

  applsci-12-01721




applsci-12-01721







Appl. Sci. 2022, 12(3), 1721; doi:10.3390/app12031721




Article



Approaching the Attosecond Frontier of Dynamics in Matter with the Concept of X-ray Chronoscopy



Wojciech Błachucki 1,*[image: Orcid], Anna Wach 1[image: Orcid], Joanna Czapla-Masztafiak 1[image: Orcid], Mickaël Delcey 2[image: Orcid], Christopher Arrell 3, Rafał Fanselow 1[image: Orcid], Pavle Juranić 3, Marcus Lundberg 4[image: Orcid], Christopher Milne 5[image: Orcid], Jacinto Sá 4,6[image: Orcid] and Jakub Szlachetko 1,*[image: Orcid]





1



Institute of Nuclear Physics, Polish Academy of Sciences, 31-342 Kraków, Poland






2



Department of Theoretical Chemistry and Biology, KTH Royal Institute of Technology, 10691 Stockholm, Sweden






3



Paul Scherrer Institute, 5232 Villigen, Switzerland






4



Department of Chemistry, Uppsala University, 75120 Uppsala, Sweden






5



European XFEL GmbH, 22869 Schenefeld, Germany






6



Institute of Physical Chemistry, Polish Academy of Sciences, 01-224 Warsaw, Poland









*



Correspondence: wojciech.blachucki@ifj.edu.pl (W.B.); jakub.szlachetko@ifj.edu.pl (J.S.)







Academic Editor: Emiliano Principi



Received: 10 January 2022 / Accepted: 4 February 2022 / Published: 8 February 2022



Abstract

:

Featured Application


Herein, an innovative methodology, called X-ray chronoscopy, is proposed for exploration of ultrafast processes in matter with attosecond precision using current XFEL sources. The method is based on measuring the change in an X-ray pulse temporal profile induced by interaction with a medium.




Abstract


X-ray free electron lasers (XFELs) have provided scientists opportunities to study matter with unprecedented temporal and spatial resolutions. However, access to the attosecond domain (i.e., below 1 femtosecond) remains elusive. Herein, a time-dependent experimental concept is theorized, allowing us to track ultrafast processes in matter with sub-fs resolution. The proposed X-ray chronoscopy approach exploits the state-of-the-art developments in terahertz streaking to measure the time structure of X-ray pulses with ultrahigh temporal resolution. The sub-femtosecond dynamics of the saturable X-ray absorption process is simulated. The employed rate equation model confirms that the X-ray-induced mechanisms leading to X-ray transparency can be probed via measurement of an X-ray pulse time structure.
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1. Introduction


Since the first discovery of X-rays, the field of X-ray studies has undergone a dramatic evolution, with new achievements and technological improvements. The present X-ray experiments are based on measuring X-ray energies and intensities of photons transmitted or emitted from matter. The dependencies on these two observable parameters are used to interpret physical, chemical and biological processes by means of X-ray diffraction, imaging, tomography and spectroscopy [1,2,3]. However, to capture the onset of the electronic changes in atomic species that drive matter transformations, observable parameters must be acquired with at least femtosecond temporal resolution as dictated by the core–hole lifetime [4,5,6].



X-ray free electron lasers (XFELs) have made available ultrashort X-ray pulses with peak brilliance, vastly exceeding those produced on third-generation light sources [7,8]. There are several demonstrations of sub-femtosecond XFEL pulses at extreme ultraviolet (EUV), soft and hard X-ray wavelengths [9,10,11,12]. However, high photon flux density sources are needed, restricting usable sources to XFELs that deliver pulses of ca. 5 fs duration. It makes this unique light source among the fastest probes available for tracing transitions between different states of matter and providing access to fundamental physical, chemical, and biological processes. Nevertheless, the ultrashort XFEL pulses are still too long in the time domain to capture the first steps of electron dynamics in matter, e.g., onset of plasmon resonance process [13], visualization of Frank–Condon principle on complex systems [14], etc. Additionally, XFEL pulses have significant time jitter issues, making synchronization with optical pump pulses non-trivial and limiting even further temporal resolution in pump–probe experiments.



