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Abstract: High temporal resolution is essential for ultra-fast pump-probe experiments. Arrival21

time jitter and drift measurements, as well as their control, become critical especially when22

combining XUV or X-ray free-electron lasers (FELs) with optical lasers due to the large scale of23

such facilities and their distinct pulse generation processes. This paper presents the application of24

a laser pulse arrival time monitor that actively corrects the arrival time of an optical laser relative25

to the FEL’s main optical clock. Combined with post-analysis single pulse jitter correction26

this new approach improves the temporal resolution for pump-probe experiments significantly.27

Benchmark measurements on photo-ionization of xenon atoms performed at beamline FL26,28

FLASH in Hamburg, Germany, demonstrate a sub-50 fs FWHM overall temporal resolution.29

© 2023 Optica Publishing Group30

1. Introduction31

Real-time imaging of ultra-fast phenomena on the femtosecond timescale became feasible with32

recent developments in technology and the application of novel methodologies. Femtosecond33

pump-probe spectroscopy is nowadays a commonly used technique that has increased our34

understanding of fundamental photo-induced dynamical processes in physics, chemistry, and35

biology [1]. Two ultra-short light pulses are employed to investigate the dynamical properties of36

a system, where one laser pulse is used to initiate ("pump") a certain reaction, and the delayed37

second pulse is used to measure ("probe") the dynamics introduced by the first pulse. This allows,38

for example, the mapping of a photo-chemical reaction on timescales of picoseconds down39

to attoseconds. Such timescales are native to the electronic processes that track the evolving40

geometric structures of a molecule undergoing a reaction. To effectively interpret any study on41

ultra-fast dynamics, it becomes imperative to achieve high temporal resolution, which relies on42

the precise characterization of the pulse durations as well as the exact knowledge of the delay43

between the pulses.44



Combining intense, short pulse near-infrared (NIR) lasers and free-electron laser (FEL) sources45

has enabled new ways to obtain insight into photo-induced processes and their evolution often46

utilizing the site specificity of the high energy FEL interaction (see e.g. [2–4]). Several such47

pump-probe experiments have already been performed at the high repetition rate XUV and soft48

X-ray Free-electron LASer in Hamburg (FLASH) in recent years, with notable examples being49

discussed in e.g. [5–16].50

In pump-probe experiments using conventional ultra-fast laser technology, both pump and51

probe beams are typically generated from a common laser source. Even in this case, the52

transportation of these beams from the laser to the experiment is susceptible to disturbances53

due to fast relative timing jitters and slow timing drifts caused by acoustical vibrations, pointing54

fluctuations, and environmental changes on a day-to-day basis. Typically, these laser systems,55

including the beam transport to the pump-probe setup are relatively compact (a few meters).56

Whereas at a large-scale facility such as FLASH, for ultra-fast pump-probe experiments, an57

optical femtosecond laser needs to be exactly timed with precise delay and low jitter with the58

intense extreme ultraviolet (XUV) or X-ray pulses from an about 300 m long accelerator-based59

source [17]. In this case, the long-distance transport via non-common beam paths and its60

sensitivity to different environmental factors like humidity, pressure, temperature, vibrations,61

and airflow, make it technically challenging to establish robust and drift-free temporal stability62

between the pump and probe pulses. Particularly, typical data acquisition times can vary between63

a few hours and several days, thus stable temporal conditions in the experiment become even64

more crucial. Without further measures, the relative drift in arrival time between optical laser65

and FEL pump-probe pulses within the time span of a typical pump-probe experiment can exceed66

hundreds of femtoseconds. The origin of those timing drifts can be caused by factors such67

as fluctuations in the electron beam acceleration, or the timing stability of the optical laser,68

both with respect to a timing reference. To establish a facility-wide timing stabilization on the69

femtosecond level, at FLASH all critical subsystems are individually stabilized with respect70

to the same optical reference clock [17]. Several approaches have been implemented for the71

accurate control of the timing between both sources with appropriate diagnostics at different72

