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Abstract:



We report on the application of a short working distance von Hamos geometry spectrometer to measure the inelastic X-ray scattering (IXS) signals from solids and liquids. In contrast to typical IXS instruments where the spectrometer geometry is fixed and the incoming beam energy is scanned, the von Hamos geometry allows measurements to be made using a fixed optical arrangement with no moving parts. Thanks to the shot-to-shot capability of the spectrometer setup, we anticipate its application for the IXS technique at X-ray free electron lasers (XFELs). We discuss the capability of the spectrometer setup for IXS studies in terms of efficiency and required total incident photon flux for a given signal-to-noise ratio. The ultimate energy resolution of the spectrometer, which is a key parameter for IXS studies, was measured to the level of 150 meV at short crystal radius thanks to the application of segmented crystals for X-ray diffraction. The short working distance is a key parameter for spectrometer efficiency that is necessary to measure weak IXS signals.
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1. Introduction


With the continuous increase in X-ray flux available from accelerator and lab-based sources, many demanding techniques are now being explored and applied in a variety of research fields. One class of techniques that has recently received significant attention has been the application of dispersive X-ray spectrometer geometries to measure inelastic X-ray scattering signals from a wide-range of samples. Dispersive X-ray spectrometry consists of using a crystal to simultaneously energy-resolve a broad spectral range of the X-rays scattered or emitted from the sample after exposure to an X-ray source. This experimental description covers everything from non-resonant and resonant X-ray emission spectroscopy (XES [1] and RXES [2], respectively) to X-ray Raman scattering (XRS) [3,4]. In general, these dispersive spectrometers cover a finite range of X-ray bandwidth in a fixed geometry. This allows them to measure a range of the scattered X-ray spectrum in a single measurement, avoiding the necessity of scanning any part of the spectrometer or the incident beam energy. Here, we will describe the characterization and application of such a spectrometer based on the von Hamos geometry using segmented cylindrically bent crystals with 25 cm radius of curvature. This spectrometer is an evolution of our previous design [5], which has been in operation at the SuperXAS beamline at the Swiss Light Source (Paul Scherrer Institute, Switzerland) since 2012, as well as being used in temporary installations [6,7,8,9] at the Advanced Photon Source [10] (Argonne National Labs, Lemont, IL, USA), the SACLA XFEL [11] (Spring-8, Hyogo Prefecture, Japan), and the LCLS XFEL [12] (SLAC National Accelerator Laboratory, Menlo Park, CA, USA). Similar spectrometers will also be available at Experimental Station Alvra [13] at the SwissFEL XFEL [14] when it begins user operation in 2018.



The inelastic X-ray scattering technique (IXS), also called X-ray Raman scattering (XRS), is based on a photon-in photon-out scattering process of hard X-rays from low Z elements [4,15,16,17,18]. Through this scattering process, the core electron is excited to an unoccupied electronic state just above the Fermi level, and the energy loss shifts the scattered photon energy to lower values. The energy conservation for the IXS process is expressed by E1= Einitial + Eelectron + E2, where E1 and E2 are the energies of incoming and scattered X-rays, respectively. The sum of Einitial and Eelectron represent the total energy loss of the scattered X-ray, where Einitial stands for the binding energy of an electron and Eelectron represents its energy above the Fermi level. By changing the energy of either E1 or E2, and monitoring E1 and E2 energies, the unoccupied electronic states probed by the scattering electron may thus be determined.



Compared to soft X-ray absorption spectroscopy (XAS) measurements (<1 keV), which are typically employed for electronic state and structure determination in low Z elements, the IXS technique has both advantages and limitations. The primary drawback of applying the IXS technique is the low cross section for the scattering process. As compared to resonant X-ray scattering, the IXS yields are lower by 10−4–10−6. On the other hand, the IXS technique provides capabilities that are complementary when compared to soft-XAS techniques. The IXS technique uses hard X-rays for incoming and emitted X-ray energies; therefore, the penetration depth is much larger, making the IXS technique bulk-sensitive. Thanks to this advantage, the IXS technique may thus be applied to probe the electronic structure of low Z elements in liquids, concentrated heterogeneous materials, or matter under in situ conditions. To date, the IXS technique has been applied in many scientific areas where soft X-ray techniques could either not be applied [19,20] or could not probe the desired state of matter [21,22].