The time resolution limit may be bypassed by measuring the time profile of the incident and transmitted X-ray pulses, enabling time–domain experiments, called X-ray chronoscopy [15], and increasing the breadth of spectroscopic experiments at the XFEL. At the XFEL, the X-ray chronoscopy concept can be demonstrated with the help of terahertz streaking cameras [16,17,18,19], which allow for non-invasive temporal characterization of X-ray pulses with femtosecond and sub-femtosecond resolutions in different ways [10,11,18,20,21]. Our concept builds on the capabilities of the present terahertz streaking cameras to perform time–domain X-ray experiment, enabling XFEL experiments to approach the attosecond frontier [22,23].



A scheme of a conceptual X-ray chronoscopy experiment using terahertz (THz) streaking methods is depicted in Figure 1. The setup consists of two THz streaking detection systems with a sample placed between them. The detector upstream from the sample monitors the incident X-ray pulse temporal structure, while the downstream detector measures the transmitted X-ray pulse upon interacting with the sample material. With the described camera–sample–camera arrangement, the X-ray chronoscopic measurement is performed on a shot-to-shot basis, and the combined signals are then used to evaluate time-dependent phenomena related to the interaction of incidence X-ray pulse with the sample.



The relationship between the streaked photoelectron spectra and the complicated SASE pulse temporal structure has already been studied (see, e.g., Refs. [24,25]). Herein, we invoke the basis of terahertz streaking method and assess its capability to measure time-dependent X-ray pulse profiles at XFELs. Building on that, we theorize X-ray chronoscopy capabilities to capture ultrafast electronic transitions dynamics. A saturable X-ray absorption process was used to demonstrate X-ray chronoscopy abilities to track dynamics during interaction between X-rays and matter. The simulated signals were compared to reported experimental results.




2. Materials and Methods


2.1. Principle of THz Streaking for Time-Dependent X-ray Pulse Analysis


THz and infrared streaking experiments have been used for nearly two decades to measure the temporal and spatial structure of high-harmonic generated (HHG) EUV pulses [22,23], and significant strides have been made to characterize soft X-ray pulse lengths at FEL facilities, e.g., at FLASH [17,18]. In addition, at the Linac Coherent Light Source (LCLS), Helml et al. used streaking experiments to measure the temporal structure of soft X-ray pulses directly in the time domain, and concluded that the shortest X-ray pulses available were no longer than 4.4 fs [26]. More importantly, they validated that the method is non-invasive, independent of photon energy, decoupled from machine parameters, and provides an upper bound on the X-ray pulse duration. The next step toward the method adaptation to hard X-ray FELs was the design of PALM (Photon Arrival and Length Monitor) at the SwissFEL, which was tested on HHG sources and the hard XFEL at SACLA [4,5,27].



The working principle of THz or IR streaking is based on the interaction of X-rays with a gas target, resulting in the generation of photoelectrons, which may gain or lose energy if the photoionization mechanism takes place in an external electric field. If the field amplitude is changing as a function of time, the energy change of the photoelectron from its normal photoionization energy is a way to establish when the electron was generated. The mapping of the temporal profile of the pulse to an electron energy spectrum can be approximated with the following equation [28]:


   K f  =  K 0  ±    K 0   U p    cos  ( ϑ )  sin  (  ω t  )  ,  



(1)




where    U p  =  e 2   E 0    2  /  (  2  m e   ω 2   )    is the ponderamotive potential generated by the THz/IR beam,    K f    and    K 0    are the final and initial kinetic energies of the electrons, respectively,  ϑ  is the angle between the path of the electron and the polarization of the THz/IR beam,  ω  is the angular frequency of the THz/IR pulse,  t  is time, and  e  and    m e    are the electron charge and mass, respectively. For X-ray FEL pulses coming close to   t = 0  , the dependence of    K f    on arrival time is nearly linear, with   ∆ K =  K f  −  K 0  ≈ sin  (  ω ∆ t  )    or   ∆ K ≈ s  K 0  ∆ t  , where   s = d K / d T   is the slope of energy versus time. Schematic principle of streaking of photoelectrons generated by X-ray pulse in a THz field is shown in Figure 2.



