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Abstract

:

Free-electron lasers (FELs) are the most advanced class of light-sources, by virtue of their unique capability to lase high-brightness pulses characterized by wavelengths spanning the extreme-ultraviolet, the soft and hard X-ray spectral domains, as well as by temporal lengths lying in the femtosecond (fs) timescale. The next step to push the current standards in ultrafast X-ray science is strongly linked to the possibility of engineering and exploiting time-resolved experiments exclusively for FELs pulses, ideally having different colors tunable at specific electronic resonance of the chemical elements. At the seeded FERMI FEL (Trieste, Italy) this goal is committed to the optical device known as AC/DC, which stands for the auto correlator/delay creator. AC/DC is designed to double the incoming FEL pulse splitting the photon beam by inserting a grazing incidence flat mirror, thus preserving the spectral and temporal properties, and further delaying one of these two pulses in time. It can independently tune the FEL pulses fluence on the two optical paths by means of solid-state filters, too. Here, we present a detailed description about this optical device. Strong emphasis is dedicated to the AC/DC opto-mechanical design and to the laser-based feedback systems implemented to compensate for any mismatch affecting the FEL optical trajectory, ascribable to both mechanical imperfections and paraxial errors rising during a temporal delay scan.
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1. Introduction


Free-electron lasers (FELs) are the most advanced class of light-sources by virtue of their unique capability to lase high-brightness and ultrashort pulses. Indeed, their wavelengths cover an extremely large spectral domain, nowadays easily spanning the extreme ultra-violet (EUV), the soft (SXR) and the hard X-ray (HXR), along with pulse temporal lengths lying in the femtosecond (fs) timescale [1]. The first FELs operating at these wavelengths were based on the self-amplified spontaneous emission (SASE) process, i.e., on the generation of light pulses rising from the stochastic amplification of the radiation spontaneously emitted by an electron bunch wiggling inside an undulator device [1,2]. Although the SASE-based FELs can easily lase extremely high-brightness radiation, their pulses suffer from several limitations, mainly ascribable to the intrinsic stochastic nature of the SASE process, as well as to the lack of any resonant cavity in the machine layout, resulting in significant shot-to-shot pointing and intensity instabilities, lack of spectral purity, and thus requiring complex synchronization systems combined with external laser sources to perform time-resolved spectroscopies [3,4,5,6].



The FERMI FEL, based on the external laser seeding scheme, and located at the Elettra Sincrotrone Trieste premises (Italy), set new standards in terms of EUV/SXR pulses emission [7]. Specifically, FERMI is a single-pass FEL light-source able to lase nearly transform-limited and fully coherent pulses between 100 nm and 4 nm (in first harmonic), alongside having full control of the radiation polarization state too [8]. Based on these almost unique features, several spectroscopical methods, employed daily at synchrotron light-sources, such as X-ray absorption (XAS), linear and circular magnetic dichroism (XMLD/XMCD) and resonant inelastic scattering (RIXS), were extended into the time-domain. Moreover, the advent of fully coherent radiation sources, such as FERMI, has allowed pushing non-linear optical spectroscopies, normally exploited exclusively at table-top light-sources in the infrared (IR) or optical regimes, into the EUV/SXR wavelengths [9,10,11,12]. Nonetheless, the next step to push the current standards in ultrafast X-ray science is strongly constrained by the possibility of designing and performing time-resolved experiments exclusively engaging EUV, SXR and HXR pulses. Indeed, exciting (and probing) matter at (nearby) its electronic resonance is widely speculated to be the key for discriminating and hopefully revealing mechanisms hiding behind some of the most exotic behavior of physical, chemical and biological systems. This calls for designing new optical devices capable of (i) splitting the incoming pulses, preserving their unique spectral and temporal features; (ii) transmitting and filtering an acceptable fluence; (iii) delaying one of these pulses in time; and finally, (iv) keeping the focal spots positions (in the focal plane inside the experimental end station) overlapped at an almost zero cost in term of pointing and temporal jitters. These kinds of optical devices are currently under development (or already commissioned) in several FELs and high-order harmonic generation (HHG) light-sources [13,14,15].



