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Sub-50 fs temporal resolution in an FEL-optical
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Abstract: High temporal resolution is essential for ultra-fast pump-probe experiments. Arrival
time jitter and drift measurements, as well as their control, become critical especially when
combining XUV or X-ray free-electron lasers (FELs) with optical lasers due to the large scale of
such facilities and their distinct pulse generation processes. This paper presents the application of
a laser pulse arrival time monitor that actively corrects the arrival time of an optical laser relative
to the FEL’s main optical clock. Combined with post-analysis single pulse jitter correction
this new approach improves the temporal resolution for pump-probe experiments significantly.
Benchmark measurements on photo-ionization of xenon atoms performed at FLASH beamline
FL26, demonstrate a sub-50 fs FWHM overall temporal resolution.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Real-time investigations of ultra-fast phenomena on the femtosecond timescale became feasible
with recent developments in technology and the application of novel methodologies. Femtosecond
pump-probe spectroscopy is nowadays a commonly used technique that has increased our
understanding of fundamental photo-induced dynamical processes in physics, chemistry, and
biology [1]. Two ultra-short light pulses are employed to investigate the dynamical properties of
a system, where one laser pulse is used to initiate ("pump") a certain reaction, and the delayed
second pulse is used to measure ("probe") the dynamics introduced by the first pulse. This allows,
for example, the mapping of a photo-chemical reaction on timescales of picoseconds down
to attoseconds. Such timescales are native to the electronic processes that track the evolving
geometric structures of a molecule undergoing a reaction. To effectively interpret any study on
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ultra-fast dynamics, it becomes imperative to achieve high temporal resolution, which relies on
the precise characterization of the pulse durations as well as the exact knowledge of the delay
between the pulses.

Combining intense, short pulse near-infrared (NIR) lasers and free-electron laser (FEL) sources
has enabled new ways to obtain insight into photo-induced processes and their evolution often
utilizing the site specificity of the high energy FEL interaction (see e.g. [2—4]). Several such
pump-probe experiments have already been performed at the high repetition rate XUV and soft
X-ray Free-electron LASer in Hamburg (FLASH) in recent years, with notable examples being
discussed in e.g. [5—16].

In pump-probe experiments using conventional ultra-fast laser technology, both pump and
probe beams are typically generated from a common laser source. Even in this case, the
transportation of these beams from the laser to the experiment is susceptible to disturbances
due to fast relative timing jitters and slow timing drifts caused by acoustical vibrations, pointing
fluctuations, and environmental changes on a day-to-day basis. Typically, these laser systems,
including the beam transport to the pump-probe setup are relatively compact (a few meters).
Whereas at a large-scale facility such as FLASH, for ultra-fast pump-probe experiments, an
optical femtosecond laser needs to be exactly timed with precise delay and low jitter with the
intense extreme ultraviolet (XUV) or X-ray pulses from an about 300 m long accelerator-based
source [17]. In this case, the long-distance transport via non-common beam paths and its
sensitivity to different environmental factors like humidity, pressure, temperature, vibrations,
and airflow, make it technically challenging to establish robust and drift-free temporal stability
between the pump and probe pulses. Particularly, typical data acquisition times can vary between
a few hours and several days, thus stable temporal conditions in the experiment become even
more crucial. Without further measures, the relative drift in arrival time between optical laser
and FEL pump-probe pulses within the time span of a typical pump-probe experiment can exceed
hundreds of femtoseconds [5]. The origin of those timing drifts can be caused by factors such
as fluctuations in the electron beam acceleration, or the timing stability of the optical laser,
both with respect to a timing reference. To establish a facility-wide timing stabilization on the
femtosecond level, at FLASH all critical subsystems are individually stabilized with respect
to the same optical reference clock [17]. Several approaches have been implemented for the
accurate control of the timing between both sources with appropriate diagnostics at different
FEL facilities around the world. For example, the European XFEL (EuXFEL) achieved in a
short pulse operation mode sub-20 fs precision in a recent soft X-ray photo-electron spectroscopy
experiment [ 18], whereas at the Linac Coherent Light Source (LCLS) temporal resolution in
the ~30 fs range has been demonstrated [19], while the typical optical laser/X-ray pump-probe
experiment temporal resolution is in the range of 60 fs (FWHM) [20]. FERMI [21] an externally
seeded FEL facility, provides X-ray pulses with extremely small timing jitter (sub-5 fs) [22]
with respect to the optical laser. Still, the temporal resolution is in the range of 100 fs (FWHM)
[23,24] limited by the pulse duration rather than jitter or drift. It is important to recognize that
temporal resolution can vary strongly based on parameters and specific settings used in each
study. Despite advanced timing schemes, the typical temporal resolution achieved in two-color
pump-probe experiments performed at the FLASH2 FEL beamline of FLASH, so far, is in the
range of 150-300 fs, significantly larger than expected from the contributing pulse durations
alone [6-9].

