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New developments in the description and modeling of Highly Annealed Pyrolytic Graphite (HAPG) mosaic
crystals have led to the possibility of designing optimized optical solutions for X-ray absorption fine
structure (XAFS) spectroscopy. XAFS is a very versatile method that is usually divided into two sub
methods: extended X-ray absorption fine structure (EXAFS) and X-ray absorption near edge structure
(XANES) spectroscopies, which need different experimental conditions concerning spectral resolving
power, energetic bandwidth and number of detected photons. For facilitating XANES and EXAFS
spectroscopies with laboratory- and von Hamos-based spectrometers, tailored optics were designed as
well as optimized spectrometer components, i.e. an adequate microfocus X-ray source and a pixelated
detector, were chosen. This is shown with a demonstration experiment on pure copper foil. In the
XANES case a spectral resolving power of E/AE = 4000 and an energy bandpass of around 300 eV were
achieved with a measurement time of t = 7 min. For EXAFS, the tailored optic has an increased solid
angle at moderate spectral resolving power in combination with a large energy bandpass of over 1 keV
and a measurement time of t = 250 s for the given copper foil. These optimized solutions pave the way
to perform XANES and EXAFS in the laboratory even for diluted samples with analyte concentrations of

Received 4th May 2020 ) . ) )
Accepted 15th July 2020 only a few weight percent or even less in a reasonable time frame of minutes to hours. Spectrometers,

. that already had an impact on research, especially catalysis research, therefore, made a huge leap in
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spectrometers attracted attention. Recent progress in instru-
mentation is of particular interest for research in chemistry as

1. Introduction

(cc)

X-ray absorption fine structure (XAFS) spectroscopy is a highly
adaptable method. It can give information not only on the
electronic structure of a given sample, but also determine bond
distances to neighboring atoms, the coordination and in
general the chemical species. Due to its flexibility, it is a widely
used method in fields like geology, biology, catalysis research,
and environmental and material sciences," but is almost
exclusively performed at synchrotron radiation facilities. For
this reason, XAFS will only become a standard method for
sample characterization e.g. like IR- and Raman spectroscopy or
X-ray diffraction (XRD), if laboratory spectrometers are avail-
able. Additionally, laboratory-based XAFS spectrometers could
render beamtimes at synchrotron radiation facilities much
more efficient, as personnel could be trained in the method
beforehand and/or appropriate sample preparation or selection
could be tested in advance. In the previous decade, considerable
progress in the development of laboratory-scale XAS
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a great leap in efficiency was achieved.

Novel instruments, which were developed during this
period, combine sufficient spectral resolution with high effi-
ciency and already demonstrated their capability to analyze
specimens, which are of interest in current research within
reasonable acquisition times.

One approach for novel XAS instrumentation employs
spherically bent crystals in Rowland geometry.>® These scan-
ning type spectrometers offer spectral resolutions down to
around 1 eV. Applications were, for example, reported in catal-
ysis research,” environmental research® and in the investigation
of actinides.’

Non-scanning types of spectrometers, which use von Hamos
geometry were developed by Németh et al.,® Hoszowska et al.™*
and Blachucki et al.** using ideal crystals and by our group
employing Highly Annealed Pyrolytic Graphite (HAPG) as
a dispersive element.”* Németh et al. demonstrated that labo-
ratory spectrometers are a unique option for long time experi-
ments. Our HAPG based spectrometer was successfully used in
catalysis research for the determination of formal oxidation
states.'*”
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One of the advantageous properties of HAPG is its flexibility.
It can be bent with virtually arbitrary radii without noteworthy
degradation of its diffractive properties. HAPG optics can be
optimized within a wide range of geometries. Our in-house
software allows for the prediction of the performance of such
HAPG-optics with good accuracy and thus for the optimization
of their design."®

In this paper, new optics tailored for EXAFS and XANES
experiments are presented, respectively. The XANES optic is
optimized for maximum spectral resolving power. The EXAFS
optic, in contrast, is optimized for a large spectral bandwidth
and a high photon flux with moderate spectral resolving power.
Both are optimized for the energetic region from 4-10 keV
mainly covering the K-edges of 3d transition metals.

The CCD detector of the original setup was replaced by
a hybrid pixel detector. Its large detection area enables the large
spectral bandwidth of the EXAFS variant.

Finally, the microfocus X-ray tube was also replaced. A
prototype, optimized for low voltage operation, provides much
higher flux of bremsstrahlung within the energy interval of
interest without including photon energies of higher reflection
orders of the crystal.

The combination of these optimized components results in
a performance leap. In particular, EXAFS spectra now can be
acquired within unprecedented short acquisition times of less
than five minutes.

In the following sections, we successively describe these
components and present measurements, which demonstrate
the progress of the spectrometer performance.

