be made to the optical setup to improve the optical focusing of the 

probe beam, but it is unlikely to be finished before the submission of this report. These 

challenges (e.g., too thin sample) are specific to implementing the gas-driven liquid sheet for 

optical pump - optical probe measurements, but as can be seen from the results from FLASH, 

they do not represent a significant hurdle in the effort of operating the liquid flat sheet to be 

operated as a timing-tool. 
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Figure 3.24 – Detail of the scattering of the probe beam from the gas-driven liquid sheet jet 

observed at 45° angle to the plane of the sheet and of the probe beam: the spot size of the 

probe beam is not small enough and hits the rims of the sheet, resulting in significant scatter. 

(Incidentally, the scatter helps to indicate precise targeting of the beam when aligning the 

liquid jet.) 

3.5.3.1 Pump probe experiments with a colliding jet formed from microfluidic sheet 

Using the optical laser setup described above, identical measurements were performed with 

a thicker liquid target formed when the microfluidic chip was used in a colliding jet 

configuration (compare Figures 3.24 and 3.25). In this approach the sheet is created by the 

collision of liquid Rayleigh jets created by the two ~40 µm wide channels directly in the 

nozzle area (see Figure 3.17). The resulting thickness of the liquid sheet operated in the 

colliding jet approach is yet to be characterized, but it was assumed to be about 100-fold 

larger than the gas-driven sheet jet. Also, the width of the liquid sheet increases to above 

500 µm size, which then serve as a much better target for the ~100 µm optical beams.  

 

The thickness of the jet was characterized by fluorescence microscopy on a Zeiss 

Axioimager.Z2 upright microscope. To visualize the water jet, a fluorescence dye solution 

was created (0.1% solution of rhodamine 6G), excited by a blue LED light 475 nm and green 

fluorescence was observed in a 500-530 nm window. A Starna demountable 10 ± 2 µm 

quartz cell was used as a reference for the fluorescence intensity. Due to the uncertainties of 

the thin liquid cell, interference fringes from the reflected red 631 nm LED light were also 

used to calibrate the thicknesses calculated based on the fluorescence images. The 

measurements have revealed that the thickness of the sheet from colliding liquid jets is 

nearly constant and does not depend on the flow rate, only the dimensions of the sheet are 

increasing. 
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Figure 3.25 – Image of the liquid sheet produced using the microfluidic chip by the method of 

colliding jet by feeding liquid into the nominal gas port instead of into the liquid port; the 

liquid flow here was 2400 µL/min. 

 

  
Figure 3.26 – Measurement of the thickness of the microfluidic colliding jet (here operated at 

a flow rate of 3 mL/min) was performed by the combination of analysis of interference 

patterns of reflected red light (left) and green fluorescence of Rhodamine 6G (right); the scale 

bar on the left image is 1.0 mm long. 
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Figure 3.27 – Thickness profile of the colliding liquid jet sheet based along the flow axis, 

based on fluorescence intensity measurement: at a particular length point the sheet 

maintains a constant thickness almost regardless of the flow rate (vertical portions of the 

plots signify the end of the flat sheet) 

 

In this configuration the absorption signal caused by the solvated electrons was easily 

detectable by the optical setup (Figure 3.28) and the expected temporal dynamics of the 

solvated electron evolution was comfortably measured (Figure 3.29 and Figure 3.30). 

Therefore, the colliding jet appears to be an interesting alternative mode of operation of the 

microfluidic chip liquid jet system. 
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Figure 3.28 – Absorption spectrum of the colliding jet operated at 2700 µL/min, probed at the 

relative time delay of 2 ps after the 400 nm pump pulse 

 
Figure 3.29 – Ultrafast time scales of the transient absorption detected on the liquid jet; the 

temporal dependence (approx. 500 fs long reaction life-time) of the absorption signal 

conforms to the well documented rate of formation of solvated electrons in aqueous 

solutions. The small 150 fs wide initial feature is most likely a coherent Raman effect from 

the short period of the overlap between probe and the pump. This feature can be perhaps 

also used for precise timing applications between two optical pulses. 
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Fig 3.30 – Logarithmic scale of the temporal evolution of the transient absorption caused by 

the solvated electrons generated by multi-photon absorption of 400 nm photons in the liquid 

sheet. 

 

3.5.4. Future considerations 

The success in obtaining images of electron ionization acquired during the experiments at 

FLASH (Figure 3.18) indicates that with sufficient soft X-ray pumping power, it is feasible to 

create a timing tool either in transmissive spectral or reflectometric spatial time-encoding 

configuration. 