Specifically, in the FERMI FEL, these requirements are addressed by an ad hoc optical device installed along the Photon Analysis Delivery and Reduction System (PADReS), accessible to three experimental end-stations (DiProI, LDM, EIS-Timex), and known as AC/DC which stands for auto correlator/delay creator [16]. AC/DC is designed to split the incoming FEL photon beam by inserting a grazing incidence flat mirror to create two exact half-spots. Subsequently, these are made to travel along two different optical paths, the first one featuring a fixed-length, while the second one is characterized by a variable-length, which can be tuned by moving the relative longitudinal positions of two grazing incidence mirrors mounted onto two specular mechanical rails (see Figure 1). In this way, it is possible to introduce a tunable temporal delay (Δτ) between these two EUV/SXR pulses and address the possibility of performing time-resolved experiments within a FEL-FEL configuration. Moreover, AC/DC allows for polychromatic time-resolved FEL-FEL experiments characterized by non-degenerate pump and the probe radiations, i.e., tuned at different wavelengths. Indeed, thanks to the double cascade scheme of FERMI (FEL2 layout), where two FEL pulses with different colors are generated, in addition to the use of selective solid-state filters inside the AC/DC, two delayed FEL pulses with different colors can be delivered to the experimental end-station to perform multidimensional spectroscopy studies [17].




2. Materials and Methods


AC/DC is composed of four different units (see Figure 1a for a schematic of the AC/DC delay unit and Figure 2 for a more detailed view of its different mechanical components), which are (i) the first grazing incidence mirror (M1), designed to split the incoming FEL photons beam into two exact half-spots; (ii) the two, fixed- and variable-length optical branches (see blue and red lines in Figure 1a); (iii) the grazing incidence mirror (M4) aimed at recombining the two half-spots in the far-field; and (iv) the laser-based pointing feedback system (see black line in Figure 1a), implemented to preserve the spots overlap at the focal plane of the experimental end-station.



Specifically, all eight EUV/SXR mirrors (M1 ÷ M8) in the AC/DC present a Si-substrate, an Au-coating, a flat profile with a tangential error ≤ 0.5 μrad (rms), a sagittal one ≤ 5 μrad (rms) and a roughness ≤ 3 Å (rms) in 2D. The corresponding active areas are 350 mm × 20 mm, 330 mm × 20 mm and 230 mm × 20 mm, for the M1/M4 pair, the M2/M3 pair and for the M5 ÷ M8 set, respectively. M1 is mounted onto a vertical actuator (grey arrow below M1 in Figure 1a) to intercept the incoming FEL photons beam along the ordinary optical transport path and to split its quasi TEM00 gaussian transverse intensity distribution (see Figure 1b) into two exact half-spots (see Figure 1c). Several Ce:YAG screens, positioned downstream of M1, can be used for monitoring, in real-time, the splitting correctness. The radiation reflected by M1 is steered into the fixed-length optical branch (see blue line in Figure 1a). The grazing incidence angle for this first set of mirrors (M1 ÷ M4) is 2°. M4 is also mounted onto a vertical actuator (grey arrow below M4 in Figure 1a), which allows its complete extraction during ordinary FEL operations.



