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Abstract: This contribution presents the initial characterization of the pump-probe performance
at the Small Quantum Systems (SQS) instrument of the European X-ray Free Electron Laser. It
is demonstrated that time-resolved experiments can be performed by measuring the X-ray/optical
cross-correlation exploiting the laser-assisted Auger decay in neon. Applying time-of-arrival
corrections based on simultaneous spectral encoding measurements allow us to significantly
improve the temporal resolution of this experiment. These results pave the way for ultrafast
pump-probe investigations of gaseous media at the SQS instrument combining intense and
tunable soft X-rays with versatile optical laser capabilities.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The advent of highly brilliant X-ray free electron laser facilities reaching photon energies of
several thousand of electron volts (eV) has opened up intriguing possibilities to study atoms,
molecules and bulk matter [1]. Their energy-tunable, ultra-short and partially coherent photon
pulses allow for site-specific investigations of light-matter interactions on the natural time scales
of the fundamental nuclear as well as electronic motion in unprecedented detail [2,3]. To this
end, time-resolved experiments have commonly favored a pump-probe approach, in which the
reaction of a system is triggered by a pump pulse, while its subsequent evolution is monitored
by a temporally shifted probe pulse. Especially if these pulses are derived from different and
independently operating sources, such as an accelerator-based X-ray free electron laser (XFEL)
and an optical laser (OL), the temporal resolution of any measurement is not only limited
by the duration of the respective pulses, but also depends on the timing jitter between them.
Thus, for conducting pump-probe experiments with the highest possible time resolution, it is of
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utmost importance to accurately synchronize the different light sources and to compensate any
residual jitter.

The synchronization of an OL and an XFEL is generally accomplished by stabilizing the pulse
train of the OL seed oscillator with respect to the radio frequency (RF) driving the electron
bunches in the XFEL accelerator. Thereby, a relative timing jitter in the range of a few tens to a few
hundred femtoseconds can be achieved [4-9]. This can be further reduced to the sub-10 fs level
using a dedicated balanced optical cross-correlation technique based on the actively stabilized
distribution of an optical reference signal [10]. A significant portion of the remaining jitter
originates from thermal and mechanical fluctuations and electronic drifts of individual accelerator
components as well as from the self-amplified spontaneous emission (SASE) process generating
X-rays in the undulator section [6,11-13]. To overcome these inherent shortcomings, the most
practical approach is to measure the relative arrival time of the pump and probe pulses on a single
shot basis and sort the data accordingly in the subsequent analysis process [14-24], potentially
achieving sub-femtosecond accuracy [25]. A more advanced but rather challenging technique to
minimize the timing jitter is to seed a free electron laser [26].

In the following, this contribution presents a first characterization of the pump-probe capabilities
at the Small Quantum Systems (SQS) instrument of the European XFEL [27,28]. This recently
commissioned instrument is dedicated to investigations of atoms, ions, molecules and clusters in
intense laser fields, including studies of non-linear phenomena and the dynamics of photo-induced
processes. The present work serves as a benchmark experiment, both to quantify its current
timing performance and to provide an initial characterization of the X-ray pulse duration at the
European XFEL. For this purpose, timing diagnostics based on spectral encoding were used to
monitor the relative arrival time between the XFEL and synchronized OL pulses [29,30]. These
measurements revealed a relative timing jitter of approximately 58 fs + 1 fs (FWHM) under the
described conditions. This result is comparable to other instruments and XFEL facilities around
the world [4-9]. In addition, an X-ray/optical cross-correlation was measured, exploiting the
laser assisted Auger decay in neon [31,32] revealing an upper limit of the average XFEL pulse
length of 38 + 2 fs (FWHM). Thus, the feasibility of conducting pump-probe experiments with
active time-of-arrival sorting was demonstrated. These results constitute the first investigation of
the pump-probe capabilities at the SQS instrument and they simultaneously provide an initial
assessment of the X-ray pulse duration at the European XFEL, which is representative of the
operation conditions at the time of the experiment.