In this work, we study the different components of timing stabilization and the overall
temporal resolution currently achievable at the FLASH2 beamline FL26. An optical Laser
pulse Arrival time Monitor (LAM) has been implemented for drift compensation in an active
feedback loop. Additionally, we incorporate the single pulse correction method according to
the electron bunch arrival time data in post-analysis for fast fluctuations [7,25]. Employed in a
time-resolved experiment, drift compensation and jitter correction can dramatically improve the
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temporal resolution to below 50 fs (FWHM) in a benchmark measurement for the case of xenon
photo-ionization.

2. Experimental setup

FLASH [26,27] is a 315 m long FEL facility at DESY, Hamburg, Germany, operating with the
Self-Amplified Spontaneous Emission (SASE) principle, delivering intense femtosecond pulses
in the XUV and soft X-ray energy range. The pulse duration can be varied in the range of sub 10
fs to several 100 fs [26,28,29]. FLASH?2 [30] is the second FEL beamline of FLASH, which
can generate pulses in a wide spectral range from 14 eV to about 360 eV in the fundamental and
about 1 keV in the 3rd harmonic, featuring variable-gap undulators that offer (limited) continuous
wavelength tunability for fixed accelerator settings. FLASH operates in a burst-mode pulse
pattern, where at 10 Hz bursts of up to 800 pulses can be produced with an intra-burst repetition
rate of up to 1 MHz. This peculiar pattern poses challenging boundary conditions for detectors
and optical lasers following the identical pattern. A wavelength-tunable pump-probe NIR laser
based on optical parametric chirped-pulse amplification (OPCPA), that can resemble this burst
mode, is available and can be delivered to the FLASH2 photon beamline end-stations [31,32].
The experiment presented in this work was performed at the reaction microscope (REMI) [33,34]
end-station at the photon beamline FL26 [35]. At this instrument, the combination of high
repetition-rate XUV-FEL and NIR-laser pulses together with coincidence detection schemes
for ionic fragments and electrons enables XUV-NIR pump-probe experiments to investigate
ultra-fast phenomena in gas-phase systems.

2.1. FLASH timing system

A simplified schematic overview of the FLASH facility, with a particular focus on the FLASH2
experimental hall with its photon beamlines is shown in Fig. 1. A comprehensive description
can be found in Refs. [26,27]. The electron bunches (moving from left to right in Fig. 1),
created at the electron gun, are accelerated to relativistic energies by passing through several
superconducting accelerator modules, before entering the undulators where FEL radiation is
produced by the SASE process. The FEL radiation is transported to the experimental hall through
photon beamlines, including a photon diagnostics section, and distributed to different beamlines
and experimental end-stations by switchable mirrors.

