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ABSTRACT

Here we present a next-generation experimental setup for high-resolution X-ray spectroscopy of solid and liquid samples
in the soft X-ray region to elucidate the complex molecular structures of (bio)chemical systems. The setup consists of a
main target chamber, a target holder for either solid samples or a liquid jet delivery system, and a high-resolution soft X-
ray grating spectrometer. This setup is in commissioning at PETRA III, presently one of the most brilliant
storage ring based X-ray radiation sources in the world. The newly designed grazing incidence grating spectrometer is

utilized for high-resolution measurement in the XUV range from 1 nm up to 6 nm.

1. INTRODUCTION

X-ray emission spectroscopy (XES) is an ideal tool to study the local electronic structure and its surroundings of

condensed matter as well as chemical and biological systems. In detail, this method probes the occupied electrons in an
atomic or molecular system. This can be done in two ways, resonantly or non-resonantly. In the non-resonant case, the
excitation is tuned to ionize the core-hole electron and the following decay is measured. In the resonant process (resonant
inelastic X-ray scattering, RIXS) the core-hole electron is excited to an unoccupied orbital, making the excitation and the
following fluorescence coupled events. Thus the X-ray fluorescence contains ultrafast time information over the range of
the core-hole lifetime. Overall, XES is element, orbital, polarization and bulk sensitive [1,2].

But there have been scientific and technical challenges associated with this method. The radiation source needs to be in
the X-ray energy range and must be tunable with high X-ray energy resolution. The K-edge electrons of the life
important elements like C, N, O are energetically located in the water window of 280 - 530 eV. Therefore, the radiative
decay is up to several magnitudes lower compared to the non-radiative decay channel, making a highly brilliant X-ray
source essential. The fast development of brilliant synchrotron facilities and Free Electron Lasers (FEL) as a
monochromatic source for soft X-ray made X-ray emission spectroscopy a feasible method to study the electronic
structure of elements in the water window. Another challenge is the study the chemical and biological systems in their
natural environment, i.e. in the liquid phase. To overcome the instability of liquids in vacuum, two concepts proved to be

reliable: the liquid cell and the liquid jet [3,4]. In a cell a 100 nm thin silicon nitride (Si;N4) or carbon membrane
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separates the sample from the vacuum. However, using a membrane prevents the investigation of samples containing the
same elements due to overlapping X-ray fluorescence of sample and membrane. Also the interactions of the membrane
with the X-ray source and the fluorescence can affect the spectra and lead to a loss of photons and a longer data
acquisition time. An alternative method to study systems in the liquid phase is the liquid jet developed by

M. Faubel et al [3]. First this kind of liquid jet has been adapted for photoelectron spectroscopy [5].

The liquid jet offers the advantage of pure sample surface in vacuum environment with no interaction of the sample,
X-ray or fluorescence with the membrane, resulting in a higher photon flux and shorter data acquisition time.

In this paper, we report a new experimental endstation at the soft X-ray beamline of the most brilliant synchrotron source
to date, PETRA III in Hamburg, Germany. The current design is also based on experiences from previous similar setups
[6-8]. The new endstation consists of a sample holder for both liquid and solid samples and an X-ray detector. To detect
the X-ray fluorescence a new grazing incidence grating spectrometer for X-ray wavelength from 1 nm up to 6nm has
been designed with a CCD detector. Additionally, a chemical reactor has been designed for inducing photochemical

reactions in bulk sample systems.

2. EXPERIMENTAL SETUP

The scheme of the experimental setup is shown in fig 1. The main components are the target chamber, where the X-ray
fluorescence of the sample is produced, a target holder for both the liquid jet delivery system and solid samples, a
photodiode in 45° geometry with respect to the X-ray beam and a high-resolution grating spectrometer. Differential
pumping stages separate the vacuum condition of the beamline (around 10”* mbar) and the grating spectrometer (around
107 mbar) from the target chamber (around 10~ mbar), thus ensuring no loss of photons which is an advantage over the
similar setups using a foil. The liquid jet has a variable diameter around 15-30 um. A GaAsP diode is placed at 45° to the
incoming X-ray beam and the liquid jet and is used to find the spatial overlap of the X-ray beam and the liquid jet. It also
functions as a rapid method to record X-ray absorption spectra in total fluorescence yield (TFY) and to determine the
excitation energies for XES or RIXS measurements. The target holder offers the space for solid samples as well as for
liquid jet. The grating detector is installed in plane perpendicular to the incident beam. In the following sections the main

parts of the endstation are described in more detail.
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Fig. 1: Schematic drawing of the experimental setup. At a) the differential pumping stage is securing the vacuum conditions. The
sample is introduced into the target chamber at b) and the X-ray fluorescence is recorded with a high-resolution grating spectrometer

atc).

