

  applsci-10-02953




applsci-10-02953







Appl. Sci. 2020, 10(8), 2953; doi:10.3390/app10082953




Review



Atomic, Molecular and Cluster Science with the Reaction Microscope Endstation at FLASH2



Severin Meister 1,*[image: Orcid], Hannes Lindenblatt 1[image: Orcid], Florian Trost 1[image: Orcid], Kirsten Schnorr 2[image: Orcid], Sven Augustin 2[image: Orcid], Markus Braune 3[image: Orcid], Rolf Treusch 3[image: Orcid], Thomas Pfeifer 1[image: Orcid] and Robert Moshammer 1





1



Max-Planck-Institute for Nuclear Physics, 69117 Heidelberg, Germany






2



Paul Scherrer Institute, 5232 Villigen, Switzerland






3



Deutsches Elektronen-Synchrotron, 22607 Hamburg, Germany









*



Correspondence: severin.meister@mpi-hd.mpg.de; Tel.: +49-6221-516-438







Received: 31 March 2020 / Accepted: 21 April 2020 / Published: 24 April 2020



Abstract

:

The reaction microscope (REMI) endstation for atomic and molecular science at the free-electron laser FLASH2 at DESY in Hamburg is presented together with a brief overview of results recently obtained. The REMI allows coincident detection of electrons and ions that emerge from atomic or molecular fragmentation reactions in the focus of the extreme-ultraviolet (XUV) free-electron laser (FEL) beam. A large variety of target species ranging from atoms and molecules to small clusters can be injected with a supersonic gas-jet into the FEL focus. Their ionization and fragmentation dynamics can be studied either under single pulse conditions, or for double pulses as a function of their time delay by means of FEL-pump–FEL-probe schemes and also in combination with a femtosecond infrared (IR) laser. In a recent upgrade, the endstation was further extended by a light source based on high harmonic generation (HHG), which is now available for upcoming FEL/HHG pump–probe experiments.
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1. Introduction


The invention of intense femtosecond infrared (IR) lasers [1] led to a new era in atomic and molecular physics, namely the devolopment of femtochemistry [2]. Today it is often mentioned as one part of a much larger multi-disciplinary field called ultra-fast physics [3]; the observation of light-induced dynamics in small quantum systems on their natural time scale in the range of femto- or even attoseconds. In many cases a first “pump” pulse triggers certain dynamics, while a delayed “probe” pulse is used to interrogate the system at a later point in time. This way, the temporal evolution of any specific process under investigation like molecular break-up [4], charge migration [5,6] or isomerization [7] within a molecule, to just name a few, can be observed on their natural time scale by using lasers with correspondingly short pulse lengths in the range of a few femtoseconds. A small number of different technologies exists to produce such short laser-like or coherent light pulses. Depending on the specific application each of them comes with characteristic advantages and drawbacks.



Free-electron lasers (FELs) are large-scale electron-accelerator-based machines. They cover a huge range of photon energies, from the microwave [8] up to the hard X-ray regime [9], with unsurpassed light intensities for photon energies above 10 eV [3,10]. However, most FELs are operated at comparably low repetition rates (typically below 1 kHz) and are providing light pulses that are usually only partly coherent. In contrast, conventional femtosecond lasers in the visible or IR-range provide pulses with high repetition rates, high intensities and excellent coherence properties [1,11,12]. However, their spectral range is limited to photon energies of a few eV only. This limitation is resolved with high harmonic-generation (HHG) sources [13,14], where high-intensity femtosecond IR laser pulses are sent into a gaseous target to drive a non-linear light-atom interaction. This leads to the emission of frequency up-converted (higher harmonic) radiation [15] with unique temporal and spectral properties. HHG sources are ideally suited to produce extremely short pulse durations of only few tens of attoseconds [16] with photon energies of up to several hundred eV [17]. However, these sources are limited, due to the low conversion efficiencies, to light intensities that are orders of magnitude lower than those delivered by modern XUV or X-ray free-electron lasers [18].