Along the accelerator, several beam arrival monitors (BAM) are installed for arrival time
measurements of the electron bunches. This arrival-time data is used as an error signal in
longitudinal stabilization feedback systems which stabilize the arrival time of the electron bunches
along the bunch train at several sections along the accelerator, and ultimately the arrival time of
the photon pulses. Details can be found in [36,37]. Despite the substantial distance between
BAM and the experimental end-stations, there is a very good correlation between the electron
bunch arrival time recorded by BAM and the arrival time of the XUV pulses [38,39]. To ensure
precise timing among all relevant subsystems of FLASH, the main oscillator (MO) provides radio
frequency (RF) reference signals throughout the facility. For those sub-systems that need the
highest timing stability (e.g. BAMSs and external pump-probe laser systems) a main laser oscillator
(MLO), which itself is synchronized to the RF oscillator reference, provides ~200 fs long pulses
at 1550 nm and 217 MHz as a highly stable optical reference. The MLO pulses are distributed
through optical path length stabilized optical fibers, shown schematically in Fig. 1 as dark blue
arrows, resulting in their arrival time being stabilized to the 1 fs level using balanced optical
cross-correlators (BCCs) [40,41]. One of the BCCs (BCC 1 in Fig. 1) is used in the precision
timing of the seed laser oscillator (~170 fs, 1030 nm, 54 MHz) of the FLASH2 pump-probe
laser system, resulting in a remaining jitter to the MLO reference, which can be as low as 5+1 fs
rms [17] by activating the feedback loop (FB 1), which acts on the oscillator cavity length. To
precisely control the delay between the optical timing reference and the FLASH?2 laser oscillator,
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Fig. 1. A schematic layout of the FLASH facility and FLASH2 experimental hall, Laser lab
in pink, and laser safety hutch in yellow (bottom part zoomed in pink and yellow) including
some important elements of the timing and diagnostics system. The electron bunches are
generated at the so-called "gun" by the photo-injector laser (INJL) and are accelerated with
superconducting accelerator modules up to a maximum of 1.35 GeV. The radio frequency
(RF) main oscillator (MO) provides the reference signals for the gun and the accelerator of
FLASH, as well as the MLO. BAMs are installed in timing critical sections of the linear
accelerator to measure and provide feedback to stabilize the relative timing of electron
bunches with respect to the MLO. The BCCs are a central part of the synchronization. They
are used to synchronize the pump-probe laser to the MLO and, in particular, the LAM is
also based on a BCC and can be used to compensate drifts arising in the laser amplification
and transport. The pump-probe laser system is located in the laser lab in the experimental
hall. The experiment is carried out at the REMI end-station by combining the FEL pulses
(in purple) with a synchronized pump-probe laser (in red) that is delivered via ~40 m long
evacuated tubes (top part, red lines) towards the laser table located in a laser safety enclosure
MOD2.6 next to the experimental chamber.

a mechanical delay stage (Delay 1) is used in the reference’s beam path. This essentially can be
used to control the time delay between NIR laser and FEL pulses. The pulses of the pump-probe
laser oscillator are subsequently amplified by several Ytterbium-based fiber pre-amplifiers as
well as a high-power chirped-pulse solid-state amplifier system (CPA). A multi-stage optical
parametric amplification system (OPCPA) is pumped by the second harmonic CPA system and
seeded by a super-continuum source driven by the common fiber pre-amplifier. The OPCPA
provides wavelength-tunable high-power laser pulses supporting pulse duration shorter than 15 fs.
Since the pump-probe laser system is located in an environmentally stabilized hutch (Laser Lab)
within the FLASH experimental hall, the laser beam is relay imaged through an approximately
40 meters long, evacuated transport beamline (red line) to a laser table (MOD?2.6) next to the
REMI instrument at the beamline FL26. There, the laser pulses are compressed and propagated
more than 10 meters in the air within the optical setup on the laser table before they are coupled
into the vacuum chamber of the REMI.

2.2. Laser arrival time monitor and active feedback for drift compensation

The overall drifts in the optical path length of the pump-probe laser pulses are mainly caused
by the remaining temperature and humidity changes in the laser lab, as well as the temperature-
dependent geometrical path length of the long-distance vacuum beam transport and the optical
setup directly at the end-stations exposed to the experimental hall of FLASH2. It should be noted
that temperature and humidity conditions at the end-stations typically exhibit fluctuations of +0.5
K and +£10% RH peak-to-peak over a week, respectively. These fluctuations are considerably
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less favorable for passive stability of the optical beam path length than in the laser lab itself which
experiences typically 0.1 K and +5 % RH.

To compensate for arrival time drifts, the laser is equipped with slow drift compensation
feedback (FB 2). A temperature-controlled fiber coil, which consists of ~30 m temperature-
stabilized fiber and ~5 m actively temperature-controlled polarization maintaining (PM) single
mode fiber, serves as a feedback actuator. It allows for control of the arrival time by continuous
temperature adjustment with a coefficient of 330 fs/K within a total range of 8.9 ps.