The pulses propagated straight after M1 (not reflected) intercepted the second set of mirrors (M5 ÷ M8) installed at a grazing incidence angle of 3°. M5 and M8 are mounted on vertical actuators (grey arrows below M5/M8 in Figure 1a) in order to be easily removed for ordinary FEL operations. Once reflected by M5 the beam is steered towards M6 and M7, which can travel along a couple of specular mechanical rails to insert the desired amount of temporal delay (see red line in Figure 1a). M8 is designed to intercept the beam emerging from the fixed-length optical branch and to steer it towards the experimental end-station. The routine exact synchronization between the optical branches, can easily be performed by steering and overlapping the two FEL beams onto one of the Ce:YAG screens installed (≈20 m) downstream of the AC/DC, and scanning the temporal delay Δτ in the proximity of the expected value until an interference fringe appears (see Figure 1d), setting the time-zero (t0) for the time-resolved experiment at their maximum signal. This is done by acting on the angular degrees of freedom of M4 and M8, while the Δτ is controlled by means of the longitudinal positions of M6 and M7 (see Figure 1). The accessible Δτ varies between −1 and ≈+26 picoseconds (ps).



Instead, the first AC/DC start-up required a more delicate operation to properly characterize the relation existing between the M6/M7 longitudinal positions and the corresponding Δτ. Indeed, each EUV/SXR beam propagating through a single AC/DC optical branch can be used as standalone pump radiation if coupled to a proper optical probe. For the latter, the easiest choice is the near-infrared (NIR) laser available at each experimental end-station, i.e., the seed-laser for users (SLU). Such a laser beam is the residual part of the fundamental Ti:sapphire emission of the seeding amplifier, i.e., not used for the machine seeding process, which is propagated (in vacuum) towards the FERMI experimental hall at a cost of a timing jitter of a few fs [18]. To quantify this jitter, both FEL and NIR pulses have been focused onto a (free-standing) silicon nitride (Si3N4) membrane, the former pumping this sample, with the latter probing how its optical reflectivity varies at the arrival of the FEL radiation. Indeed, at the coincidence arrival time between the FEL and the NIR pulses, a large change of the sample reflectivity is discernible (see Figure 2a). By measuring the Si3N4 transient reflectivity engaging the FEL beam propagating through the fixed-length optical branch as a pump radiation, it is possible to fix the exact coincidence arrival time between the FEL and NIR pulses. Similarly, it is possible to perform the same measurement using the FEL radiation propagating through the variable-length optical branch, too. Later, by varying the longitudinal positions of the M6/M7 pair, it is possible to link these coordinates to the temporal delay (Δτ) by comparing the shift in time between the two Si3N4 transient reflectivity datasets. The M6/M7 longitudinal positions vs. Δτ shows a linear dispersion, and the angular coefficient returns the relation existing between the amount of mechanical delay and the temporal one, which is estimated to be 36.66 ± 0.14 fs/mm (see Figure 2b). Since the mechanical resolution of the M6/M7 longitudinal actuators is of 10 microns the corresponding AC/DC temporal resolution is ≈360 as.



Within this layout, the beam reflected by M1 and steered by the fixed-length optical branch acts to probe the samples under investigation, while the one, whose trajectory is defined by the variable-length optical branch, is used as the pump radiation. Such a choice is dictated by the will to preserve the pointing probe completely unaffected by any vibrations, which could arise during the temporal scan. All mirrors are mounted into three different ultra-high vacuum (UHV) chambers (see Figure 3), constantly kept at a value approximately in the 10−9 mbar range and installed onto concrete supports to dampen the vibrational noise coming from the external environment. Specifically, M1 and M4 are mounted into two separate bell-shape UHV chambers, while the other mirrors composing the proper delay unit are installed inside an intermediate and separate UHV chamber.



Figure 4 depicts the overall AC/DC transmission in the nominal operation range of FERMI. Between 10 nm and 100 nm radiation wavelength, the fixed-length optical branch transmits approximately 0.8 ÷ 0.9 of the incoming radiation intensity. Instead, the variable-length optical branch, due to the higher grazing incidence angles, exhibits a slightly lower efficiency lying in the range of 0.7 ÷ 0.85. Below 10 nm wavelength, the efficiency of both optical branches drastically drops and exhibits similar qualitative results (50%) at 6 nm, and 35% (fixed-length branch) and 20% (variable-length branch) at 4 nm, respectively. Calculations are performed by means of Weaver’s optical constants database for wavelengths greater than 40 nm, implemented within David Windt’s code, and using the online CXRO database for the other domain, where solid and dashed lines refer to the transmission efficiency of the two optical branches for different polarization (S and P), respectively [19,20].