For studies of time-dependent processes in small quantum systems it is of great advantage if an experimental station allows high flexibility with respect to the usage of one or a combination of the above mentioned light sources, which are ideally adapted to the given reaction dynamics. With the reaction microscope (REMI) endstation at FLASH2, we implemented this to a large extent. In its present stage, it routinely allows FEL-based pump–probe experiments with atomic, molecular or cluster targets in the gas phase. The experimental station consists of a multi-particle imaging spectrometer for electrons and ions (REMI), the FEL beamline with integrated split-and-delay and focussing optics for FEL pulse-pair creation [19], an IR laser for femtosecond FEL-pump laser-probe experiments, and a laser-driven HHG source for two-color XUV pump–probe measurements. A manuscript about technical details and benchmarks of the REMI endstation can be found in [19]. In contrast, this review provides with information about physical quantities and experimental schemes which are accessible by the REMI endstation. The following manuscript describes in Section 2 the experimental capabilities of the REMI endstation at FLASH2 and a selection of published results (Section 3.2 and Section 3.3) as well as unpublished results (Section 3.1) is briefly discussed. Concluding statements are given in Section 4.




2. Experimental Setup


A design drawing of the REMI endstation with its main components is shown in Figure 1. It is installed at beamline FL26 in the experimental hall of FLASH2. Along the beamline, several diagnostic and beam shaping elements like imaging screens, apertures and slits can be inserted into the beampath. In the subsequent section the FEL beam impinges on the split-delay and focussing optics. The former consists of two planar mirrors that are stacked one upon the other to cut the incoming beam geometrically into two co-propagating half-moon shaped beams. By moving one planar mirror with respect to the other, a small change of the path length can be introduced, which leads to a temporal delay of one of the two pulses. The delay range is   ± 2500   fs with a resolution better than 1 fs. The ellipsoidal focussing mirror has a focal length of 1  m . It creates a demagnified image of the FEL source-point (the FEL undulator is about 85  m  upstream) in the center of the REMI chamber. Wavefront-sensor measurements yield an optimized focus size of about 5 μm diameter [19]. The split and delay function is optional, as each planar mirror is large enough to reflect the full FEL beam on its own surface, if centered in the beam. With the given mirror coating and the grazing incidence geometry, the overall transmission is better than 50% for all photon energies up to 180 eV. A more detailed description of the setup with limits and benchmarks can be found in Ref. [19].



2.1. The Free-Electron Laser FLASH2


The XUV free-electron laser FLASH is the first short-wavelength FEL and went into user operation in 2005 at DESY in Hamburg [20]. FLASH2 is an extension of FLASH that came into operation in 2016 ([21,22]). It shares the electron accelerator with FLASH1, but features its own set of undulators. Compared to FLASH1, the FLASH2 undulators have variable gaps allowing a fast change or a scan of the photon wavelength over a large range. Due to the shared accelerator and the fixed undulator gaps at FLASH1, the accessible wavelengths of FLASH2 depend on the delivered wavelength at FLASH1. It ranges from the delivered wavelength at FLASH1 to approximately three times this wavelength, for a given accelerator setup [22]. Lasing in the undulator is achieved by self-amplified spontaneous emission (SASE), which results in short (10 to 200 fs [23]) and intense FEL pulses at the expense of a limited pulse-to-pulse stability with respect to intensity and spectral properties, when compared to optical lasers. FLASH2 delivers photon energies in a range from 14 to 310 eV. For light in the REMI, the upper limit is 180 eV due to the dropping reflectivity of carbon-coated mirrors under 8°. FLASH generates electron bunches, and hence photon pulses, in a burst mode. The pulse pattern consists of short pulse trains repeating at 10 Hz. Each pulse train has a length of typically 500 μs and comprises up to 500 pulses, resulting in a maximum intra-train repetition rate of 1 MHz. Averaged over time, a maximum repetition rate of 5 kHz can be delivered.




2.2. IR Laser


For XUV-IR pump–probe experiments, an 800 nm OPCPA (optical parametric chirped pulse amplification) IR-laser is operated by DESY. Pulse energies up to 500 μJ and pulse durations   < 15   fs can be delivered at a high repetition rate. The IR laser is synchronized to the pulse pattern of the FLASH and presently runs at a repetition rate of 100 kHz in 800 μs bursts, repeating every 100 ms (further specifications can be found in Ref. [24]). The IR laser is coupled into the FEL beamline under 90 degrees by a silver-coated planar mirror. At this position, the FEL is focused down to less than 3 mm in diameter and passes through a 4 mm hole in this incoupling mirror. From this point on, the FEL and the IR beam travel collinearly. An IR-focussing lens with a focal length of 50 cm is placed outside the vacuum. Spatial overlap is set by means of a Ce:YAG-powder coated screen in the focal plane inside the REMI. The two foci of the FEL and the IR-laser on the screen can be observed with a CCD camera and magnifying optics [19]. Temporal overlap with nanosecond precision can be found with a fast photodiode downstream of the REMI. In order to exactly overlap the pulses in time, one uses a target with a well known pump–probe signal. The chosen target (e.g., helium, xenon) depends on the FEL photon energy and usually involves a specific excitation and a following ionization step which is just possible for the right temporal order of FEL and IR.