FEL facilities around the world. For example, the European XFEL (EuXFEL) achieved in a73

short pulse operation mode sub-20 fs precision in a recent soft X-ray photo-electron spectroscopy74

experiment [18], whereas at the Linac Coherent Light Source (LCLS) temporal resolution in75

the ∼30 fs range has been demonstrated [19], while the typical optical laser/X-ray pump-probe76

experiment temporal resolution is in the range of 60 fs (FWHM) [20]. FERMI [21] an externally77

seeded FEL facility, provides X-ray pulses with extremely small timing jitter (sub-5 fs) [22] with78

respect to the optical laser. Still, the temporal resolution is in the range of 100 fs (FWHM) [23,24]79

limited by the optical pulse duration rather than jitter or drift. It is important to recognize that80

temporal resolution can vary strongly based on parameters and specific settings used in each81

study. Despite advanced timing schemes, the typical temporal resolution achieved in two-color82

pump-probe experiments performed at the FLASH2 FEL beamline of FLASH, so far, is in the83

range of 150-300 fs, significantly larger than expected from the contributing pulse durations84

alone [6–9].85

In this work, we study the different components of timing stabilization and the overall temporal86

resolution currently achievable at the FLASH2 beamline FL26. An optical Laser pulse Arrival87

time Monitor (LAM) has been implemented for drift compensation in an active feedback loop.88

Additionally, we incorporate the single pulse correction method according to the electron bunch89

arrival time data in post-analysis for fast fluctuations. Employed in a time-resolved experiment,90

drift compensation and jitter correction can dramatically improve the temporal resolution to91

below 50 fs (FWHM) in a benchmark measurement for the case of xenon photo-ionization.92



2. Experimental Setup93

FLASH [25,26] is a 315 m long FEL facility at DESY, Hamburg, Germany, operating with the94

Self-Amplified Spontaneous Emission (SASE) principle, delivering intense femtosecond pulses95

in the XUV and soft X-ray energy range. The pulse duration can be varied in the range of sub 1096

fs to several 100 fs [25, 27, 28]. FLASH2 [29] is the second FEL beamline of FLASH, which97

can generate pulses in a wide spectral range from 14 eV to about 360 eV in the fundamental and98

about 1 keV in the 3rd harmonic, featuring variable-gap undulators that offer (limited) continuous99

wavelength tunability for fixed accelerator settings. FLASH operates in a burst-mode pulse100

pattern, where at 10 Hz bursts of up to 800 pulses can be produced with an intra-burst repetition101

rate of up to 1 MHz. This peculiar pattern poses challenging boundary conditions for detectors102

and optical lasers following the identical pattern. A wavelength-tunable pump-probe NIR laser103

based on optical parametric chirped-pulse amplification (OPCPA), that can resemble this burst104

mode, is available and can be delivered to the FLASH2 photon beamline end-stations [30, 31].105

The experiment presented in this work was performed at the reaction microscope (REMI) [32,33]106

end-station at the photon beamline FL26 [34]. At this instrument, the combination of high107

repetition-rate XUV-FEL and NIR-laser pulses together with coincidence detection schemes108

for ionic fragments and electrons enables XUV-NIR pump-probe experiments to investigate109

ultra-fast phenomena in gas-phase systems.110

2.1. The FLASH timing system111

A simplified schematic overview of the FLASH facility with a particular focus on the FLASH2112

experimental hall with its photon beamlines is shown in Fig. 1. A comprehensive description113

can be found in refs. [25, 26]. The electron bunches (moving from left to right in Fig. 1),114

created at the electron gun, are accelerated to relativistic energies by passing through several115

superconducting accelerator modules, before entering the undulators where FEL radiation is116

produced by the SASE process. The FEL radiation is transported to the experimental hall through117

photon beamlines, including a photon diagnostics section, and distributed to different beamlines118

and experimental end-stations by switchable mirrors.119

Along the accelerator, several beam arrival monitors (BAM) are installed for arrival time120

measurements of the electron bunches. This arrival-time data is used as an error signal in121