2. Experiment

The SQS scientific instrument is designed for investigations of atomic and molecular systems,
as well as clusters, nano-particles and small bio-molecules [33—37]. It is located about 450 m
downstream of the SASE 3 undulator, which emits horizontally polarized radiation in a photon
energy range between 260 eV and 3000 eV (4.8 nm to 0.4 nm) exceeding 10'2 photons per pulse
and delivering up to 27000 pulses per second in a 10 Hz bunch pattern mode [27]. Two elliptical
mirrors in Kirkpatrick-Baez configuration can focus the XFEL beam to a spot size of about 1 ym
in diameter (FWHM). For this study a photon energy of 1000 eV was chosen, at which a pulse
energy of up to 5mJ was obtained. This resulted in an intensity of more than 10'8 W/cm? at the
focus, where the Atomic-like Quantum Systems (AQS) chamber was centered around to measure
the X-ray/optical cross-correlation (see Fig. 1). The timing jitter was measured by a Photon
Arrival time Monitor (PAM) [30] mounted about 1.8 m downstream, where the X-ray spot has
already diverged to a diameter of around 1.5 mm (FWHM).

For this investigation, a fiber-based OL system was used, which delivered sub-300 fs pulses
with an energy of up to 2m]J at a central wavelength of 1030 nm. These pulses were compressed
by a hollow core fiber providing sub-40 fs laser pulses with a conversion efficiency of more
than 50 % at a repetition rate of 112kHz. A typical OL (reference) spectrum and an intensity



Research Article Vol. 29, No. 23/8 Nov 2021/ Optics Express 37431 |

Optics EXPRESS

auto-correlation measurement with a FWHM of about 54 fs deconvolving to a OL pulse length
of 38.1 = 0.2fs are shown in Fig. 2. The pulse-picking acousto-optic-modulator of the OL
amplifier system was used to mimic the 10 Hz XFEL bunch structure. The OL seed oscillator
was synchronized to a pulsed optical reference by means of a balanced optical cross-correlator
resulting in an in-loop jitter of less than 10 fs (root-mean-square). This optical reference was
stabilized to the master RF clock of the European XFEL and it was delivered to the OL using
length-stabilized optical fiber links ensuring the precise synchronization of the OL with regard to

the X-ray pulse train [38].

laser in-
coupling

BBO
\SisN,

h<€
Qlensest » 4%@».

pm——

q

I
m reference JQRHMIRQ

Rk |

spectrometers delav

opticall
synced

'y

Fig. 1. Schematics of the experimental setup and the laser beam paths: The XFEL pulses
are focused into the AQS chamber, where the X-ray/optical cross-correlation is measured.
Thereafter, they propagate into the PAM chamber for measurements of their relative arrival
times with respect to the synchronized OL pulses.

Before entering the vacuum chambers, the OL beam was split into two beams with a ratio
of 80:20 (see Fig. 1). For the X-ray/optical cross-correlation measurement, the intense portion
of the OL beam was focused with a lens (f = 1.4 m) into the AQS chamber propagating nearly
co-linearly (<0.5°) to the X-ray beam. Its focused beam waist diameter was determined to be
around 200 um (FWHM), which allowed for delivering a peak intensity of more than 10'* W/cm?
on target. The two orders of magnitude larger OL focus with respect to the soft X-ray spot size
ensured the two-color experiment to be insensitive to any pointing instabilities. The spatial
overlap of the XFEL and OL beams was established on a Cerium doped Yttrium Aluminum
Garnet (YAG) screen, which could be inserted into the interaction zone. A fast photo-diode
(Hamamatsu G4176) in combination with a 12.5 GHz oscilloscope (Tektronix DPO71254C) was
first used to narrow down the temporal overlap to less than 100 ps. Applying the spectral encoding
technique in the PAM allowed for pinpointing the temporal overlap into the femtosecond regime,
after balancing both laser arms by means of the second harmonic signal generated in a S—Barium
Borate (BBO) crystal located in the PAM.