3. Results


3.1. Alignment


Once the beam splitting and the temporal synchronization are properly achieved, the two outcoming beams are steered towards the end-stations. Here, they are focused and recombined by means of the focusing optics, which are the KAOS active Kirkpatrick-Baez optical system on DiProi and LDM, and a fixed-curvature bulk ellipsoidal mirror (Carl Zeiss STM GmbH, Oberkochen, Germany) on EIS-TIMEX [21,22,23]. The overlap at the focal plane is achieved first by making the two beams exiting the AC/DC coarse-grain parallel to each other, then by finalizing the overlap by monitoring the spot position directly at the focal plane (see Figure 5a,b). In doing so, the horizontal and vertical pointing of the trajectories is controlled via pitch and roll angles of the M4/M8 mirrors, while the observation is performed on three scintillator screens (Ce:YAG) along the transport and on one scintillator in the experimental chamber. Notice that linear actuators containing filters and beam stoppers, mounted just ≈1 m downstream of the AC/DC, can be used to balance the intensities or to select just one of the two pulses. All three of these focusing optical devices are designed to deliver high de-magnification rates (from 60 to 80 times depending on the FEL configuration used), thereby achieving, at the shortest wavelengths of FERMI, an FWHM-spot size down to a few microns in the focal plane. Therefore, to preserve an acceptable spatial overlap in the end-station experimental chamber, a pointing stability of the order of ≈1 ÷ 2 microns must be preserved during the whole temporal scan of the AC/DC. This is especially challenging when the AC/DC is spanning the time delay over the whole accessible range, which requires synchronously moving the M6/M7 pair along the whole accessible length of the rails (see d1, d2 in Figure 3), which are each approximately 800 mm long. During this operation, the pointing is affected by factors such as: (i) insufficient mechanical tolerance, (ii) vibrations of the mirror holders and (iii) thermal expansion. The entity of such effects is such that the overlap is typically disrupted at Δτ ≈ 10 ps (see Figure 5c). Such an issue would greatly reduce the performance of the AC/DC, thus it has been addressed by developing a hybrid opto-numerical laser feedback system.




3.2. Pointing Instability and Feedback System


Alongside the FEL pump, i.e., the beam travelling through the variable-length optical branch, we propagate a visible (VIS) laser beam to mimic the FEL trajectory. This laser is inserted into the AC/DC by means of an optical breadboard mounted onto an external (in air) separate holder (see Figure 6a) and holding a laser diode coupled to an optical fiber (1), whose radiation is magnified by an out-coupler device (2) and steered into the AC/DC by commercial Ag-coated 1-inch laser mirrors (3). Two optical mirrors (ml1 and ml2 in Figure 1a) are placed nearby M6/M8, which present Si-substrates, Ag-coating and an active area of 100 mm × 15 mm. The coplanarity between the M6/M7 and their corresponding laser mirrors (ml1/ml2) has been checked ex situ by means of a phase shifting Fizeau interferometer. In this way, the VIS laser beam propagates parallelly along the FEL optical path defined by M5 ÷ M8, and any deflection of the trajectory of the FEL beam (induced by the photon transport inside the AC/DC) equally affects the pointing of the laser beam. After the reflection from ml2, the laser beam exits the AC/DC through a viewport and propagates towards an external detection breadboard (see Figure 6b), where it is focused by means of a lens (4) (focal length of 1.5 m) and further steered onto a naked, i.e., without any additional objective, CCD (5) camera (Basler AG, Ahrensburg, Germany). Such a detector monitors, in real time, the VIS beam position (see Figure 6c). Since the VIS laser shares the same optical path with the FEL pulses, any systematic distortion affecting the photon transport into the variable-length optical branch also modifies the position of the VIS laser beam on the CCD camera. In order to counteract any displacement due to mechanics, a real time feedback, integrated in the FERMI control system, estimates the position of the centroid of the VIS laser beam spot acquired by the CCD camera and keeps it fixed by changing the pitch and roll positions of the M7 through piezo (PI-Physik Instrumente GmbH, Karlsruhe, Germany) actuators (see Figure 6d).