longitudinal stabilization feedback systems which stabilizes the arrival time of the electron122

bunches along the bunch train at several sections and ultimately the arrival time of the photon123

pulses. Details can be found in [35, 36]. To ensure precise timing among all relevant subsystems124

of FLASH, the main oscillator (MO) provides radio frequency (RF) reference signals throughout125

the facility. For those subsystems that need the highest timing stability (e.g. BAMs and external126

pump-probe laser systems) a main laser oscillator (MLO), which itself is synchronized to the RF127

oscillator reference, provides ∼200 fs long pulses at 1550 nm and 217 MHz as a highly stable128

optical reference. The MLO pulses are distributed through optical path length stabilized optical129

fibers, shown schematically in Fig. 1 as dark blue arrows, resulting in their arrival time being130

stabilized to the 1 fs level using balanced optical cross-correlators (BCCs) [37,38]. One of the131

BCCs (BCC 1 in Fig. 1) is used in the precision timing of the seed laser oscillator (∼170 fs, 1030132

nm, 54 MHz) of the FLASH2 pump-probe laser system to the MLO reference, resulting in a133

remaining jitter which can be as low as 5±1 fs rms [17] by activating the feedback loop (FB 1),134

which acts on the oscillator cavity length. To precisely control the delay between the optical135

timing reference and the FLASH2 laser oscillator, a mechanical delay stage (Delay 1) is used in136

the reference’s beam path. This essentially can be used to control the time delay between NIR137

laser and FEL pulses. The pulses of the pump-probe laser oscillator are subsequently amplified138

by several Ytterbium-based fiber pre-amplifiers as well as a high-power chirped-pulse solid-state139

amplifier system (CPA). A multi-stage optical parametric amplification system (OPCPA) is140

pumped by the second harmonic CPA system and seeded by a super-continuum source driven141



by the common fiber pre-amplifier. The OPCPA provides wavelength-tunable high-power laser142

pulses supporting pulse duration shorter than 15 fs. Since the pump-probe laser system is located143

in an environmentally stabilized hutch (Laser Lab) within the FLASH experimental hall, the laser144

beam is relay imaged through an approximately 40 meters long, evacuated transport beamline to145

a laser table (MOD2.6) next to the REMI instrument. There, the laser pulses are compressed and146

propagated more than 10 meters in the air within the optical setup on the laser table before they147

are coupled into the vacuum chamber of the REMI.148

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 and at the end of the undulators 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.

2.2. The laser arrival time monitor and active feedback for drift compensation149

The overall drifts in the optical path length of the pump-probe laser pulses are mainly caused150

by the remaining temperature and humidity changes in the laser lab, as well as the temperature-151

dependent geometrical path length of the long-distance vacuum beam transport and the optical152

setup directly at the end-stations exposed to the experimental hall of FLASH2. It should be noted153

that temperature and humidity conditions at the end-stations are with typical fluctuations of ±1154

K and ±30% RH respectively. These fluctuations are considerably less favorable for passive155

stability of the optical beam path length than in the laser lab itself which experiences typically156

±0.1 K and ±5 %RH.157



To compensate for arrival time drifts, the laser is equipped with slow drift compensation158

feedback (FB 2). A temperature-controlled fiber coil, which consists of ∼30 m temperature-159

stabilized fiber and ∼5 m actively temperature-controlled polarization maintaining (PM) single160

mode fiber, serves as a feedback actuator. It allows for control of the arrival time by continuous161

temperature adjustment with a coefficient of 330 fs/K within a total range of 8.9 ps.162

To quantify and compensate drifts occurring in the laser system as well as in the beam transport163

and on the laser table next to the experiment, the LAM, which originally had been developed164

for the synchronization of laser oscillators within the laser-based synchronization system at165

FLASH [17], was installed as close as possible to the experimental end-station. It consists of a166

BCC (LAM-BCC in Fig. 1) and a motorized translational delay stage (Delay 2). The LAM is167

located in the laser safety enclosure of the FL26 end-station, called Modular Optical Delivery168

Station (MOD2.6), shown schematically in Fig. 1. In Fig. 2 an overview of the laser beam169

propagation and the LAM setup inside MOD2.6 is presented. After pulse compression, a fraction170

of the laser pulse energy is sent to the LAM-BCC, while the main part is sent to the experimental171

end-station. In the LAM-BCC the temporal overlap between the reference from MLO and NIR172

pulses is adjusted with Delay 2. The detailed working principle can be found in [17, 37, 38].