For the timing characterization, the weaker portion of the OL beam was directed to the PAM,
where it first passed through a 300 mm long SF57 glass rod stretching the optical pulse to about
3 ps. Thereafter, it was sent to a motorized delay stage, downstream of which a small amount
was leaked into a (reference) spectrometer (Ocean Optics HDX-XR). After the delay stage, the
OL beam was lead into the PAM chamber and focused onto a 1 um thin Si3;N4 membrane, which
was also illuminated by the mm-sized soft X-ray beam from the AQS chamber. The XFEL
pump pulse changed the refractive index and thus transmission of the membrane material. This
transient response was probed by the chirped optical pulse such that the relative delay to the
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soft X-ray pulse was mapped onto the optical laser spectrum, a technique known as spectral
encoding [29]. This spectrum was simultaneously recorded by another (signal) spectrometer
(Ocean Optics HDX-XR) located outside the PAM chamber.
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Fig. 2. Typical single-shot spectra of the chirped OL pulse before (reference) and after
(signal) passing through a 1 um thin SizN4 membrane at XFEL/OL overlap, leading to a
change in transmission around 1000 nm. An intensity auto-correlation of the OL with a
FWHM of about 54 fs is shown in the inset. It results in a pulse length of 38.1 + 0.2 fs, as
determined by a Gaussian fit to the numerical deconvolution of this measurement.

2.1. Monitoring pulse arrival times

For every single XFEL/OL pulse, two optical spectra were recorded (signal and reference) to
account for shot-to-shot spectral intensity fluctuations. Typical spectra, which have also been
normalized by the response function of the sample, are displayed in the main graph of Fig. 2. For
this particular shot, the impact of the XFEL pulse on the Si3sN4 membrane is clearly visible as a
significant reduction in the transmitted intensity of the signal spectrum around 1000 nm when
compared to the reference spectrum. In order to map the wavelength onto a time axis and to
quantify the timing jitter, the PAM was first calibrated by recording OL transmission spectra as
a function of the XFEL (pump) and OL (probe) time delay, which was varied in a controlled
manner using a motorized delay stage placed in the OL beam path. For each time delay, a total of
about 100 pairs of spectra were recorded and for each pair, the relative wavelength (1) dependent
change in optical transmission was evaluated, using AT(A) = Sy;g(2)/Srer (1) — 1, with Sg;e(2)
and S,.s(1) defined as the normalized spectral intensities of the signal and reference spectra,
respectively.
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As displayed in the inset of Fig. 3, the resulting change in transmission resembles a step-like
function, which was fitted with an error function to extract the spectral positions encoding the
relative arrival time of an XFEL pulse with respect to an OL pulse. The result of this procedure
is shown in the main graph of Fig. 3, as a function of the time delay in steps of 10 fs set by the
motorized delay stage. While there is a substantial fluctuation of the spectral position retrieved
for each time delay due to the inherent timing jitter between the OL and the XFEL pulses, the
average spectral position linearly increases with increasing time delay. Using a linear regression,
a wavelength or pixel to time conversion of 32.9 + 0.6 fs/nm or 13.8 + 0.3 fs/pixel was extracted,
respectively. Harmand et al. concluded that the error bars obtained from the fitting procedure are
a good measure of the uncertainty in determining the relative arrival time between OL and XFEL
pulses using a single timing diagnostic [18]. On a single shot basis, Gaussian error propagation
revealed that the overall error of the fitting procedure to the calibration data averages to a value
of about 7 fs (FWHM), which can be neglected with respect to other involved time scales.
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Fig. 3. The inset shows the typical change in transmission AT(2) of a 1 um thin SizNy
membrane due to OL/XFEL overlap (blue dots) and a corresponding error function fit
(orange line), whose central slope position represents the relative arrival time between XFEL
and OL pulses. The main graph shows the extracted slope positions (orange dots), about 100
per 10 fs optical delay step, and a corresponding linear fit (green line).