The restrictions on the method are that the X-ray temporal pulse length has to be shorter than the linear region around   t = 0  . For short pulses, as presented here, one could use 20–40 THz frequencies fairly easily, and if the jitter between the arrival time of the streaking field and the X-ray is small enough, one could even use 1600 nm wavelengths for the streaking effect. Such measurements have been performed already in laser laboratories [29], where the    K 0    from the HHG photoionization was fairly small and the accuracy was sub-100 as. With the schemes available for dealing with the likely arrival of a time jitter problem at XFELs [4,27], the path to sub-fs precision in hard X-ray pulse duration measurements is clear.




2.2. Time-Dependent Studies of Saturable Absorption at Hard X-ray Energies


Nonlinear spectroscopy has been studied theoretically and experimentally over decades in the optical domain [30] but has been made available recently at Ångstrom wavelengths due to the sharp increase in photon flux and short pulse duration provided by the XFELs [31]. Electronic states involved in X-ray-matter interaction have characteristic lifetimes extending to the sub-femtosecond domain, which is significantly shorter than the lifetimes expected for optical light–matter interaction processes. Furthermore, photoexcitation of a single core-level electron triggers a series of Auger transitions and electronic cascades lasting for a few femtoseconds. For this reason, the ultra-short X-ray pulses are necessary to overtake the Auger decays and to initiate nonlinear phenomena in the hard X-ray regime [32].



Historically, the first experiments devoted to X-ray–matter interactions at strong X-ray fields reported processes such as hollow-atom and high charge states formation [33] or plasma creation [34] as well as processes with low cross-sections such as two-photon absorption [35], stimulated X-ray emission [36] or X-ray-laser wave mixing [37]. In the present study, we focus on the saturable absorption (SA) mechanism, a first-order nonlinear process of interaction of X-rays with matter [38,39,40]. We deliberately chose this process as a case study for the X-ray chronoscopy method for several reasons. First, the incidence X-ray intensity required to initiate this process was already explored at XFELs, and the available experimental conditions are sufficient to initiate the SA process at every XFEL facility. Second, SA allows for a simple description of initial and final atomic configurations, and therefore the experimental data can be evaluated with known theoretical models and by employing developed theories dedicated to the electronic structure of many-electron systems.



The process of saturable absorption is the change of absorption properties of a material induced by the propagation of a strong laser beam. Such a process is a well-known phenomenon in laser technology at optical wavelengths, but it was only recently discovered in the X-ray regime due to the application of XFEL beams. Saturable absorption relates to the depletion of atomic ground-state species to the extent at which the sample becomes transparent to other photons of the same beam, i.e., there are no more absorbing states in the system. In order to access such a regime, the X-ray ionization yields have to be higher than the decay rate transitions that allow the system to recover to the ground state.



The first experiment devoted to saturable absorption and to processes leading to sample transparency was performed on the L absorption edge of aluminum [40]. The experiment was executed at FLASH XFEL [41] and with 92.5 eV photons of the pulse duration of 15 fs at X-ray fluences up to 2 J/cm2. It was demonstrated that X-ray-induced transmission in the aluminum can be increased by up to 65% at the highest applied pulse fluences. From the experiment, it was concluded that the first part of the pulse ionizes L-shell electrons, and the created L-shell holes are filled at lower decay rates than ionization yields. The relatively long lifetime of the L-shell hole (40 fs) in aluminum allows for the strong depletion of L-states when using 15 fs X-ray pulse leading to the transparency increase.