Nonetheless, the laser-based optical feedback is not sufficient to fully compensate the position errors in the FEL pointing for the entire accessible Δτ range. Although the coplanarity of the ml1/M6 pair and the ml2/M7 one has been checked ex situ, any mechanical and thermal vibration affecting these holders during the installation inside the main UHV chamber, as well as the first pumping operation, cause a nonnegligible paraxial error. The result of this error, that cannot be compensated by the optical feedback system, is a residual offset between the two FEL spots, which is more evident when Δτ is larger than 10 ps and the focusing in the experimental end-station is extremely tight (few μm sizes).



To overcome this limitation, an ad hoc opto-numerical feedback system was designed, replacing the raw estimation of the VIS laser beam spot position with a virtual spot which is the sum of the VIS laser beam spot plus a correction factor that (linearly) depends on Δτ. To estimate such a correction factor at a few Δτ positions, an out of loop CCD camera measures, keeping the optical feedback retained in an active state, the displacement of the FEL focal spot compared to the one coming from the fixed-length optical branch at established Δτ values (see Figure 5c). For each of these Δτ values a simplex-based optimization algorithm (Nelder-Mead) automatically modifies the linear coefficients of the correction factor valid for that delay till the feedback, reacting to the new correction factor applied to the real spot position, returns the FEL spot to the reference target. Once this procedure is completed, the position returned by the virtual spot algorithm of the overall Δτ range is a simple linear interpolation between these calibrated positions.



From a quantitative point of view, the laser feedback reduces the overall instability affecting the position of the spots (within the focal plane) compatible with the vibrational noise affecting the experimental end-stations. This behavior is emphasized in the temporal sequence shown in Figure 7, where the position of the probe spot (at the focal plane) is shown at four different Δτ, starting from t0 up to the end of the mechanical rails, i.e., at +24 ps and +26 ps, in addition to the half range position at +12 ps. The white cross is the reference target, while the spot sizes are in the range of 10 microns (FWHM). On the other hand, it is useful to underline that the lack of any dedicated pointing system, i.e., kept in a stand-by condition, is marked by a pointing error of the order of 100 higher than the corrected one, therefore precluding the use of extremely narrow focusing.




3.3. Fringe Stability


Whereas the feedback-system compensates for the pointing instability due to the change of the temporal delay, there is still another class of disturbances that cannot be counterweighted as effectively. It consists of the environmental vibrations affecting the mechanics and of the pointing instability of the FEL source, both of which eventually translate into fluctuations of the optical path lengths. Such spatial (and thus temporal) jitter generates shot-to-shot fluctuations of the fringe position, which can be appreciated, i.e., by observing the interference pattern with a fast, high-resolution detector.