Following the calibration of the PAM, the timing jitter was then determined by evaluating
about 4000 single shot pairs of spectra recorded at a fixed position of the motorized delay stage
and acquired at a repetition rate of 10 Hz. The relative arrival time between the XFEL and OL
extracted from each individual pulse is displayed in Fig. 4, showing a jitter of 58 + 1 fs (FWHM).
This compares well with results from other instruments at the European XFEL [8,9] as well
as other XFEL facilities around the world [4-7]. However, it is important to note that when
sorting single shots in accordance to their measured time-of-arrival, it is possible to improve the
temporal resolution of the experiments to values well below the measured jitter, as shown in the
following. This approach is ultimately limited by the experimental uncertainty of the PAM in
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combination with the mechanical stability of the entire experimental setup and other possible
sources of systematic errors. Investigations at other facilities and at European XFEL show typical
relative uncertainty values at the order of 10fs - 15 fs (FWHM) [18,39].
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Fig. 4. Single shot timing jitter between OL and XFEL retrieved from the photon arrival
time monitor based on spectral encoding (left) and the corresponding histogram (right). A
Gaussian fit (red dashed line) allows for extracting a jitter of 58 + 1 fs (FWHM).

These results can be improved even further when the spectral resolution of the spectrometer is
increased and/or the chirp of the OL pulse in the PAM is tailored to the experimental requirements.
Moreover, it is important to also identify, properly characterize and eventually mitigate major
physical sources of the timing jitter caused by a variety of effects, such as vibrations of individual
instrument components along the nearly 30 m long OL beam path, temperature and humidity
instabilities in the SQS experimental hutch. In addition, there are ongoing efforts to improve
the stability of the electron bunch structure in the accelerator sections of the European XFEL,
thereby also reducing undesired temporal fluctuations of the X-ray pulse train [40].

2.2. Measuring X-ray/optical cross-correlation

Having characterised the timing jitter at the SQS instrument, the X-ray/optical cross-correlation
experiment was subsequently conducted in the AQS chamber by simultaneously monitoring
the relative pulse arrival times as specified above. For this purpose, electron spectra from
laser assisted Auger decay in neon were recorded at 10 Hz, as a function of the time delay
between the optical laser pulses centered at 1030 nm (1.2 eV) and the soft X-ray pulses tuned
to 1keV (1.24 nm). The XFEL photons generated an Auger electron distribution dominated by
the transition between the states Ne* 1s~!2p® and Ne?*2p* ' D5 yielding a characteristic kinetic
electron energy of 804.3 eV [41]. In the presence of the intense OL field, these electrons were
dressed along its polarization axis, changing their kinetic energy and thereby giving rise to a
characteristic sideband structure [42—45]. These sidebands were separated by the OL photon
energy due to the absorption or emission of 1.2 eV photons by the X-ray generated Auger electrons.
Being a two-color generated signal, the intensity of the sidebands constitutes a higher order
cross-correlation of the OL and XFEL pulses [31].

The electron spectra were measured by the time-of-flight (ToF) spectrometer of the AQS
chamber located in the horizontal polarization plane of the XFEL/OL laser pulses [46]. This
custom made spectrometer was specifically designed to record electron spectra at MHz repetition
rates and a resolving power (E/AE) exceeding 10,000 has been demonstrated at a synchrotron
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radiation source. In combination with intense XFEL pulses a resolution of about 0.5¢eV at a
kinetic energy of 800 eV was achieved up to now. Neon was introduced in the AQS chamber by
means of a needle moved close to the interaction region. Under gas load the background pressure
increased to 2 - 10~/ mbar, while the target density in the interaction region was estimated to
be one to two orders of magnitude higher. The FEL intensity was kept at 10'® W/cm?, and the
intensity of the OL was deliberately attenuated to about 5 - 10'© W/cm? keeping the sideband
order low to ease the interpretation of the sideband spectra displayed in Fig. 5. The left graph of
this figure shows the result of the measurement based on sorting the spectra with respect to the
delay stage position only, whereas the electron spectra displayed in the right graph have been
sorted according to the extracted relative pulse arrival times with a binning of 10fs and 5 fs,
respectively. Both graphs show that at large as well as small pump-probe delays the spectra are
dominated by the single Ne (1s) Auger electron peak. As the delays approach time zero, the
distinct Auger line starts to vanish while equally spaced sidebands up to the third order appear,
both at lower and higher electron energies.
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Fig. 5. X-ray/optical cross-correlation measurement results: Electron spectra from laser-
assisted Auger decay in neon, as a function of the time delay between the XFEL (pump)
and the OL (probe); spectra sorted according to the delay stage position on the left and
PAM-sorted spectra on the right for which about 50 to 120 spectra per step have been
averaged. The top graphs show the normalized integral (blue dots) from the region marked
by the red boxes including Gaussian fits (orange lines).