At hard X-ray energies, the X-ray saturable absorption was detected for metallic Fe at the K absorption edge [38]. X-rays with energies around 7100 eV were used to monitor the change of the absorption coefficient over a 30 eV energy range. It was shown that in the regime of saturable absorption, the absorption coefficient is changing for both below- and above-edge energies. It was noted that changes were of opposite character, and an increase in the absorption coefficient was detected for below-edge energies. The experimental observation of saturable absorption effects could be explained with atomic kinetic simulations [39]. This has been demonstrated for solid-density aluminum plasma induced by XFEL pulses. It was shown that the absorption coefficient at the saturable absorption conditions has the opposite trend to that of the linear X-ray absorption spectrum. The effects of saturable absorption were also observed in our studies on an Fe2O3 nanoparticle system in water solution [42]. It has been demonstrated that while the 1s core-hole lifetime is relatively short (below 1 fs) compared to the incidence pulse length (30 fs), the secondary processes and decay cascades are of importance for SA strength. Theoretical simulations confirmed that the return to the ground state after a single photoionization event is longer than the 35 fs-pulse length employed in the experiment.





3. X-ray Pulse Transmission in Saturable Absorption Conditions


The impact of saturable X-ray absorption on time distribution of photons in X-ray pulses penetrating elemental iron medium was examined, starting from the time-dependent Beer–Lambert law:


  d I  (  x , t  )  = − I  (  x , t  )    σ   n    d  x ,  



(2)




with   I  (  x , t  )    denoting photon flux (number of photons per unit area and per unit time) at depth  x  and moment  t  (in cm−2s−1),  σ  is the interaction cross section (in cm2), dominated by the photoabsorption component at photon energy close to the K-shell binding energy, and  n  is the concentration of the target atoms (in cm−3). At a low intensity of the incident X-ray beam (low   I  (  x , t  )   ), atoms have enough time to return to the ground state before arrival of another photon; thus, the atom concentration  n , being effectively the concentration of capable absorbing centers, remains constant across the target depth and over the course of the pulse. At a higher intensity, atoms are excited with a higher rate, which makes a significant part of them unable to interact with many arriving photons. This phenomenon is referred to as saturable absorption. It necessitates consideration of a variable concentration of active absorbers   n  (  x , t  )   , dependent on both  x  and  t  through the    (  x , t  )   -dependent photon flux and the dynamics of ground state reestablishment.



To account for the variable concentration of active absorbers   n  (  x , t  )   , we employed a two-state picture of atom, with the ground state    N 1    and the excited state    N 2   . In this simple model, an atom in the ground state    N 1   , having absorbed a photon, is excited to the state    N 2   , and during the excited state lifetime  τ , it is unable to interact with photons. Once time  τ  passes, the atom returns to the ground state    N 1    and is again capable of absorbing a photon. With this model, we describe the concentration of active absorbers   n  (  x , t  )    as


  n  (  x , t  )  =  n a     N 1   (  x , t  )  ,  



(3)




where    n a    stands for the concentration of atoms in the target (in cm−3) and    N 1   (  x , t  )   , a dimensionless value in the range (0,1), is the average ground state population per atom at depth  x  and moment  t . With this relation, Equation (2) takes the following form


  d I  (  x , t  )  = − I  (  x , t  )    σ    n a     N 1   (  x , t  )     d  x .  



(4)







The population    N 1   (  x , t  )    meets the relation


  d  N 1   (  x , t  )  =  [  − I  (  x , t  )    σ    N 1   (  x , t  )  +  N 2   (  x , t  )     1 τ   ]    d t ,  



(5)




where the introduced    N 2   (  x , t  )   , similar to    N 1   (  x , t  )   , is a dimensionless value in the range (0,1) and denotes the average excited state population per atom at depth  x  and moment  t . One can read from Equation (5) that    N 1   (  x , t  )    decreases with the average number of photoabsorptions per atom (first summand) and grows with the average number of deexcitations per atom (second summand). With the condition    N 1   (  x , t  )  +  N 2   (  x , t  )  = 1  , which ensures a constant number of available ground and excited states, Equation (5) can be rephrased in the following way


  d  N 1   (  x , t  )  =  [  −  (  I  (  x , t  )    σ +  1 τ   )     N 1   (  x , t  )  +  1 τ   ]    d t .  