Fig. 2. Schematic laser setup of MOD2.6. 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.

173

The error signal from the LAM can now be used in an active feedback loop (FB 2 in Fig. 1)174

to compensate for and eliminate timing drifts and slow timing fluctuations. According to the175

LAM error signal, the laser arrival time can be stabilized by adjusting the path length between176

the oscillator and the laser amplifier through FB 2 with the temperature-controlled fiber coil.177

FEL-laser pump-probe experiments require of course not only a well-stabilized but also precisely178

scannable arrival time of the laser pulses with respect to the FEL pulses. Therefore, the laser179

pulse arrival time can be controlled by delaying the LAM reference with delay stage 2 and relying180

on FB 2 to shift the arrival time of the pump-probe laser accordingly through fiber temperature181



adjustments.182

Figure 3a illustrates the performance of the feedback over 12 hours of measurement. It consists183

of multiple data sets where the pump-probe delay is scanned over a duration of approximately184

7 hours. The gaps observed in Fig. 3a result of the interruption and resumption of the data185

acquisition. The first experimental run spans over a period of ∼4 hours. The pump-probe186

laser parameters for the data presented in Fig. 3(a,b) were 18 fs (FWHM) pulse duration after187

compression at 800 nm center wavelength with bursts of 70 pulses and 100 kHz intra-burst188

repetition rate. Data was recorded with a 10 Hz repetition rate and the arrival time measured by189

the LAM was averaged over all pulses in each burst. The result of the actively stabilized arrival190

time using feedback FB 2 is shown in green and yellow. The feedback controls the temperature191

of the fiber coil in FB 2 in order to minimize the error signal of the LAM, which is a measure of192

the relative time delay in femtoseconds between the MLO fiber link and pump-probe laser pulses.193

With the feedback active, the arrival time stability is determined to be ∼10 fs rms, and the drifts194

averaged over five minutes are substantially reduced to less than 1 fs rms (shown in yellow). To195

visualize the expected drift of the laser arrival time without FB 2, the compensated drifts can be196

calculated back from the fiber temperature change of the fiber actuator (“corrected drift” in blue).197

This visualization shows large drifts within a time frame of 12 hours, with a peak-to-peak drift of198

approximately 500 fs and a residual jitter of 21 fs rms when subtracting a five-minute rolling199

average (shown in red). The active feedback therefore not only increases the achievable time200

resolution significantly, but it crucially eliminates the need for additional experimental strategies201

such as frequent interruptions to measure and adjust the temporal overlap between FEL and NIR202

laser. This, in turn, leads to the much easier analysis of the acquired data as the temporal overlap203

between FEL and NIR is kept stable within ±30 fs (comparing different runs taken over two days204

not shown here).205

The effect of a delay scan on the relative arrival time over a duration of ∼4 hours for one206

experimental run, marked in 3a, is presented in Fig. 3b. Delay 2 is used to shift the timing207

reference signal for the LAM (black) which is then immediately followed by adjustment of the208

pump-probe laser arrival time through FB 2 (red), the difference between black and red is due209

to the simultaneous compensation of the drifts by the feedback. The delay was scanned over210

a range of 1 ps with a step size of 30 fs. Since FB 2 acts without significant time delay, as211

expected, no significant influence from the delay scan can be observed in the LAM in-loop jitter212

and drift measurement as shown in Fig. 3a. The pump-probe laser arrival time follows the timing213

reference for the LAM and thus is well defined over ≈4 hours delay scan. It can be concluded214

that FB 2 and temperature-controlled fiber coil are fully capable of being used not only for drift215

stabilization but also for delay scans of standard user experiments which typically operate within216

the above-presented boundary conditions, with many experiments scanning much slower and217

over smaller ranges.218

3. Xenon experimental results as a benchmark for the achieved time-resolution219

To demonstrate the performance of the active LAM feedback and data sorting in post-analysis, an220

atomic physics XUV-optical pump-probe experiment has been carried out.221

The experiment was performed at the reaction microscope (REMI) end-station at beamline222