3. Results and discussion

By comparing both graphs in Fig. 5, it can be clearly seen that sorting the time-dependent
electron spectra using the results from the PAM allows for improving the time resolution below
the jitter level. In particular, a distinct depletion of the electron signal in the main Auger line as
well as the first order sideband appears at time zero. To evaluate the cross-correlation and to
estimate the improvement, the electron signals recorded in the energy ranges from 807.4 eV to
808.4 eV (see red boxes in the graphs), corresponding to the third sideband order, were integrated,
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normalized by amplitude and fitted with Gaussian functions (see top graphs in Fig. 5). The third
and highest order sidebands have been chosen because they are not affected by any depletion
effects related to intracycle electron interference in this non-pertubative intensity regime [43,47].
This analysis yields cross-correlation FWHM of 7¢c= 72 + 4 fs for the delay stage sorted data
and t¢c= 44 + 2 fs for the PAM sorted data. In order to assess the XFEL pulse duration txrgr,
from this measurement result, the following, easily derived analytical expression assuming the
convolution of three Gaussian pulses was used [47]:

TxrEL = (Tee = Toy /n = Téxp)l/z, (D

with n accounting for the order of the involved non-linearity in the cross correlation measurement.
Considering an OL pulse length of 7or=38.1 + 0.2 fs (see inset in Fig. 2) and disregarding the
experimental uncertainty (tgxp = 0), it is possible to provide an upper limit for the X-ray pulse
length. Having selected the third sideband order and neglecting the nearly instantaneous Auger
process (= 2.4fs), the ceiling of the average X-ray pulse length is calculated to be 38 + 2fs.
On the other hand, if a typical sorting accuracy, i.e. experimental uncertainty of tgxp = 155
is assumed as discussed above, a XFEL pulse duration of txpg;, ~ 35 + 2 fs can be inferred.
This value is quite close to the upper limit and it can be concluded that the cross-correlation
signal and consequently the temporal resolution of the SQS instrument was dominated by the
duration of the XFEL pulses when the experimental data is sorted according to the PAM measured
time-of-arrival, as the effective OL pulse duration amounts to (382/3)!/2 ~ 22 fs for the third
sideband. It should be noted however that the calculated numbers were deduced for the operation
configuration at the time of the measurement when the accelerator was filled with a bunch charge
of 250 pC at an electron energy of 14 GeV. More recent measurements suggest that the pulse
duration can be shorter for other settings of the European XFEL.