In near future the optical system at ELI Beamlines will be upgraded so as to produce probe 

beam spots in the order of 10 µm in size which will then make it also suitable for performing 

measurements on smaller targets in fully optical pump & probe configurations for 

femtosecond time-resolved optical spectroscopy methods, such as transient absorption, 

stimulated Raman and others. Just as is the case for the extreme UV and soft X-ray 

wavelengths, the thin liquid sheet may become of interest for methods utilizing infrared 

wavelengths. For example, for time-resolved spectroscopic methods there has been so far a 

lack of viable window-less solutions for molecular samples in aqueous solutions analyzed 

using transmissive configurations due to strong absorption of liquid water. 
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4 Synergy Aspects 

Naturally, the relative measurement of XUV or X-ray pulses and optical laser pulses is of 

great interest for all time-resolved studies at ALL-RIs, in particular for experiments at the 

European XFEL and ELI-Beamlines. At the moment, there are mainly two directions followed 

in the development of a liquid jet-based X-ray/optical relative arrival time measurement 

(“timing tool”): one being based on macroscopic, colliding jet-generated flat sheets and one 

based on the concept of a gas-dynamic virtual nozzle. 

The timing tool based on the macroscopic colliding jet has proven to be in principle ready for 

application at tender and hard X-ray beamlines as reported in this Deliverable, while a 

microfluidic jet-based timing tool will require further development motivated by the 

requirement of creating a low sample consumption system, in particular when the timing 

tool needs to be placed in vacuum, which is required at soft X-ray and XUV beamlines. 

Additional development is required for the microfluidic liquid sheet characterization and the 

design of appropriate imaging optics and data acquisition for the implementation of a timing 

tool. However, most of the developments made for the macroscopic system can be applied 

to the microfluidic system and the experiences gathered at the European XFEL, SACLA and 

LCLS will help to implement a timing tool at the ELI-Beamlines facility. On the other hand, 

the efforts of developing a spatial encoding (reflection-based) timing tool based on the 

microfluidic system at ELI-Beamlines with kHz repetition rates might be utilized in the 

development of a similar scheme at MHz repetition rate facilities like the European XFEL or 

even the LCLS-II. Due to the inherently better synchronization between the optical and X-ray 

pulses at the ELI-Beamlines facility, the existing and new schemes can be tested and 

optimized for later adaption to the X-ray free-electron laser facilities. 

Lastly, optimizing established and developing new schemes of liquid sample delivery is 

important for both ELI-Beamlines and European XFEL, and potentially for other ALL-RIs. 

Sharing efforts and knowledge about control and characterization of different liquid jet 

concepts, as well as the implementation of timing tools based on the different schemes 

duplication of work is significantly reduced and potential problems and pitfalls can be easier 

solved or avoided by close collaboration of the RIs. 
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5 Summary and Conclusions 

In this report, the prototype implementation of a liquid jet-based X-ray/optical arrival time 

monitor (“timing tool”) is described. As an integral part of the scheme, the colliding liquid 

jet, whose capabilities had been thoroughly investigated in the previous Deliverable 7.2, 

proved to be a reliable and robust sample delivery system for application in free-space, i.e. 

not in a vacuum environment. Equally important, progress had been made on the detection 

scheme, where the established technique of spectral encoding had been extended by an 

interferometric measurement which promises higher temporal resolution at increased 

sensitivity. First successful tests of this novel scheme had been carried out at the Linac 

Coherent Light Source (LCLS) in Stanford (USA), although there a different “sandwich” type 

of liquid jet and several solid samples had been investigated. Based on the outcome of these 

measurements, a second campaign took place at the SPring-8 Angstrom Compact free-

electron Laser (SACLA), Japan. There, the goal was not only to demonstrate the colliding jet-

based timing tool, but in addition measure the relative X-ray optical arrival time in the very 

same sample used for a femtosecond chemical dynamics study. It had been shown that it is 

possible to disentangle the X-ray induced timing signal from the signal induced by an 

additionally overlapped optical laser, which is pumping the chemical reaction. While 

reasonable values for the timing jitter could be retrieved, even using different photon 

energies and focus sizes, as well as different liquid jets. The data analysis, however, required 

careful manual interaction. To answer urgent open questions regarding data acquisition and 

processing, as well as the scheme itself and the comparison to a solid-based timing tool, the 

prototype had been extended to the measurement with two samples simultaneously and is 

planned to be evaluated at the FXE Scientific Instrument at the European XFEL in late 2018. 

Nevertheless, the conclusion can be drawn that the prototype implementation is ready for 

application and will not only help to understand and optimize the facility and instrument 

better, but also will improve temporal resolution in user experiments. 

For the novel technique of microfluidic gas driven ultra-thin, liquid sheets, their capability for 

using them as timing and sample delivery tool has been evaluated. The thickness of the 

liquid sheets is thin enough to be operated as timing tools at soft x-ray beamlines. In 

addition, they can be used as tools to deliver samples in different configurations which make 

them suitable for many different light sources.  
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