FL26 at FLASH2 [34]. The REMI instrument is designed for measuring the three-dimensional223

momenta of ions and electrons in coincidence from low-density gas-phase samples to investigate224

atomic, molecular, and optical (AMO) physics. For the presented data, the FLASH accelerator225

was tuned to an electron energy of 925 MeV. The generated XUV pulses show a central wavelength226

of 7.7 nm and a broad pulse energy distribution with an average of 2.5 µJ in the interaction region.227

The pulse duration of the XUV pulses is estimated to (20 ± 10) fs FWHM (thus, containing228

only a few temporal modes) based on the analysis of the statistical fluctuation of the XUV pulse229

energy [39–41] and the used accelerator settings [27]. The data acquisition system (DAQ) at230
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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).

FLASH records a large number of parameters for each pulse, such as the XUV and NIR laser231

pulse energy, the electron bunch and laser pulse arrival times, delay stage positions, and the232

fiber-coil temperature. These parameters can be used in the post-analysis to sort and correct the233

measurement data [7, 42].234

The pump-probe laser pulses pass through the beam control and diagnostics section after the235

compressor stage (see Fig. 2). It consists of several glass plates of variable thickness to control236

and measure the laser pulse duration and a mirror-based focusing telescope. The NIR beam is237

coupled into the vacuum through a 3.5 mm thick BK7 window and reflected by a mirror under 45238

deg, which has a centered, 4 mm diameter hole for the FEL to pass through. The NIR laser has a239

central wavelength of 800 nm and a pulse duration of 18 fs (FWHM), a pulse energy of 110 µJ,240

and a focal spot size of 50 µm. FEL and optical laser are operated at 10 Hz burst mode with 100241

kHz intra-burst repetition rate and 50 pulses per burst. The sample is introduced via supersonic242

expansion in a continuous gas jet [34]. This gas beam propagates perpendicular to the XUV and243

laser beams, crossing them in the interaction region at the center of the REMI main chamber.244

The generated ions are extracted by a homogeneous electric field and are directed onto a time245

and position-sensitive detector.246

The laser-assisted x-ray photo-ionization in Xe atoms [43] can be used to quantify the temporal247

resolution of a pump-probe experiment. The photons of ∼160 eV photon-energy from the248



FEL pump-pulse are used to ionize the Xe atoms from the 4d and 4p shell leaving a core-hole249

behind. This hole is filled within femtoseconds via an Auger-Meitner decay, producing 𝑋𝑒2+ in250

the configuration of 5𝑝−2 and also leading to high charge states involving several intermediate251

states [44]. Some of the intermediate states (namely 5𝑠−15𝑝−26p as well as 5𝑝−3𝑛𝑙 configuration)252

lie below the threshold for 𝑋𝑒3+ and a small fraction of 𝑋𝑒2+ population ending up in 5𝑝−4𝑛𝑙𝑛′𝑙′253

configuration [45]. The NIR probe pulse arriving after the FEL pulse can efficiently ionize254

these excited intermediate states, inducing a delay-dependent rise in higher charge states and255

consequently a depletion of the 𝑋𝑒2+ ion yield. The lifetime of these states varies from a few fs256

to 100 ps [45, 46].257

Figure 4 shows the 𝑋𝑒2+ ion yield as a function of XUV-NIR delay. For positive delays 𝑋𝑒2+

Fig. 4. The ion yields of 𝑋𝑒2+ versus delay between the XUV pump and the NIR
probe. The data consists of a one-hour delay scan. At each delay setting, signals
were accumulated for 30 seconds. The circles and the error bar show the average time
re-binned data set using 10 fs time bins and the standard errors of the mean for this
measurement. 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 FLASH2
including the slow drift without FB 2 (for visualization as discussed in section 2.2)
resulting in a width of 131 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.