2.3. HHG Radiation


The setup of the HHG source is a result of a collaboration between MPIK, DESY and the university of Hanover [25]. The IR beam is transferred to a neighboring laser table where high harmonics in the XUV regime are generated in a noble-gas target [26]. The generated XUV light can be separated from the fundamental IR, either with an aluminum filter or a sufficiently small aperture, as the IR has a larger divergence than the XUV. First runs of the HHG source were successful and commissioning results can be found in Ref. [25]. The HHG-XUV light is coupled into the FEL beamline by a mirror under 8° grazing incidence. The XUV beam has a vertical offset of   7.5   mm with respect to the FEL. In this configuration, each of the two light pulses (HHG and FEL) is reflected on a separate half of the split mirror and can be steered and delayed with respect to each other.




2.4. Reaction Microscope


With the reaction microscope [27] ionization and fragmentation processes of single atoms or molecules are studied. As depicted in Figure 2, laser beam and target gas jet are oriented orthogonally to each other and cross in the center of the REMI. A stack of metal rings produces a homogeneous electric field that separates positively and negatively charged particles and guides them onto the detectors. Helmholtz coils generate a homogeneous magnetic field forcing the electrons on a spiral trajectory to ensure large acceptance for electrons with large transversal momentum inside the spectrometer. Each of the two time- and position-sensitive detectors is composed of a set of micro channel plates and a delay line anode [28]. Time-of-flight information and the impact position on the detector allow to calculate the initial momentum at the time when the charged particle was created. Momentum conservation in three-dimension is used to sort out all particles originating from the same fragmenting target particle, that is finding coincident particles. Angle- and energy-resolved measurements of charged particles in multi-coincidence are the key features of the REMI and enable to investigate atomic and molecular processes in detail [5,6,29,30].





3. Selected Results


3.1. Angle-Resolved Wavelength Scan: XUV+IR in Helium


This experiment makes use of the wavelength tunability of FLASH2 and the   4 π   angular acceptance of the reaction microscope. As will be shown in the following, it demonstrates a beneficial combination of the FEL and the IR laser.



In this pump–probe measurement the XUV light of the FEL was used to excite helium, while a subsequent IR-laser pulse ionizes the excited atom. Scanning the XUV photon energy from   20.4   eV to just below the ionization threshold of   24.6   eV reveals the excitation transition series   1  s 2  → 1 s n p   in helium [31], in accordance with the dipole selection rules for linearily polarized light. The excited helium atom absorbs multiple photons (each   1.55   eV) of the subsequent IR pulse which bring the electron to the continuum. This process is shown in Figure 3a, where an increased photoelectron yield is observed at XUV energies that matches the specific excitation energy (  1 s 2 p  at  21.2  eV  , 1 s 3 p  at  23   eV   …). The distribution of the photoelectron kinetic energy is plotted along the ordinate and shows several peaks at specific XUV excitation energies. The underlying process is the above threshold ionization (ATI) and describes the behavior of an electron absorbing more photons than the minimal requirement to be emitted into the continuum [32,33]. The additional electron energy is directly related to the IR-photon energy (in this case   ≈ 1.55   eV   ).



While in Figure 3a only the absolute electron kinetic energy is plotted, the REMI allows to measure the electron momentum in 3D as shown in Figure 3b. The XUV is polarized along the   p x   direction and the IR laser along the   p z   direction. Figure 3b contains exclusively electrons recorded with parameters in the marked region of Figure 3a. First an XUV photon excites the helium atom into the   1 s 4 p   state (   23.7   eV) and upon the additional absorption of one IR photon, the 4p-electron is emitted into the continuum. Starting from the helium groundstate, the absorption of two photons can yield to an angular momentum of   l = 2   for the photoelectron, with the corresponding characteristic number of nodes in the angular distribution. The two orthogonal linearly polarized light fields can lead to the population of angular momentum substates with   m = 0 , ± 2  . This can be understood as in a spherical basis each light field can be described by a superposition of left- and right-handed circulary polarized light, driving   Δ m = ± 1   transitions. For a detailed explanation see [34].