To quantify and compensate drifts occurring in the laser system as well as in the beam transport
and on the laser table next to the experiment, the LAM, which originally had been developed for
the synchronization of laser oscillators within the laser-based synchronization system at FLASH
[17], was installed as close as possible to the experimental end-station. It consists of a BCC
(LAM-BCC in Fig. 1) and a motorized translational delay stage (Delay 2). The LAM is located
in the laser safety enclosure of the FL26 end-station, called Modular Optical Delivery Station
(MOD2.6), shown schematically in Fig. 1. In Fig. 2 an overview of the laser beam propagation
and the LAM setup inside MOD?2.6 is presented. After pulse compression, a fraction of the laser
pulse energy is sent to the LAM-BCC, while the main part is sent to the experimental end-station.
In the LAM-BCC the temporal overlap between the reference from MLO and NIR pulses is
adjusted with Delay 2. The detailed working principle can be found in [17,40,41].
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Fig. 2. Schematic laser setup of MOD?2.6. After leaving the vacuum beam transport pipe
the NIR laser (in red) is pointing stabilized and the pulses are compressed in a double chirped
mirror (DCM) compressor. Afterward, a sampled beam is sent to the LAM while the main
beam passes controls and diagnostics, and propagates to the experimental end-station. In
the LAM the laser pulses are combined with the MLO reference (in blue) and focused into
a BBO crystal for sum frequency generation (SF, in cyan). The temporal overlap between
laser and reference pulses is adjusted with Delay 2 in the reference beam path. After passing
the BBO once, the laser is slightly delayed with respect to the reference and both, the laser
and reference, are sent back for a second pass through the crystal. The SF signals from both
passes are detected in a balanced photodiode detector, from which the error signal for FB 2
is generated.

The error signal from the LAM can now be used in an active feedback loop (FB 2 in Fig. 1)
to compensate for and eliminate timing drifts and slow timing fluctuations. According to the
LAM error signal, the laser arrival time can be stabilized by adjusting the path length between
the oscillator and the laser amplifier through FB 2 with the temperature-controlled fiber coil.
FEL-laser pump-probe experiments require of course not only a well-stabilized but also precisely
scannable arrival time of the laser pulses with respect to the FEL pulses. Therefore, the laser
pulse arrival time can be controlled by delaying the LAM reference with delay stage 2 and relying
on FB 2 to shift the arrival time of the pump-probe laser accordingly through fiber temperature
adjustments.

Figure 3(a) illustrates the performance of the feedback over 12 hours of measurement. It consists
of multiple data sets where the pump-probe delay is scanned over a duration of approximately
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Fig. 3. a) In-loop drift measurement of the LAM with internal feedback FB 2 over 12 hours.
The mean values of the arrival time over a burst, recorded with a repetition rate of 10 Hz,
are represented in green whereas the yellow line is the five-minute rolling average. Data in
blue is the compensated drift back-calculated by converting the applied fiber temperature
change into time. This shows a drift of ~ 500 fs peak-to-peak drift and variations over 12
hours. b) Measured delay stage position (black) followed by fiber temperature (red) over
~ 4 hours of laser operation marked as "one run" in panel a) is shown. The scan range is
1 ps with a 30 fs step size. The arrival time of the laser pulse is scanned by delaying the
LAM reference through FB 2 which in turn shifts the arrival time of the pump-probe laser
achieved by fiber temperature adjustments (shown in red).

7 hours. The gaps observed in Fig. 3(a) result of the interruption and resumption of the data
acquisition. The first experimental run spans over a period of ~4 hours. The pump-probe
laser parameters for the data presented in Fig. 3(a,b) were 18 fs (FWHM) pulse duration after
compression at 800 nm center wavelength with bursts of 77 pulses and 100 kHz intra-burst
repetition rate. Data was recorded with a 10 Hz repetition rate and the arrival time measured by
the LAM was averaged over all pulses in each burst. The result of the actively stabilized arrival
time using feedback FB 2 is shown in green and yellow. The feedback controls the temperature
of the fiber coil in FB 2 in order to minimize the error signal of the LAM, which is a measure of
the relative time delay in femtoseconds between the MLO fiber link and pump-probe laser pulses.
With the feedback active, the arrival time stability is determined to be ~10 fs rms, and the drifts
averaged over five minutes are substantially reduced to less than 1 fs rms (shown in yellow). To
visualize the expected drift of the laser arrival time without FB 2, the compensated drifts can
be calculated back from the fiber temperature change of the fiber actuator ("corrected drift" in
blue). This visualization shows large drifts within a time frame of 12 hours, with a peak-to-peak
drift of approximately 500 fs and a residual jitter of 21 fs rms when subtracting a five-minute
rolling average (shown in red). The significant oscillatory behavior in Fig. 3(a) (in blue) could
be due to the contribution of other independent feedback loops in the laser system and the
back-cooling of the temperature controlled fiber delay for the LAM feedback. Minor variations
in the environmental conditions over the long beam path to the experimental end-station can
accumulate over time leading to noticeable drifts. Therefore, LAM feedback is important to
compensate for these drifts. Identifying the individual sources causing the drifts is still a subject
of discussion and can be addressed by future measurements. The LAM feedback jitter (width of
the blue curve) is smaller in the last five hours, which can be attributed to the absence of any
delay stage movement during this time, leading to fewer vibrations and compensation action
by the delay feedback. The active feedback therefore not only increases the achievable time
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resolution significantly, but it crucially eliminates the need for additional experimental strategies
such as frequent interruptions to measure and adjust the temporal overlap between FEL and NIR
laser. This, in turn, leads to the much easier analysis of the acquired data as the temporal overlap
between FEL and NIR is kept stable within +30 fs (comparing different runs taken over two days,
not shown here).