258

is predominantly in the ground state configuration 5𝑝−2. For this measurement, the delay stage259

was scanned multiple times bidirectional over a range of ±0.5 ps. For an approximately one-hour260

delay scan, the delay stage position is changed in 30 fs step size and data was accumulated for 30261

seconds at each delay position. In post-analysis data is sorted according to the pulse-to-pulse262

BAM values. To visualize the drift compensated by the LAM feedback, the drift calculated from263



the fiber temperature change (discussed in section 2.2) is also included in the data frame. These264

values are subtracted from the delay-stage values and new delay values are binned such that each265

bin is normalized according to number of pulses and averaged into 10 fs wide bins. Negative time266

delays correspond to the arrival of the XUV pulse after the optical laser pulse. The normalization267

and jitter correction steps are described in detail in refs. [7, 42].268

A Gaussian cumulative distribution function is used to fit the data to determine the zero269

temporal response time.270

𝑓 (𝑡) = 𝑎 + 𝑏(𝑒𝑟 𝑓 ( 𝑡 − 𝑡𝑜

𝜎
)) (1)

Here 𝑎 and 𝑏 are the base and amplitude, 𝑒𝑟 𝑓 () is the Gaussian error function, 𝑡𝑜 is the center271

position of the step function and 𝜎 defines the rms width of the Gaussian error function. The272

width of the fitted error function is a convolution of the temporal profiles of the XUV, NIR273

pulses as well as residual temporal jitter and drifts. The fitted data, indicated in blue in Fig. 4274

is without any correction and includes the drift that would have happened without the LAM275

feedback compensation (calculated from the feedback response i.e. fiber temperature change276

in actuator). The FWHM is approximately (131 ± 17) fs. The data, still without active LAM277

feedback FB 2, but including the fast jitter correction from pulse-to-pulse information recorded278

by the BAM, is shown in green, resulting in an enhanced (104 ± 9) fs FWHM signal width. The279

extracted temporal width for the data with active LAM feedback and pulse-to-pulse corrected280

for electron bunch arrival time is shown as the black line in Fig. 4. The active LAM feedback281

improves the time-resolution by a factor of two, leading to a temporal resolution of (46±5) fs282

FWHM.283

To gain insight into the overall improved temporal resolution and to investigate its limitations,284

we discuss the known sources of jitters and drifts. Jitter is defined as the short-term temporal285

fluctuation of the arrival time on a pulse-to-pulse basis while the drift is defined over a longer286

time of minutes and hours. By taking the average of the data from pulse train, we can distinguish287

between long-term drifts and the jitter observed in individual pulses. The electron bunch arrival288

times are measured on pulse-to-pulse basis by the BAM and the resulting jitter with respect to289

MLO can be corrected with remaining uncertainty of the BAM resolution of 𝜎𝐵𝐴𝑀 about 5 fs290

rms (determined by the noise level of the measurement). The jitter contribution induced by SASE291

inherent arrival time fluctuations for 7 nm wavelength can be estimated to 𝜎𝑆𝐴𝑆𝐸 ≈3 fs rms [47].292

The most significant factor that lowers the time resolution is the variability in the arrival time293

of the optical laser pulses. Here, drifts are spanning over hundreds of femtoseconds on the294

timescale of minutes and hours, as shown in Fig. 3a. The new, active LAM feedback corrects295

this slow drift within the laser transport system and compensates drifts from 500 fs peak-to-peak296

to ∼ 1 fs peak-to-peak. For pulse-to-pulse fluctuations, the LAM data evaluation shows a jitter297