The IXS technique is generally implemented at synchrotron sources at dedicated beamlines, equipped with instruments ensuring good energy resolution and efficient X-ray detection [3,23,24,25]. In order to obtain good quality spectra with relatively short acquisition times, the IXS signal is often recorded by scanning the incident X-ray energy rather than scanning the emission spectrometer. Such an approach, called inverse-IXS, allows the efficiency of the IXS experiments to be improved by building X-ray spectrometers equipped with multiple analyzer crystals. Such spectrometers, arranged in the Johann geometry, are operated at a fixed Bragg angle close to 90 degrees. A large solid angle can be achieved by using even a few tens of analyzer crystals. To date, this experimental approach is the best possible approach for use at 3rd-generation storage rings, which are characterized by very stable beam parameters and allow for fast, reproducible scanning of the incident X-ray beam energy using fixed-exit double-crystal monochromators synchronized to insertion device gaps. This approach cannot be applied at XFELs, where the pulse and photon energy stability are poor and vary significantly from pulse to pulse [26,27]. This means the application of the IXS technique at an XFEL should avoid, if possible, the necessity of scanning the incident photon energy. An alternative approach to scanning the incident X-ray photon energy is to use a dispersive X-ray spectrometer at a fixed incident X-ray beam energy. This allows the full and direct IXS spectrum to be obtained in a single acquisition, and each acquisition can then be simply summed up, removing the necessity of both signal normalization and changing the incident beam photon energy. This approach is clearly advantageous for sources where the stability of the incident X-ray beam parameters varies from pulse to pulse.



Due to the properties of X-ray radiation delivered by XFEL sources, the implementation of X-ray spectroscopy techniques commonly applied and established at synchrotron sources is not straightforward due to the inherent instabilities of the XFEL beam. In the present work, we report on the application of a dispersive von Hamos spectrometer to measure the IXS signals from solid and liquid samples. Thanks to the dispersive detection, the entire IXS signal may be measured on a shot-to-shot basis. Moreover, the shape of the IXS signal does not depend on the incident beam energy, and only requires shifting the IXS spectra according to the energy conservation rule to be centered on the spectrometer acquisition bandwidth. Therefore, combining a dispersive-type spectrometer with the self-seeded operation of an XFEL source [26,28] will allow one to record IXS signals for every X-ray pulse, improving the efficiency of the experiment.




2. Materials and Methods


The experiments were performed at the SuperXAS and microXAS beamlines of the Swiss Light Source (Paul Scherrer Institute, Villigen, Switzerland). We employed the von Hamos spectrometer described in detail in [5], thus only the general characteristics and operational details specific to its application to inelastic X-ray scattering studies will be presented here.



The schematic drawing of the von Hamos geometry employing segmented crystals is presented in Figure 1. The von Hamos setup consists of three main components: the X-ray source located at the sample position, the analyzer crystal and a position-sensitive detector. The crystal and sample/detector axes are separated at a distance equal to the radius of curvature (R) of the analyzer crystal, and the detector axis is positioned along the interaction point of the incoming X-rays on the sample (see Figure 1). The X-rays scattered from the sample will undergo a diffraction process from the crystal if the Bragg law criteria is met. In the von Hamos geometry, the Bragg angle is defined by the X-ray direction with respect to the crystal position (along crystal axis CRYPOS) and is described by the following formula:
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(1)