This experiment demonstrates the capability to precisely measure electron angular distributions which is essential to investigate many different phenomena like quantum beating [35], electron correlation [36] or propensity rules [37].




3.2. Two-Photon Double Ionization in Argon


In a kinematically complete experiment, double ionization of argon by absorption of two photons was measured [30]. Neutral argon atoms were irradiated by FEL radiation with a photon energy of   27.93   eV (averaged peak intensity   ( 3 ± 2 ) ×  10 13    W/cm2, pulse duration approximately 50 fs). The angular distributions of the ejected photoelectrons during two-photon double ionization (TPDI) were measured. The dominant TPDI channel observed was sequential double ionization (SDI), in which both photoelectrons were emitted from the argon atom by sequential single-photon absorption (see also [38]). The two photoelectrons were confirmed to be correlated through polarization of the intermediate Ar+ state. As a result, the measured angular distributions of both, the first and the second, photoelectron differ from that of the single ionization. In addition, the coincident detection method led to the discovery of the crucial role of autoinization in both steps of SDI in argon.



Both the ion and the electron detector of the REMI have multi-hit capability. This is necessary for the coincident detection of the two photoelectrons emerging from one TPDI event. Additionally, Ar+ ions were measured in coincidence with the photoelectrons. This allows to differentiate between particles stemming from single ionization and the SDI channel. As both processes occur during the same experiment, the influence of systematic errors can be greatly reduced by comparing results from these two ionization pathways.



Figure 4 shows the two-dimensional kinetic energy spectrum of two photoelectrons detected in coincidence. Because the second ionization potential of argon lies just below the photon energy of the FEL radiation, there is one fast (first) and one slow (second) photoelectron expected during SDI [39]. This feature of correlated electrons in SDI is shown in Figure 4, where the kinetic energy of two photoelectrons created within one XUV pulse are plotted against each other. There is an increased yield of photoelectrons at positions where one photoelectron has a kinetic energy of 12 eV and where the other electron has a kinetic energy of   0.3   eV. The increased photoelectron yield at    E 1  = 12   eV and    E 2  = 12   eV shows uncorrelated electrons and can be attributed to electrons from two independent single ionization processes. The capability to record such two-dimensional energy spectra of reaction fragments detected in coincidence underlines the aptitude of the REMI as a versatile AMO (atomic, molecular, and optical physics) science station. The dynamics following multi-photon absorption processes in the XUV range is kinematically completely accessible.




3.3. Molecular Dynamics in Ar Dimers


The pump–probe technique combined with fragment ion momentum imaging allows to track the evolution of intermediate states through observables in the final state as a function of the pump–probe delay [6].



The key observables to track molecular dynamics in REMI experiments are the yield of a specific coincidence channel and the kinetic energy release (KER) of this channel. The KER is the sum of the nuclear kinetic energies, which are generated from potential energy. While the system evolves along the potential energy curve of the intermediate state it accumulates the kinetic energy   K E  R  n l    (  t d  )   , until it is probed at the time   t d   and at the internuclear distance   R (  t d  )  . Then it accumulates further energy on the final state potential   K E  R f   (  t d  )    and we observe the sum   K E R  (  t d  )  = K E  R  n l    (  t d  )  + K E  R f   (  t d  )    (see Figure 5).



The capabilities to observe molecular dynamics with this setup is demonstrated exemplarily in an experiment investigating charge transfer (CT) in argon dimers using an XUV-pump IR-probe scheme [5]. The experiment was performed at FLASH1, using the same reaction microscope apparatus, but a different IR pump laser [40]. Argon dimers were ionized and excited to Ar2+*−Ar states by absorption of three 27 eV photons. These states are still weakly bound, but the equilibrium nuclear distance is much smaller. So the nuclei start to move towards each other. At smaller internuclear distances, the potential energy curve crosses unbound states of the Ar+*−Ar+ type which are coupled nonadiabatically so charge transfer can happen there (see Figure 5).



The system is subsequently probed by an intense 800 nm laser pulse [40] to the Ar2+−Ar+ final state. This transition is only possible if charge transfer has taken place. Therefore the yield of this particular channel gives information on the transition probability of the charge transfer. In this process we actually have two intermediate states. The first can only contribute negligible kinetic energy as the potential is shallow. Thus the KER is accumulated mainly on the second intermediate state and the final state.