2. Setup

The setup, see Fig. 1, was already thoroughly introduced.™ It
depicts a wavelength-dispersive spectrometer in the adapted
von Hamos geometry. The bremsstrahlung of a microfocus X-

microfocus |
X-ray tube

Fig. 1 Schematic view of the laboratory setup with the main
components: an rtw microfocus X-ray tube optimized to 15 kV,
cylindrical HAPG optic, either XANES- or EXAFS-optimized, and
a pixelated Dectris EIGER2 R 500K detector.
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ray tube is dispersed and sagittally refocused by a cylindrically
shaped HAPG optic in the first order of reflection, i.e. 002, onto
a two-dimensional, position-sensitive detector. The absorption
is acquired by measuring once with and once without the
sample. The main changes to the previously reported setup will
be highlighted as they are responsible for the better perfor-
mance. These are the X-ray tube, the pixelated detector and the
optimized parameters of the corresponding optics. The latter
will be described in the following sections. The newly chosen
configuration is fixed by means of spectral resolving power and
flux. A change in these parameters can however be carried out
by designing optics tailored to one's needs. This especially
includes the thickness of the HAPG sheet and the bending
radius of the optic. While increasing the bending radius and
decreasing the sheet's thickness usually increases the spectral
resolving power at a cost of solid angle and therefore flux, the
first parameter also changes the requirements for the detection
system as the lateral needed dimension increases due to
increasing the components’ distances.

For further evaluation of the acquired absorption spectra, i.e.
normalization, the extraction of EXAFS oscillations and their
Fourier transformation, the Demeter software package was
used.”

2.1. Microfocus X-ray tube

In wavelength dispersive spectrometers, there is always an
overlap of various reflection orders. One approach to prevent
this would be a detector, which is capable of completely
discriminating different energies. However, that is really chal-
lenging with current position-sensitive detectors, and even
a small percentage of remaining photons from different photon
energies can have a significant impact on the spectrum, i.e.
usually a damping of the relative oscillation height and of the
total determined absorption. Therefore, the X-ray tube has to be
operated at maximum at a voltage that corresponds to twice the
energy of the investigated absorption edge and, hence, not
producing photons with energies of higher reflection orders.
Usually, microfocus X-ray tubes that are used for X-ray fluo-
rescence spectroscopy are optimized for voltages of around U =
30 kv or even higher. Therefore, the power is not optimal at the
desired lower voltages, i.e. around U = 10 kV up to U =20 kV, in
order to cover the desired energy range from E =4 keVup to E =
10 keV. A new optimized X-ray tube was developed by rtw
RONTGEN-TECHNIK DR. WARRIKHOFF GmbH & Co. KG for
our purposes. This X-ray tube with a molybdenum anode and
tungsten cathode is optimized to be operated at P = 30 W at
a high voltage of around U = 15 kV. Compared to the X-ray tube
used formerly, the photon flux in the desired energy range is
increased by a factor of eight. Hence, the needed acquisition
time is reduced by the same factor. The spot size is around 80
um x 50 um and therefore does not influence the achievable
spectral resolving power in the current configuration. Experi-
ences with standard X-ray tubes from the same supplier did not
show problems with increasing L emission of tungsten that
adheres onto the anode over time periods of at least a year.
Between the two measurements, even existing emission lines
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were no problems, as the ratio of intensity to the bremsstrah-
lung was still small and the setup stable enough to not show an
influence on the resulting spectra. Long time observations with
the new X-ray source still have to be performed.

2.2. Pixelated X-ray detector

The Dectris Eiger2 R 500K is a hybrid-CMOS detector that has
a sensor layer of T = 450 pm Si bonded on top of the electronic
layer. It is the second generation of the Eiger detector, developed at
the Paul Scherrer Institut.*® Charge carriers generated by photons
in the sensor layer are accelerated towards the electronic layer with
an electric field to be processed and counted. Due to the layered
structure, the effective area for photon detection is not constrained
by adjacent readout electronic as it is usually the case for most
CMOS detectors. The Dectris Eiger2 R 500K has a photon counting
capability with a flux limit of around @y, = 2 x 10° photons per
(s px), a quantum efficiency of around 99% at a photon energy of E
= 9 keV and the possibility of setting two energetic thresholds.
Because charge sharing between adjacent pixels is not corrected,
the latter however is not sufficient for XAFS because, as described
before, a small percentage of higher order contributions can
already have a big influence on the absorption spectrum.

The detector has many advantages that make it ideal to be
used in the current spectrometer. Here, especially, its size of
77.3 mm x 38.6 mm at a pixel size of 75 pm x 75 um shall be
mentioned. It is of utmost importance to cover the whole
spectral range of the EXAFS spectrum, especially at the lower
end of the spectrometer's photon energy range for the
increasing dispersion. Fast readout and the capability to count
photons are the reason why the measurement time equals the
acquisition time and the signal-to-noise ratio is purely given by
the photon statistics. Both provide a huge improvement
compared to the formerly used indirect detecting CCD camera.
Finally, it strongly increases the throughput of samples.