The effect of a delay scan on the relative arrival time over a duration of ~4 hours for one
experimental run, marked in 3(a), is presented in Fig. 3(b). Delay 2 is used to shift the timing
reference signal for the LAM (black) which is then immediately followed by adjustment of the
pump-probe laser arrival time through FB 2 (red), the difference between black and red is due to
the simultaneous compensation of the drifts by the feedback. The delay was scanned over a range
of 1 ps with a step size of 30 fs. Since FB 2 acts without significant time delay, as expected,
no significant influence from the delay scan can be observed in the LAM in-loop jitter and
drift measurement as shown in Fig. 3(a). The pump-probe laser arrival time follows the timing
reference for the LAM and thus is well defined over ~4 hours delay scan. It can be concluded
that FB 2 and temperature-controlled fiber coil are fully capable of being used not only for drift
stabilization but also for delay scans of standard user experiments which typically operate within
the above-presented boundary conditions, with many experiments scanning much slower and
over smaller ranges.

3. Xenon experimental results as a benchmark for the achieved time-resolution

To demonstrate the performance of the active LAM feedback and data sorting in post-analysis, an
atomic physics XUV-optical pump-probe experiment has been carried out.

The experiment was performed at the reaction microscope (REMI) end-station at beamline
FL26 at FLASH?2 [35]. The REMI instrument is designed for measuring the three-dimensional
momenta of ions and electrons in coincidence from low-density gas-phase samples to investigate
atomic, molecular, and optical (AMO) physics. For the presented data, the FLASH accelerator
was tuned to an electron energy of 925 MeV. The generated XUV pulses show a central wavelength
of 7.7 nm and a broad pulse energy distribution with an average of 2.5 uJ in the interaction region.
The pulse duration of the XUV pulses is estimated to (20 + 10) fs FWHM (thus, containing
only a few temporal modes) based on the analysis of the statistical fluctuation of the XUV pulse
energy [42—44] and the used accelerator settings [28]. The data acquisition system (DAQ) at
FLASH records a large number of parameters for each pulse, such as the XUV and NIR laser
pulse energy, the electron bunch and laser pulse arrival times, delay stage positions, and the
fiber-coil temperature. These parameters can be used in the post-analysis to sort and correct the
measurement data [7,25].

The pump-probe laser pulses pass through the beam control and diagnostics section after the
compressor stage (see Fig. 2). It consists of several glass plates of variable thickness to control
and measure the laser pulse duration and a mirror-based focusing telescope. The NIR beam is
coupled into the vacuum through a 3.5 mm thick BK7 window and reflected by a mirror under 45
deg, which has a centered, 4 mm diameter hole for the FEL to pass through. The NIR laser has a
central wavelength of 800 nm and a pulse duration of 18 fs (FWHM), a pulse energy of 110 uJ,
and a focal spot size of 50 um. FEL and optical laser are operated at 10 Hz burst mode with 100
kHz intra-burst repetition rate and 45 pulses per burst. The sample is introduced via supersonic
expansion in a continuous gas jet [35]. This gas beam propagates perpendicular to the XUV and
laser beams, crossing them in the interaction region at the center of the REMI main chamber.
The generated ions are extracted by a homogeneous electric field and are directed onto a time
and position-sensitive detector.