(6)







We simulated the influence of saturable X-ray absorption on time distribution of photons in an X-ray pulse using the system of Equations (4) and (6):


   {        d I  (  x , t  )    d x   = − I  (  x , t  )    σ    n a     N 1   (  x , t  )          d  N 1   (  x , t  )    d t   = −  (  I  (  x , t  )    σ +  1 τ   )     N 1   (  x , t  )  +  1 τ        .  



(7)







The above system of differential equations for long lifetime  τ  (  1 / τ → 0  ) takes the form described in Ref. [43] and can be solved analytically for functions   I  (  x , t  )    and    N 1   (  x , t  )   , although the solutions are rather complicated. For the purpose of testing different parameters, including  τ , we developed a numerical algorithm capable of solving the above system of equations and determining tabulated   I  (  x , t  )    and    N 1   (  x , t  )    with arbitrary steps of time and length.



In the simulation, the target was 20 µm thick iron foil spanning over    0   μ m    ≤   x ≤  20   μ m   . The parameters were chosen in order to verify the theoretical simulations with the reported experimental data [38]; thus, we used the X-ray pulse energy of 20 µJ and the cross-section value of 3.73 × 10−20 cm2 for photoabsorption of 7130 eV photons [44]. Monochromatic X-ray pulses were assumed, thus neglecting the nonresonant excitations caused by the broad beam bandwidth as in [45,46]. For   x ∈  [   0   μ m ,   20   μ m   ]    the populations of initial states were    N 1   (  x , t    = 0   )  = 1   and    N 2   (  x , t    = 0   )  = 0  , and for other values of  x , the populations were 0 at all moments. The time distribution of photons before interaction with the target, i.e.,   I  (  x    = 0   μ m  , t  )   , was described with a Gaussian with full width at half maximum (FWHM) of 7 fs. Despite the much more complex character of real time distribution of single XFEL pulses, the simplified Gaussian-like time envelope applied here suffice to evaluate the expected order of signal change. The excited state lifetime was given the value of 1 ns [47], thus distinctly longer than the typical XFEL pulse duration. A simulation was performed for a series of incident pulse intensities, with the time step   d t   of 0.05 fs and the path step size   d x = c × d t   ( c —speed of light in vacuum) of 0.015 µm, as a smaller   d t   and   d x   resulted in an inefficiently long computation time. The speed of light entering the target medium was assumed to remain unchanged; thus, the refractive index was given the value of 1, and its change due to saturable absorption was not considered in the present analysis of pulse transmission. With the values of steps   d t   and   d x  , the transmission simulated for the low intensity of 1.5 × 109 W/cm2 differed from the transmission calculated with the Beer–Lambert equation by less than 2%, which we find reasonably low to illustrate the message conveyed in the present work.



The results of the simulation of the time-dependent X-ray pulse transmission are presented in Figure 3a for different incidence pulse intensities. When the incident pulse has low intensity (blue), linear absorption dominates, and as shown, it results in a constant transmission of about 0.0017 over the course of the pulse. The time distribution of the transmitted pulse preserves the Gaussian behavior of the incident pulse, scaled down by a constant factor, as shown in Figure 3b. In the high-intensity scenario (red), the transmission stays constant only until the moment of about 10 fs, when the photon flux, slowly rising on the Gaussian tail, is still relatively small. After that moment, the transmission undergoes a significant increase, resulting in the transmitted pulse time envelope considerably deviating from that of the incident pulse, including loss of the original Gaussian shape and shift in the time phase (i.e., shift of the pulse temporal center of mass). This effect results from saturable absorption of the photons arriving at earlier moments and turning the target transparent for the later arriving photons [40]. Figure 3a also contains two additional noisy datasets at the lowest and the highest intensities, which were simulated with stochastic SASE time envelopes. These datasets are temporal evolutions of transmission integrated over as few as 50 SASE pulses and precisely follow the chronoscopic signal simulated with Gaussian-like pulse profiles. Modification of time distributions of individual SASE-like pulses, shown in Figure 3c for the high- and low-intensity scenarios, has a similar tendency as for Gaussian-like pulses.