2.1 Liquid Jet
The sample delivery system consists of an HPCL pump, a degasser, a low pressure gradient unit (all from JASCO) and
nozzles. The degasser removes the gaseous components of the sample, which could lead to instability of the jet. The low
pressure gradient unit enables the mixing of up to four samples in any ratio from 1% up to 100% without stopping the
running jet. The crucial part of the system is the HPLC pump, which delivers the sample to the target chamber.
The cylindrical nozzle diameter size used so far can vary from 15 um up to 30 pm, depending on the sample and
experimental conditions. Theoretically, the nozzle size can cover a range from 5-100 um. Right below the exit of the
nozzle, the laminar free flow can reach up to several mm, depending on flow rate, before it breaks up into droplets.
Besides having a real liquid surface in vacuum, the delivery sample system provides always fresh samples. No radiation
damage is causing artifacts in the spectra, i.e., for a 50 pm beam spot size and using a 20 pm nozzle with a flow rate of
Iml/min, a repetition rate of up to IMHz can be achieved without sample degrading. The potential repetition rate can go

up to 2 MHz.

2.2 Chemical Reactor

A flexible chemical reactor (CR) was designed to study photochemical reactions, such as isomerization.
The CR can either be equipped with fluorescent tubes or with LEDs within a range from UV to infrared and replaces
complex laser setups. The geometrical design of the CR assures a high light exposure. Additionally, cooling can be

applied during the radiation process to avoid a high inversion rate for thermodynamically unstable samples.
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2.3 High resolution grating spectrometer

The newly developed grazing incidence grating spectrometer for the energy range of 270 eV- 1200 eV is equipped with a
concave variable line spacing flat field grating purchased from HITACHI (001-00659, BK7 substrate), a pm step-size
resolution entrance slit and a position-sensitive detector. The entrance slit is adjustable in pm steps from 30 um down to
5 um, depending on the favored resolution.

The average ruling density of the grating is 2400 grooves/mm with a blaze angle of 3.15° and a curvature radius of
R=58542 mm. The surface of the grating is gold coated, to ensure a high reflectivity of incoming X-rays. Fig. 2 shows
the ray-traced spectral images and the focal curve characteristics for that grating. The variable line spacing (VLS) and
concave design of the grating focuses the fluorescence on a line, which - compared to a cylindrical curvature with focus
on the Rowland circle geometry - facilitates high resolution and prevents high order and geometrical aberrations on the
spectra. A back-illuminated CCD X-ray camera from ANDOR is utilized for the detection of the X-ray fluorescence [9].
It consists of 2048 x 512 pixels with a pixel size of 13.5 um X 13.5um.

3. SPECTROMETER CHARACTERISTICS

The high-resolution grating spectrometer is equipped with a blazed grazing incidence varied line spacing grating. Fig. 2

shows the theoretical focal point depending on the incident angle of the X-ray for the wavelength 1-6 nm. The x- axis is
the distance between the grating and the detector, which keeps constant the distance between X-ray source or slit and the
grating. The distance recommended by the manufacturer is 564 mm. It should be noted that, due to the scattering
characteristics, low wavelengths A; are lower on the detector than the higher wavelength A,. At an incident angle of 89°
in respect to the surface normal of the grating, it can be seen that the focal point of a broad range of energy is covered.
Keeping the 89° incident angle and changing the source/slit to the grating distance leads to results, which are shown in
Fig. 3. This figure shows the simulated focal point depending on the distance between source/slit and grating. The
recommended distance of 564 mm is plotted with a deviation of 10 mm. Fig. 4 shows the potential resolution power of
the spectrometer in depending on the slit/source size. It can be noted that for lower energies a better energy resolution
can be achieved than for higher energies. In experiment we expect to obtain a lower resolution, as the simulation is not
considering e.g. the pixel size of the detector. The spectrometer allows adjusting the grating detector distance, so that a
high spatial resolution is achieved on a wide range of energies. Furthermore, the incident angle is fixed at 1.0° which is

the optimal angle according to Fig 1.
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Fig. 2: The focal point depends on various incident angles. At the recommended value of 1°, the optimal grating to detector distance is

minimal for the whole energy range of 1 to 6 nm.
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Fig 3: The focal behavior for the recommended distance from source/slit to grating and deviations from it.
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Fig. 4: The potential resolution power in dependence of the source/slit size.

SUMMARY

We designed a new endstation for XAS and high resolution XES and RIXS experiments at the most brilliant synchrotron
facility to date, PETRA III. The experimental setup is easily extendable depending on the experimental conditions. The
jet system can provide various samples in liquid phase to probe chemical and biological processes in their natural
environment. A newly designed flat-field grating spectrometer records the fluorescence spectra of the systems.

The endstation will be commissioned at the end of this year and will be available for users after the PETRA 111
extension.
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