Figure 8a displays the fringe system acquired at a repetition rate of 50 Hz by a prototype back illuminated scientific CMOS camera, which has been developed in collaboration between PCO (PCO AG, Donaupark 11, 93309 Kelheim, Germany) and Elettra Sincrotrone Trieste [24]. The CMOS camera was placed 750 mm downstream of the nominal focal plane of the DiProI end-station, at t0. The spot size and shape are ad hoc tailored by means of KAOS, and the M4/M8 pair are tuned to preserve the spatial overlap between the spots. Figure 8b shows a stack of   ≈ 4000   profiles in the fringe pattern, where each profile (displayed in a row) is taken within the dashed line of panel (a). The horizontal shift of each fringe profile with respect to an arbitrary reference (black line in the Figure 8b plot), is due to the sought temporal jitter. The maximum fringe shift is of the order of   ± λ / 2  , which at the FEL wavelength of   λ = 17.8    nm    corresponds to   ≈ 60    as   . Figure 8c/d display the comparison between a single-shot image and the numerical summation of 3700 images: the fringe visibility is reduced by a factor   ≈ 5  , but is still visible. This suggests that integrated measurements are, in general, an accurate balance between the acquisition time and the characteristic time of visibility reduction (which is revealing of the temporal jitter between the two branches) is found. Further delving into the statistics of fringe jitter, it turns out that the histogram of phase jitters (expressed in λ) reveals a non-Gaussian distribution, exhibiting two marginal density peaks with a FWHM of   ≈ λ / 5   (left) and   ≈ λ / 3   (right) (see Figure 8e). Such a bi-stable distribution, resembling those of oscillatory phenomena, can be revealing of low-frequency vibrations either in the mechanical components or, more intriguingly, in the beam trajectory delivered by the machine. In this perspective, after an appropriate championing for the characterization of environmental disturbances, the AC/DC would represent an excellent candidate for investigating, with high sensitivity, the correlation between possible machine operation parameters and the beam stability.




3.4. The Time-Dependent Amplitude-Autocorrelation


In terms of FEL source metrology, the AC/DC provides an immediate user-friendly way to assess one of the still-debated quantities in the FEL community, that is the longitudinal coherence length of the FEL pulses. Indeed, to date a lot of effort has been dedicated to the full characterization of FELs’ pulse temporal structure, whose ultimate duration (at SASE FELs) is now reported to break the fs barrier, i.e., paving the way towards as spectroscopies at large-scale facilities [5,6,25,26,27].



Specifically, at FERMI, the issue of the longitudinal coherence length can be addressed either looking at the fringe in the experimental chambers (i.e., after the focusing), or along the transport. Here we report the results obtained in the first configuration, with the setup described in the previous section, by taking advantage of KAOS to conveniently shape the spot to the detection camera used. Figure 9a reports the visibility of fringes as a function of Δτ, and data refer to two different FEL wavelengths, where dots refer to the experimental points (each point is the average over 5 seconds, i.e., 250 shots) and solid lines represent the Gaussian fit. It turns out that the coherence length, computed as the full width half maxima (FWHM) of the Gaussian fit, divided by    2    to consider the autocorrelation effect, is    ℓ C  = 66.5    fs    for a dispersive current for the FEL wavelength set at 41.6 nm, and    ℓ C  = 47.5    fs    for the machine tuned at 17.8 nm. The coherence length provides a lower limit to the estimation of the longitudinal pulse length    ℓ P   , i.e.,    ℓ C  ≤  ℓ P   , where the equality holds for Fourier-transformed pulses. The corresponding FEL pulse spectra, detected by means of the PRESTO high-resolution online spectrometer (   Δ λ  /  λ  ∼   10   − 4    ), are reported in Figure 9b,c, and exhibit an FWHM shrinking of approximately 25% when the wavelength is tuned from 41.6 to 17.8 nm [15]. In this perspective, the AC/DC, combined with the existing instrumentation at FERMI, candidates as a valuable instrument for the further characterization of machine performance in the view of more accurate experiment planning and of the facility upgrades.