The linear attenuation coefficient  μ  is empirically determined by measuring the radiation beam intensity before and after interaction with the target sample, and in a pulse-specific approach it can be calculated using the relation


  μ =   − l n  (    ∫  I 1   ( t )    d t   ∫  I 0   ( t )    d t    )     d  =   − l n  ( T )   d  ,  



(8)




where the integration is performed over the range covering the entire pulse temporal envelope. The higher transmission  T  expected for higher incident intensity will be reflected in smaller measured values of  μ . Figure 4a presents the intensity dependence of the   μ /  μ  cold     ratio, where the index “  cold  ” refers to low incident intensity, i.e., to linear absorption conditions. As shown, the attenuation coefficient starts decreasing at intensities over 1017 W/cm2, and the decrease strongly depends on the excited state lifetime. The saturation intensity, i.e., the intensity at which   μ = 0  . 5     μ  cold    , is above 1019 W/cm2, grows with a decreasing lifetime. The saturation intensity grows much faster for lifetimes smaller than the pulse duration. Turning the iron foil transparent is illustrated in Figure 4b, showing hundreds-times increase in transmission in the intensity range studied. The results simulated using the simple two-level model described in this work correspond with the experimental and calculated data reported elsewhere [38]; however, a certain discrepancy can be observed that is not well understood due to the complexity of the decay dynamics at higher incident intensities. The discrepancy may be explained for example by the intense secondary Fe Kα fluorescence radiation trapped in the sample, similar to the radiation trapping effect observed in the optical regime [48]. The Kα radiation would resonantly sustain the excited state of the part of the iron atoms leading to the elongation of an effective excited state lifetime and turning the target transparent at an intensity lower than the one indicated by the calculations. The discrepancy might also originate from other ionization events occurring in parallel with the K-shell photoionization and initiated by the electron-impact ionization by the secondary photo- and Auger electrons. It has been shown that at high X-ray intensities, even with ultrashort XFEL pulses, a considerable fraction of Fe atoms probed via Kβ decay had already interacted with the energetic electrons released through the photoionization of the atom’s surrounding [49]. It implies that at higher intensities, certain Fe atoms may have their M- and L-shells modified upon the incidence of the 7130 eV-photon, which would make them incapable of K-shell photoionization and would boost the photoabsorption saturation.



The transmission change calculated with the XATOM code considering such effects as photoionization, X-ray fluorescence decays, Auger and Coster–Kronig decays, elastic and Compton X-ray scattering as well as electron shake-off are also shown [50]. In the calculation, an isolated Fe atom was studied, which covered intra-atomic electronic transitions only. Thus, the electron recombination processes from the continuum were not accounted for, which is likely the primary cause of the transparency increase at an intensity lower than it was actually measured. In the X-ray flux range 1017–1019 W/cm2, our two-level model underestimates the saturable absorption rates as compared to the XATOM results. It can be explained by the effect of competing photoionization and decay processes other than the K-shell photoionization, which are covered by the XATOM calculation, while in our model, only the K-shell photoionization is considered, as it is highly dominating over others (e.g., the ratio of partial photoionization cross sections σK/(σL1+σL2+σL3) ≈ 9 [44]). For X-ray fluxes above 1019 W/cm2, the two models show a similar increase in the sample transparency as well as the photoabsorption saturation. Nevertheless, our model still well explains the experimental data.




4. Summary


Herein, an innovative methodology, called X-ray chronoscopy, was proposed to access the attosecond frontier using the current XFEL pulses. The method is based on measuring the change of an X-ray pulse temporal profile induced by interaction with a medium. The concept of X-ray chronoscopy uses non-invasive terahertz streaking methodology to characterize the X-ray pulse time distribution with sub-femtosecond resolution [17,18]. The proposed approach requires two terahertz streaking camera setups arranged in the camera-sample-camera sequence to measure time distribution of the X-ray pulses incident on and transmitted through the sample. Through the analysis of the pulse temporal profiles measured before and after the sample, one can determine the evolution of the atomic-state populations and shell occupancies over the course of the pulse penetration through the medium. Note that many recent studies on nonlinear interactions report on the complexity of the measured data [27,33,51]. The reason is that often the nonlinear signal overlaps with the one resulting from linear X-ray-matter interaction, which in many cases, makes data analysis and interpretation unattainable. The proposed X-ray chronoscopy method, in its principle of operation, will not have this limitation. Any linear interaction of X-rays with matter will only be reflected as a constant component (i.e., absorption coefficient at a given energy) in the ratio of temporal X-ray beam profiles measured before and after the sample.