Figure 1. (a) Schematic of the von Hamos spectrometer layout employing segmented crystals for X-ray diffraction in a vertical scattering geometry; (b) Schematic view of the spectrometer geometry along the dispersive axis as applied to inelastic X-ray scattering (IXS) studies.
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The formula implies that the Bragg angle range, and hence the energy range, covered by the spectrometer is limited only by the length, along the dispersive axis, of the crystal or detector. In the typical von Hamos geometry, the crystal is continuously bent in the focusing plane in order to direct the diffracted X-rays onto a single spot on the detector. In the present setup, we used a segmented crystal design that allows one to maintain the energy resolution at the level of the Darwin width of the reflection provided by a perfect, flat crystal. Indeed, crystal segmentation does not introduce strain in the crystal when the crystal segments are attached to the curved crystal support. The strain induced by the crystal curvature is the major source of the poor energy resolution obtained using bent crystals. The application of a segmented crystal leads to similar quasi-focusing properties of the von Hamos setup as when bent crystals are used. As schematically shown in Figure 1 by the blue dashed line, after diffraction on one crystal segment, the X-rays will focus onto the detector plane. This focus will have a size equal to two times the size of the crystal segment. Since all the segments are placed on a common radius, the total spot size on the detector will be the same, independently of the number of segments used (Figure 1, red dashed line).



In the present experiment, we used an Si(111) crystal glued to a cylindrically shaped support. The crystal consists of 100 segments, each 1 × 50 mm (focusing × dispersion) size, and a radius of curvature of the support of 250 mm. The diffracted X-rays were measured by means of either a two-dimensional Pilatus 100 K detector [29,30] consisting of 195 × 490 pixels with 172 × 172 μm2 size, or a Mythen strip detector consisting of a linear array of 1280 pixels of dimension 50 µm × 8 mm [31,32]. Both detectors are photon-counting, so all reported signals are directly in counted photons. To measure the IXS signals, the spectrometer was operated at a Bragg angle (marked as ΘB in Figure 1b) of around 80 degrees and Si(444) diffraction, and arranged in the backscattering geometry. Using such a setup, the spectrometer could record X-rays of energy around 8030 eV and a dispersive energy bandwidth of 80 eV. The incident X-ray beam was delivered by an Si(311) monochromator and focused down to a size of 100 × 100 μm2 onto the sample position by means of a Pt-coated mirror. The higher energy X-rays were rejected by primary Si mirror operated at an angle of 3 mrad. The experimental resolution, measured from the full-width at half maximum (FWHM) of elastically scattered photons from a piece of solid Pb, was found to be 300 meV (see Figure 2), indicating that the main broadening contribution is from the Si(311) monochromator bandwidth (250 meV), while the influence from the spectrometer is substantially smaller. The experimental data were fitted with the convolution of two Gauss functions representing the contributions of experimental broadening from the incidence beam and spectrometer, respectively. In the fit, the FWHM of the incidence beam was fixed to 250 meV and the width of the spectrometer contribution was left as a free parameter. From this procedure, the FWHM of the spectrometer contribution was found to be 164 meV, which includes all other contributions to the experimental energy resolution [5]. The primary reason for this improved spectrometer resolution, in comparison to previous results, is due to the decreased segment size from 5 to 1 mm, which reduces the geometric contribution to the energy resolution [5].


Figure 2. Elastically scattered X-rays measured using the von Hamos spectrometer with the Si(444) diffraction signal at a Bragg angle of around 80 degrees and an X-ray energy of 8030 eV. The incident beam was monochromatized using an Si(311) channel-cut monochromator, resulting in a 250 meV incident X-ray bandwidth. Inset: A Gaussian fit to the experimental measurement (red) overlaid with the de-convolved spectrometer energy resolution (blue).
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3. Results


The IXS measurement of the C K-edge recorded from a chemical vapor deposition (CVD) diamond sample with the von Hamos spectrometer is plotted in Figure 3. The incident beam energy was set to 8350 eV. The spectrum is shifted in energy according to the energy conservation rule, in order to be compared with experimental data recorded by means of Electron Loss Near Edge Spectroscopy (ELNES) [33,34]. As shown, excellent agreement is obtained between the spectra. A total incident photon flux of around 1015–1016 photons was needed to record a good quality IXS signal. Following the ELNES and XAS experimental and theoretical interpretation, the first peak at around 292 eV corresponds to 1s→σ* excitation, while the features from 295–310 eV relate to σ-type unoccupied states, and the peak at 328 eV is the first EXAFS feature.