4. Conclusions


We presented a detailed report about the optical device known as AC/DC, installed along the FERMI FEL optical transport (PADReS), and purposely designed to allow performing time-resolved spectroscopies exclusively engaging EUV/SXR pulses as pump and probe, with an intrinsic temporal resolution of ≈360 as. We dedicated a strong emphasis to the description of the AC/DC opto-mechanical design, as well as on ad hoc laser-based pointing system, which combines the physical signal acquired by monitoring the position of the laser beam, that mimics the FEL beam trajectory traveling in the variable-length optical branch, and a dedicated algorithm to correct any residual paraxial errors. To conclude, we presented a brief overview of some preliminary results which emphasize the possibilities that the AC/DC offers to the users to implement novel spectroscopical layouts.
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Figure 1. (a) Sketch of the AC/DC. Distances, dimensions and mirrors’ incidence angles are reported out of scale for the sake of clearness. The incoming beam is split into two exact half-spots. The pulses reflected by M1 are steered into the (upper) fixed-length optical branch (blue line) and act as probe radiation. Instead, the ones straightly propagating after M1, enter the (lower) variable-length optical branch (red line), and become the pump beam. M6 and M7 can travel in a synchronous way, along a couple of specular mechanical rails to insert the desired temporal delay. The black line refers to the optical laser, which mimics the pump beam trajectory that is used to pick up all instabilities arising during the temporal scan, and thus it acts as a feedback signal to correct any potential misalignment. To do this, the VIS laser beam is reflected by two mirrors (ml1 and ml2) installed alongside M6 and M7; (b) the FEL photons beam on a Ce:YAG screen at the far-field without the AC/DC; (c) the two FEL half-spots on the same Ce:YAG screen with the AC/DC; (d) the two FEL half-spots overlapped in space and time at t0, this last one being identified by looking at the appearance of interference fringe. 
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Figure 2. (a) Si3N4 optical transient reflectivity measured by means of a FEL (pump) and a SLU (probe) pulses. The two time-traces refer to the data acquired using the FEL pump beam travelling through the fixed-length branch, as well as the variable-length one. These datasets refer to a delay between the two FEL pulses equal to Δτ = +1.08 ps. (b) Linear dependence of Δτ vs. the M6/M7 positions, used for the AC/DC calibration. 
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Figure 3. AC/DC mechanical design (side-view). All mirrors and actuators are enclosed into three different UHV chambers. These are all mounted on concrete bases to dampen the vibrations coming from the external environment. 
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Figure 4. Calculated AC/DC reflectivity. Blue and red lines refer to the fixed-length and variable-length optical branch, respectively. 
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Figure 5. (a) Spots at the focal plane in the experimental end-station. To obtain the proper overlap, both pump and probe spots are steered towards their center of mass (white cross target) by acting on the pitch and roll actuators of M4/M8. (b) Overlapped spots at t0, and (c) pump spot position at a delay of +10 ps, operating (on purpose) the feedback without any numerical correction to the effective pointing target. In this case, it is possible to observe a slight offset, more pronounced along the vertical axis, ascribable to residual paraxial errors. 
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Figure 6. Optical breadboards are built to (a) steer the VIS laser beam into the AC/DC, and (b) monitor its beam position at the exit of the AC/DC. The red arrows refer to the VIS laser beam path. (c) Visible laser spot on the CCD detector. The yellow cross refers to the optical feedback target, while the violet one represents the effective target position when the hybrid opto-numerical algorithm is activated. (d) Sketch of the M7 mirror holder. The Au-coated EUV/SXR mirror is mounted next to an Ag-coated laser mirror. The entire holder hosts piezo actuators for modifying the pitch and roll position depending on the feedback signal. 
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Figure 7. Temporal sequence of the pump focus position at four different delays (Δτ), keeping the feedback pointing system activated, specifically at (a) t0, (b) the half range at Δτ = +12 ps, and at end of the mechanical rails (c) at Δτ = +24 ps and (d) Δτ = +26 ps. The white cross refers to the desired target position. The estimated spot sizes are ≈10 μm (FWHM). 
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Figure 8. (a) Out-of-focus, single shot acquisition (at DiProI) at t0. (b) Stack of vertical profiles computed within the red region-of-interest of panel (a). Each profile deploys horizontally; black line: arbitrary reference. (c,d) Details of the yellow region-of-interest of panel (a) displaying a single shot and a numerically averaged image (over 3700 shots), respectively. (e) Histogram of the fringe displacement jitter, expressed in  π  units. 
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Figure 9. (a) Visibility of fringes as function of Δτ, captured at two different values for the current of the machine dispersive section. (b,c) Corresponding spectra. 
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