The concept of time-dependent measurements was investigated with a simple two-level model of saturable absorption in an elemental iron target for a series of intensities and the excited state lifetimes. The analysis showed that the saturable absorption leads to an increased transparency of the medium over the course of pulse propagation through the target, and the saturation intensity depends on the material characteristics, such as the excited state lifetime, which agrees with the previously published data [38]. Finally, the saturable absorption leads to deformation of the X-ray pulse time distribution. The relative uncertainty, defined as the standard deviation of transmission at the pulse rear divided by the transmission jump (see Figure 3a), at the intensity of 1.9 × 1018 cm2, is expected to be around 6% for 50 incident SASE pulses. Based on the known XFEL performances and published THz streaking data, one can thus estimate that the X-ray chronoscopy experiment should be accomplished with good quality within a few hours by means of the proposed X-ray chronoscopy setup. Worth noting is the ongoing development of time diagnostics methods at XFELs, providing higher precision in temporal characterization of X-ray pulses and bringing X-ray chronoscopy closer to realization at XFELs. For instance, a pulse profile determination using a velocity map imaging (VMI) spectrometer has been demonstrated for attosecond soft X-ray pulses [10]. The fast, robust and simple derivation of pulse duration based on the center-of-energy shifts in the THz-streaked ionized electron spectra is also promising [21]. Precise pulse duration measurement before and after the target sample could be a prelude to realization of X-ray chronoscopy at XFELs.
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Figure 1. Schematic concept of X-ray chronoscopy experiment using two terahertz streaking spectrometers. The first THz setup is used to determine time distribution of the incident pulse (   I 0   ( t )    measurement), and the second one provides a measure of time distribution of X-ray pulse after interaction with the sample (   I 1   ( t )    measurement). Both spectrometers work in shot-to-shot mode, giving the possibility of either single-shot or cumulative measurement. The ratio of the measured time distribution curves will provide details on nonlinear processes induced by X-rays in the sample. 
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Figure 2. The streaking of an X-ray-induced photoelectron pulse in a THz vector potential. The X-ray pulse temporal profile is encoded in the energy spectrum of the measured photoelectron spectrum. 
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Figure 3. (a) Temporal evolution of transmission simulated for low- (blue) and high-intensity (red) pulses of 7130 eV photons through a 20 µm thick Fe foil. Ratio    I 1   (  t − d / c  )  /  I 0   ( t )    of time distributions of the transmitted pulse    I 1   ( t )  = I  (  x    = d  , t  )    and of the incident pulse    I 0   ( t )  = I  (  x    = 0   μ m  , t  )   , with the target thickness  d  and the speed of light  c , for different incident pulse average intensities      I 0   ( t )   ¯    × 7130 eV. The plotted ratio shows the effect of pulse-target interaction on photon time distribution around the temporal center of mass of the incident pulse, hence the subtraction   t − d / c  . (b) Gaussian-like time envelopes    I 0   ( t )    and    I 1   (  t − d / c  )    (not to scale) for low intensity (blue) and high intensity (red). Gaussian shape is delineated with the white dashed line. The transmitted pulse time envelope is shifted in time phase and loses the original Gaussian shape. (c) SASE-like time envelopes    I 0   ( t )    and    I 1   (  t − d / c  )    (not to scale) for low intensity (blue) and high intensity (red). 
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Figure 4. The influence of saturable absorption on linear attenuation coefficient (a) and transmission (b). (b) contains additional data taken from Ref. [38] measured and calculated for incidence X-ray pulse length of 7 fs as well as another dataset obtained with the XATOM code [50]. 
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