The laser-assisted x-ray photo-ionization in Xe atoms [45] can be used to quantify the temporal
resolution of a pump-probe experiment. The photons of ~160 eV photon-energy from the FEL
pump-pulse are used to ionize the Xe atoms from the 4d and 4p shell leaving a core-hole behind.
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This hole is filled within femtoseconds via an Auger-Meitner decay, producing Xe>* in the
configuration of 5p~2 and also leading to high charge states involving several intermediate states
[46]. Some of the intermediate states (namely 55~ 5p~26p as well as Sp~>nl configuration) lie
below the threshold for Xe** and a small fraction of Xe?* population ending up in 5p~*nin’l’
configuration [47]. The NIR probe pulse arriving after the FEL pulse can efficiently ionize
these excited intermediate states, inducing a delay-dependent rise in higher charge states and
consequently a depletion of the Xe?* ion yield. The lifetime of these states varies from a few fs
to 100 ps [47,48].

Figure 4 shows the Xe* ion yield as a function of XUV-NIR delay. For positive delays Xe** is
predominantly in the ground state configuration 5p~2. For this measurement, the delay stage was
scanned multiple times bidirectional over a range of +0.5 ps. For an approximately one-hour
delay scan, the delay stage position is changed in 30 fs step size and data was accumulated for 30
seconds at each delay position. In post-analysis data is sorted according to the pulse-to-pulse
BAM values. To visualize the drift compensated by the LAM feedback, the drift calculated from
the fiber temperature change (discussed in section 2.2) is also included in the data frame. These
values are subtracted from the delay-stage values and new delay values are binned such that each
bin is normalized according to number of pulses and averaged into 10 fs wide bins. Negative time
delays correspond to the arrival of the XUV pulse after the optical laser pulse. The normalization
and jitter correction steps are described in detail in Refs. [7,25].
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Fig. 4. The ion yields of Xe?* versus delay between the XUV pump and the NIR probe.
The data consists of a one-hour delay scan accumulated over 45 pulses from FEL and NIR
per burst. At each delay setting, signals were recorded for 30 seconds. The curves are fitted
with a step function (shown in blue, green, and black lines) convoluted with a Gaussian
to model the pulse length and timing jitter broadening. The data set in blue relies on the
intrinsic timing stability at FLASH?2 including the slow drift without FB 2 (for visualization
as discussed in section 2.2) resulting in a width of 130 fs FWHM. The green data set is the
same as the blue with the addition of jitter correction for fast electron bunch arrival time
fluctuations measured by the BAM. The width is reduced to 104 fs FWHM. In the black data
set in addition the LAM feedback (FB 2) is actively compensating for slow drifts, reducing
the width to 46 fs FWHM.

A Gaussian cumulative distribution function is used to fit the data to determine the zero
temporal response time.
t—t,
o

J(0) = a+ b(erf( ) 6]



Research Article Vol. 32, No. 4/12 Feb 2024/ Optics Express 6605 |
Optics EXPRESS A N \

Here a and b are the base and amplitude, erf() is the Gaussian error function, , is the center
position of the step function and o defines the rms width of the Gaussian error function. The
width of the fitted error function is a convolution of the temporal profiles of the XUV, NIR pulses
as well as residual temporal jitter and drifts. The circles and the error bar shown in Fig. 4 are
the average time re-binned data set using 10 fs time bins and the standard errors of the mean for
this measurement. The fitted data, indicated in blue, is without any correction and includes the
drift that would have happened without the LAM feedback compensation (calculated from the
feedback response i.e. fiber temperature change in the actuator). The FWHM is approximately
(130 + 17) fs. The data, still without active LAM feedback FB 2, but including the fast jitter
correction from pulse-to-pulse information recorded by the BAM, is shown in green, resulting in
an enhanced (104 + 9) fs FWHM signal width. The extracted temporal width for the data with
active LAM feedback and pulse-to-pulse corrected for electron bunch arrival time is shown as
the black line in Fig. 4. The active LAM feedback improves the time-resolution by a factor of
two, leading to a temporal resolution of (46+5) fs FWHM.

To gain insight into the overall improved temporal resolution and to investigate its limitations,
we discuss the known sources of jitters and drifts. Jitter is defined as the short-term temporal
fluctuation of the arrival time on a pulse-to-pulse basis while the drift is defined over a longer
time of minutes and hours. By taking the average of the data from pulse train, we can distinguish
between long-term drifts and the jitter observed in individual pulses. The electron bunch arrival
times are measured on pulse-to-pulse basis by the BAM and the resulting jitter with respect to
MLO can be corrected with remaining uncertainty of the BAM resolution of op4ps about 5 fs rms
(determined by the noise level of the measurement). The jitter contribution induced by SASE
inherent arrival time fluctuations for 7 nm wavelength can be estimated to osasg =3 fs rms [49].