The value of interest is the time constant when the system transfers its charge and thus changes from the first to the second intermediate. Restricting the KER to values corresponding to the distance   R X  , where crossings appear, allows to select those events that were probed directly after the charge is transferred (see Figure 6). With this restriction, the probe pulse directly tracks the transition rate depending on the time delay. This shows how the measurement of KERs combined with ion yields for varying pump–probe delays, allows to deduce the transition rates of the process of interest as a function of time.





4. Conclusions


We have presented the REMI endstation at FLASH2. The unique combination of a reaction microscope and three state-of-the-art light sources opens up the possibilities for unprecedented investigations in the field of atomic and molecular physics.



The sophisticated detection scheme of the REMI enables to measure charged fragments’ momenta in 3D and in a coincident manner, which makes it an outstanding tool to extract essential information of atomic and molecular fragmentation processes. We reviewed three experiments, each pointing out specific strengths of the setup. The first experiment in Section 3.1, the XUV-pump IR-probe measurement in helium showed the capability of scanning the XUV energy of FLASH2 and the 3D momentum resolution of the REMI. The second experiment in Section 3.2 on the two-photon double ionization in argon revealed the necessity of a coincident measurement to sort out electrons stemming from specific channels. The third experiment in Section 3.3 on argon dimers showed, how to investigate dynamical processes like charge migration by means of delay-dependent KER analysis.



Besides XUV-XUV and XUV-IR experiments, future experiments aim for pump–probe experiments with the already commissioned HHG source in combination with the FEL. A future extension of the endstation is an XUV spectrometer that will be installed downstream of the REMI. The spectrometer allows to analyze FEL-pulses on a shot to shot basis, which can be used to sort REMI data according to the fluctuating SASE-generated pulses.



The REMI endstation at FLASH2 facilitates many collaborations with a large variety of experiments. Future proposals for experiments are already accepted and planned.
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Figure 1. Overview of the reaction microscope (REMI) endstation. The free-electron laser (FEL) is delivered from the left, while the infrared (IR) laser is delivered from the rear, crossing below the beamline. The IR is coupled into the beamline right before the REMI with a holey mirror. The HHG (high harmonic-generation) light is coupled by a grazing angle about 3 m upstream (indicated by the two red arrows). 
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Figure 2. Schematic of the reaction microscope. Reproduced from [19], with the permission of the International Union of Crystallography. 
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Figure 3. (a) XUV photon energy scan with delayed IR-laser pulse, plotted versus photoelectron kinetic energy. Resonances in helium are revealed for specific XUV energies and above threshold ionization (ATI) can be seen by the distribution of the photoelectron kinetic energy. (b) Electron momentum distribution at the specific region indicated by the black square. The XUV is polarized along   p x  , the IR along   p z  . 
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Figure 4. Two-dimensional kinetic energy spectrum of photoelectrons originating from the same laser pulse in two-photon double ionization (TPDI) in argon. The clustering at low   E 1   and low   E 2   are the signature of the sequential double ionization (SDI) channel. The blob on the diagonal is caused by false coincidences. Reproduced and modified from [30]. 
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Figure 5. Potential energy curves of the argon dimer in the energy range 56 eV–68.5 eV. The XUV pump (purple arrow) populates the initial        Ar  2 +   ( 3    s  − 1   3    p  − 1   ) − Ar       state (black curve) at   R eq  . The wave packet starts to evolve to smaller R. At the crossings (orange-shaded area) with        Ar +   ( 3    p  − 2   nl )  −  Ar +   ( 3    p  − 1   )        states (light-green curves), charge transfer (CT) happens. The IR probe (red arrows) interrogates the population of the        Ar +   ( 3    p  − 2   nl )  −  Ar +   ( 3    p  − 1   )        states by ionization to final        Ar  2 +   ( 3    p  − 2   ) −  Ar +  ( 3    p  − 1   )       states (dark-grey curves). Specific potential energies and corresponding internuclear distances are indicated by horizontal and vertical dashed lines, respectively. Reproduced from [5], with the permission of AIP (American Institute of Physics) Publishing. 
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Figure 6. Coulomb-exploded        Ar  2 +         ions (non-coincident). (a) KER (kinetic energy release) vs. delay. For negative delays, the IR is early with respect to the XUV pulse, for positive delays vice versa. (b) Projection of all KERs within −4 to −2 ps onto the KER axis. (c) Same as (b), but for +2 to +4 ps. (d) Projection of all KERs between 7.0 to 8.4 eV onto the delay axis. Reproduced from [5], with the permission of AIP Publishing. 
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