Figure 3. IXS signal of the carbon K-edge of a chemical vapor deposition (CVD) diamond sample. Electron Loss Near Edge Spectroscopy (ELNES) data adapted from Reference [33] with permission from the Royal Society of Chemistry.
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The IXS technique has the capability to probe not only K-edges of low Z elements but also the absorption spectra of higher electronic levels. As an example, we performed the IXS measurements on Ti to detect the 3p and 3s absorption spectra by means of IXS. As sample, we used a 5-μm-thick Ti foil. The spectrometer settings were the same as in the case of the IXS C K-edge measurements with the incident beam energy tuned to energy of 8070 eV. The resulting spectrum is plotted in Figure 4. Two distinct features are observed at an energy transfer range between 20 and 80 eV. The first feature located at 30–45 eV corresponds to the 3p absorption spectrum. A sharp peak at 38 eV is detected that corresponds to 3p→d excitation. The second feature at energies above 55 eV relates to 3s absorption. Resonance excitation is observed at 60 eV, that corresponds to dipole 3s→p transition. Note that these transitions probe the same final electronic states as Ti K- and L-edge spectroscopies, and are difficult to address without using electron spectroscopic techniques.


Figure 4. IXS signal of Ti foil showing the excitation signatures of 3p→d and 3s→p.
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One of the significant advantages of the IXS technique is the ability to probe bulk samples, such as liquid water. The oxygen IXS signals from water are shown in Figure 5. The O K-edge measurement (Figure 5 right) shows the characteristic XAS and EXAFS of liquid water [35,36,37], with no contribution from the gas-phase species [38], as expected for a bulk measurement. As for the Ti sample, the dispersive spectrometer can also easily access higher-lying excitations, in this case excitations from the 1b2 and 2a1 molecular orbitals of the water molecule [39]. In general, these types of excitations are measured using photoemission, which requires vacuum techniques to be applied [40]. Here, we measure the signals from the bulk liquid under ambient atmospheric conditions.


Figure 5. IXS signal of liquid water. Left: high-lying excitations from the molecular orbitals of the water molecule sitting on top of the Compton scattering signal. Right: The O K-edge IXS signal, showing the characteristics of bulk water.
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4. Discussion


The presented spectrometer design has been shown to be ideal for a range of different types of X-ray experiments including both off- and on-resonant X-ray techniques [5,8,41,42,43,44]. Here, we have demonstrated its application to inelastic X-ray scattering to probe low-energy electronic excitations in condensed matter. Due to its unique combination of large solid angle and high-energy resolution, it can measure IXS signals within realistic timescales of several hours at a bending magnet beamline (X-ray flux 1011 photons/second/0.015% bandwidth) at a third-generation storage ring X-ray source. Increasing the number of crystals used is a straightforward way of increasing the X-ray signals.



In terms of the application of a short working distance von Hamos spectrometer to IXS measurements at XFEL sources, the required incident photon flux for the measured IXS signals as shown in Figure 3, Figure 4 and Figure 5 are in the range of 1015–1016 photons. Assuming an XFEL pulse intensity of 1011 photons and 100 Hz operation would translate to about 1000 s of total acquisition time. Therefore, a large margin is left for improved spectra quality by increasing the acquisition time to several hours. For example at a total of 2 × 1015 incident photons for the liquid water sample, we note the statistical error for the maximum white line intensity to be around 1.4%, which can be further diminished to 0.14% for 24 h acquisition at an XFEL. Such a level of uncertainty is sufficient for many pump-probe experiments where signal differences on the level of a few percent are detected by means of X-ray absorption and X-ray emission spectroscopies [45]. We would like to emphasize that the present studies include only one analyzer crystal; thus, further signal enhancement may be achieved by application of multi-crystal arrangements, as commonly applied for X-ray emission spectroscopy setups [46]. We anticipate that IXS can be used to probe ultrafast structural and electronic dynamics in samples such as graphite [47] and liquid water [48,49,50], with a possible extension to probing more dilute species at higher repetition rate XFEL sources in the future [51].
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