3.1. TDSE simulations

In order to support the analysis of the X-ray/optical cross-correlation measurement, the sideband
experiment has been simulated using a theoretical approach [48], the result of which is displayed
in Fig. 6. It is based on an approximate solution of the time dependent Schrodinger equation
(TDSE) describing the excitation and the decay of the Auger state in the dressing OL field within
the strong field approximation. In the simulation, an OL pulse length of 38 fs (FWHM) and an
XFEL pulse length of 35 fs (FWHM) were assumed. The intensities of the two pulses were set to
match the experimental values. To account for the experimental uncertainty 7gxp, the result was
additionally convolved by a Gaussian function with a FWHM of 15 fs. Both from a qualitative
and a quantitative point of view, the simulations agree well with the experimental time-resolved
spectra. A maximum of three to four sideband orders are visible in both cases. Moreover, the
depletion of the Auger line and the first sideband order due to intracycle interference can be
reproduced [43]; see line-out indicated by the white dashed line taken at 805.5eV from the
intensity graph in Fig. 6. On the other hand, the experimental spectra appear less symmetric than
the simulated spectra. Additional SIMION simulations confirm that the asymmetry in kinetic
energy with respect to the Auger line is due to the energy dependent transmission of the electron
ToF spectrometer [46,49]. The horizontal asymmetry with respect to the time zero axis are
attributed to the non-Gaussian nature of the OL pulse (see inset in Fig. 2). For a quantitative
comparison, the time-dependent electron signal calculated at a photon energy of 807.9 eV has
been normalized and displayed at the top of Fig. 6 (indicated by a white dashed line in the
adjacent intensity graph). A fit with a Gaussian function to this third order sideband signal yields
a cross-correlation FWHM of t¢cgim= 42.6 + 0.1 fs, which basically confirms the experimental
findings.
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Fig. 6. TDSE based simulations of electron spectra from laser-assisted Auger decay in
neon, as a function of the time delay between the XFEL (1 - 1018 W/em? - 35 fs) and the OL
(51010 W/em? - 38 fs) pulses considering a temporal uncertainty of 15 fs (FWHM). The
top graph shows line-outs of the first (green dots - 805.5 eV) and third (blue dots - 807.9 eV)
order sidebands (see white dashed lines), including a Gaussian fit (orange line) to the latter
resulting in a cross-correlation FWHM of 7¢cyi,= 42.6 + 0.1 fs. The graph on the left shows
electron spectra for two time delays between the OL and the XFEL pulses.
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4. Conclusion

The results of this measurement represent the first study of the timing performance and an
initial X-ray pulse length characterization at the Small Quantum Systems instrument of the
European XFEL. This study successfully demonstrates the feasibility of conducting pump-probe
experiments at the SQS instrument in combination with utilizing the installed photon arrival time
monitor based on spectral encoding. The measurement of the relative arrival times between
the XFEL and the synchronized optical laser pulses resulted in a timing jitter of 58 + 1fs
(FWHM). By using the aforementioned timing diagnostics in a time-resolved two-color sideband
experiment, a third order X-ray/optical cross-correlation allowed for determining an upper limit
of the average soft X-ray pulse length of 38 + 2 fs (FWHM) at the given operation condition of
the XFEL. Assuming a typical sorting accuracy of 15 fs, this limit can be narrowed down to
35 + 2 fs suggesting that the temporal resolution of the experiment was mainly limited by the
pulse duration of the X-rays, thereby providing plenty of room for improvements. These results
are supported by corresponding TDSE simulations and provide the first assessment of the X-ray
pulse duration at the European XFEL.

It is important to note that there are continuous efforts at all levels of the European XFEL
facility to constantly improve its overall performance. For example, the electron beam side works
on controlling the XFEL pulse duration and its temporal structure, which will greatly benefit from
the electron bunch arrival monitors that were under commissioning and not fully operational
during this experiment [40,50,51]. More recent measurements suggest that the pulse duration can
be shortened for other settings of the XFEL. Besides the identification as well as the reduction
of a variety of jitter sources, next steps at the SQS instrument include the commissioning of
the PAM at MHz repetition rates [9] and the deployment of the dedicated pump-probe laser
at SASE 3, already delivering few mJ pulses with a duration of 15 fs [52,53]. Moreover, the
spectral range of the femtosecond laser infrastructure is currently extended into the infrared as
well as extreme ultraviolet region. Overall, this work paves the way for ultrafast pump-probe
investigations of gaseous media at the SQS instrument combining intense and tunable soft X-rays
with versatile optical laser capabilities.
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