The most significant factor that lowers the time resolution is the variability in the arrival time
of the optical laser pulses. Here, drifts span over hundreds of femtoseconds on the timescale
of minutes and hours, as shown in Fig. 3(a). The new, active LAM feedback corrects this slow
drift within the laser transport system and compensates drifts from 500 fs peak-to-peak to ~ 1 fs
peak-to-peak. For pulse-to-pulse fluctuations, the LAM data evaluation shows a jitter ~ 10 fs
rms, which is comparable to the residual jitter of the laser oscillator with respect to the optical
reference ops.—pmro of 6 fs rms. This indicates that the whole laser amplification and transport
does mainly add slow arrival time drift, and negligible contributions to the overall timing jitter.
Finally, the MLO and its optical distribution contribute with a very small jitter of only ooprrer ~1
fs rms [17]. Thus, the total estimated jitter after sorting the data according to BAM can be
approximated as

_ 2 2 2 2
Ojitter = \/ (O Opiret T Taam + Tsase + TLam—jiver) @
resulting in a total estimated jitter ~29 fs FWHM or ~12 fs rms.
The final experimental temporal resolution can be calculated by combining the calculated total
jitter with XUV pulse duration ~(20+10) fs FWHM and NIR pulse duration ~(18+10) fs FWHM
according to

_ 2 2 2
Tresolution = \/(TXUV + TLaser + o-jitter) (3)

resulting in (40 + 12) fs FWHM, which is within experimental uncertainty and in good agreement
with the measured values.

Potential sources for the remaining drifts and jitter could be the components of the pump-probe
laser system that were not included in the feedback, i.e. ~4 meter of the NIR beam-path from
the compressor inside the laser delivery setup at MOD?2.6 (see Fig. 2) to the interaction region,
as well as mechanical vibrations of optical components to the experimental end-station, which
can be caused for instance by vacuum pumps. The length change of the remaining 4 m of the
beam path is monitored during the experiment by an interferometer (SIOS SP 15000 NG, SIOS
Messtechnik GmbH) with sub nm precision. The additionally introduced jitter was less than 1
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fs rms and drift during the presented measurement was only 6 fs peak-to-peak. These factors
are currently under investigation and measures are being evaluated, to mitigate such effects.
Installing the LAM system closer to the experimental end-station as well as keeping the optical
setup mechanically more stable will help to reduce the timing instability even further. Moreover,
improvement in temporal resolution can be made by correcting and tracking the SASE-related
instabilities and pulse-to-pulse laser arrival time also taking the environmental factors such as
temperature, air pressure, and relative humidity on the optical laser path into account.

4. Conclusion and future outlook

In summary, we have implemented an active stabilization of the laser pulse arrival time by drift
correction for the first time at the FLASH?2 beamline FL26 and analyzed its performance. We
have shown a benchmark pump-probe experiment, with ~ 1 hour measurement time, on xenon
photo-ionization with a temporal resolution of (46 + 5) fs FWHM by additionally employing
the single-pulse information of the electron beam arrival times. The observed improvement in
time-resolution is significant, as before the implementation of these techniques, time-resolution
at this beamline typically were within the range of (150-300) fs FWHM.

This improved time resolution significantly extends the experimental capabilities of the FLASH
facility and enables the study such as vibrations, charge migration [50] and lifetime of transient
excited states [47] in small to intermediate molecules which were not possible with such a good
temporal resolution in a two-color XUV-NIR pump-probe experiment before at FLASH. The
ability to investigate these processes in real-time offers significant advantages over traditional
spectroscopic methods, which typically provide information averaged over longer time intervals.
Furthermore, feedback keeps the temporal overlap constant with a precision of + 30 fs and allows
for more efficient data acquisition without the need for overlap checks.

Controlling the environmental factors and keeping the detectors for the feedback system as
close as possible to the experimental end-station can substantially enhance the timing stability.
Further upgrades and improvements to measure the timing jitter are under consideration in order
to enable pump-probe experiments with a timing resolution in the order of 10 fs or below.
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