∼ 10 fs rms, which is comparable to the residual jitter of the laser oscillator with respect to the298

optical reference 𝜎𝑂𝑠𝑐−𝑀𝐿𝑂 of 6 fs rms. This indicates that the whole laser amplification and299

transport does mainly add slow arrival time drift, and negligible contributions to the overall300

timing jitter. Finally, the MLO and its optical distribution contribute with a very small jitter of301

only 𝜎𝑂𝑝𝑡𝑅𝑒 𝑓 ∼1 fs rms [17]. Thus, the total estimated jitter after sorting the data according to302

BAM can be approximated as303

𝜎𝑗𝑖𝑡𝑡𝑒𝑟 =

√︃
(𝜎2

𝑂𝑝𝑡𝑅𝑒 𝑓
+ 𝜎2

𝐵𝐴𝑀
+ 𝜎2

𝑆𝐴𝑆𝐸
+ 𝜎2

𝐿𝐴𝑀− 𝑗𝑖𝑡𝑡𝑒𝑟
) (2)

resulting in a total estimated jitter ∼29 fs FWHM or ∼12 fs rms.304

The final experimental temporal resolution can be calculated by combining the calculated305

total jitter with XUV pulse duration ∼(20±10) fs FWHM and NIR pulse duration ∼(18±10) fs306

FWHM according to307

𝜏𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =

√︃
(𝜏2

𝑋𝑈𝑉
+ 𝜏2

𝐿𝑎𝑠𝑒𝑟
+ 𝜎2

𝑗𝑖𝑡𝑡𝑒𝑟
) (3)



resulting in (40± 12) fs FWHM, which is within experimental uncertainty and in good agreement308

with the measured values.309

Potential sources for the remaining drifts and jitter could be the components of the pump-probe310

laser system that were not included in the feedback, i.e. ≈4 meter of the NIR beam-path from311

the compressor inside the laser delivery setup at MOD2.6 (see Fig. 2) to the interaction region,312

as well as mechanical vibrations of optical components to the experimental end-station, which313

can be caused for instance by vacuum pumps. The length change of the remaining 4 m of the314

beam path is monitored during the experiment by an interferometer (SIOS SP 15000 NG, SIOS315

Messtechnik GmbH) with sub nm precision. The additionally introduced jitter was less than 1316

fs rms and drift during the presented measurement was only 6 fs peak-to-peak. These factors317

are currently under investigation and measures are being evaluated, to mitigate such effects.318

Installing the LAM system closer to the experimental end-station as well as keeping the optical319

setup mechanically more stable will help to reduce the timing instability even further. Moreover,320

improvement in temporal resolution can be made by correcting and tracking the SASE-related321

instabilities and pulse-to-pulse laser arrival time also taking the environmental factors such as322

temperature, air pressure, and relative humidity on the optical laser path into account.323

4. Conclusion and future outlook324

In summary, we have implemented an active stabilization of the laser pulse arrival time by drift325

correction for the first time at the FLASH2 beamline FL26 and analyzed its performance. We326

have shown a benchmark pump-probe experiment, with ≈ 1 hour measurement time, on xenon327

photo-ionization with a temporal resolution of (46 ± 5) fs FWHM by additionally employing328

the single-pulse information of the electron beam arrival times. The observed improvement in329

time-resolution is significant, as before the implementation of these techniques, time-resolutions330

at this beamline typically were within the range of (150-300) fs FWHM.331

This improved time resolution significantly extends the experimental capabilities of the FLASH332

facility and enables the study such as vibrations, charge migration [48] and lifetime of transient333

excited states [45] in small to intermediate molecules which were not possible with such a good334

temporal resolution in a two-color pump-probe experiment before at FLASH. The ability to335

investigate these processes in real-time offers significant advantages over traditional spectroscopic336

methods, which typically provide information averaged over longer time intervals. Furthermore,337

feedback keeps the temporal overlap constant with a precision of ± 30 fs and allows for more338

efficient data acquisition without the need for overlap checks.339

Controlling the environmental factors and keeping the detectors for the feedback system as340

close as possible to the experimental end-station can substantially enhance the timing stability.341

Further upgrades and improvements to measure the timing jitter are under consideration in order342

to enable pump-probe experiments with a timing resolution in the order of 10 fs or below.343
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