3. Optimization for XANES
measurements

As the influence of mosaic effects, which lower the spectral
resolving power, usually decreases with increasing components’
distances, large bending radii in the von Hamos geometry have
shown to be suitable for high spectral resolving power. The limit
is defined by the intrinsic reflection broadening. In an existing
spectrometer for X-ray emission spectroscopy, a bending radius
of R =300 mm provided the highest spectral resolving power so
far of about E/AE = 4000, almost constant over the whole energy
range of the spectrometer.** As calculations have shown that
there is no significant increase in spectral resolving power for
further increased bending radius, this bending radius was also
chosen for high spectral resolution in the XAFS spectrometer.
The optic has dimensions of 50 mm x 50 mm, the mosaic
crystal layer is T = 20 pm thick and the optic's mosaic spread is
v = 0.064°.

As a measure of the performance, a copper foil with a thick-
ness of 7= 10 pm was chosen to be measured. For comparison,
a measurement performed at the beamline 13-ID-E** at the
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Advanced Photon Source (APS) synchrotron radiation facility
was taken from the XAFS database (SR-XAFS). The beamline, at
which the measurement took place, is equipped with a Si (111)
monochromator, roughly delivering a spectral resolving power
of E/AE = 8000.

In Fig. 2, the normalized absorption spectra of the SR-XAFS
measurement and the ones acquired in the laboratory-based
spectrometer (Lab-XAFS) are shown. The total measurement
time for the latter was ¢ = 8 min with ¢, = 2 min for the
measurement without the sample and ¢; = 6 min for the one
with the sample. The tube was operated at U = 17 kV and I =
1.76 mA.

As expected, the spectral resolving power is lower for the Lab-
XAFS. This can mainly be seen around the edge itself as the
oscillations seem to be damped. Nevertheless, all features can
be reproduced, and the total overlap of both spectra is
extraordinarily good. The increasing noise below E = 8950 eV
and above E = 9350 eV indicates the borders of the reflectivity
curve of the optic due to its meridional length as can be seen in
Fig. 3. As the detector is a photon counting detector, the effec-
tive photon flux can be given and is depicted in red. This
includes the source's emission characteristic at the given X-ray
tube parameters, the energy-dependent integrated reflectivity of
the optic and the efficiency of the evaluation algorithm. In the
maximum, a photon flux without a sample of approximately @,
~ 8.5 x 10® photons per (s V) is reached. The bandwidth by
means of the full width at half maximum is around 300 eV, and
therefore covers even more than what is usually declared as the
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Fig. 2 Normalized Cu XANES spectra measured at a synchrotron
radiation facility (black) and with the XANES-optimized optic in the
laboratory-based spectrometer (red).
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Fig. 3 Measured photon flux for the XANES-optimized optic at the Cu
K absorption edge energy. The curve is mainly given by the emission
characteristics of the X-ray tube, the energy-dependent integrated
reflectivity of the optic and the efficiency of the evaluation algorithm
that is used to get from the 2D image to the displayed spectrum.
Therefore, this curve represents the actual performance of the spec-
trometer in terms of photon flux and spectral bandwidth.

XANES region. In summary that leads to a total photon flux of
around 240 000 photons per s summed up for all energies above
the absorption edge.

In Table 1, the photon flux is depicted for various absorption
edges that cover the energetic range of the spectrometer.

4. Optimization for EXAFS
measurements

In contrast to XANES measurements, EXAFS mainly requires
a high photon flux to detect low amplitude oscillations on top of
the absorption edge. Additionally, a large wavevector of the

Table 1 Photon flux for both optics and various edge energies at the
respective maximum of the crystal's reflection profile. Due to space
limitations in the experimental hutch, it was not possible to measure
the Au L3 absorption edge with the XANES-optimized optic

@,/photons per (s eV)

Edge Energy/eV>° XANES EXAFS
Ti K 4964.58 2300 34 000
Fe K 7110.75 2250 25 900
CuK 8980.48 850 15 000
Zn K 9660.76 600 13 200
Au L3 11 919.69 — 3500
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photoelectron is desirable, i.e. k=16 A~* which translates to an
energetic bandwidth of the photons of around AE = 1 keV above
the absorption edge. To fulfill these requirements at optimized
costs (small area of the optic), an optic with a smaller bending
radius, i.e. R = 100 mm was chosen. This reduces the spectral
resolving power, which is in the range of E/AE = 1800 close to
the absorption edge. The thickness of the crystal is 7 = 40 um
and the optics dimensions are 160 mm x 76.7 mm. The large
meridional length enables an energy bandwidth of AE = 2 keV.
It is also essential to have a rather homogeneous optic like the
presented one, which can be sometimes challenging for
graphite mosaic crystals, especially with these large
dimensions.

As before, the same copper foil was measured, and the same
reference spectrum was taken to compare the performance. For
EXAFS, usually the extracted oscillations x(k) depending on the
photoelectron wave vector k are shown, as the Fourier trans-
formation of this signal gives information on the bonding
distances and number of neighboring atoms. The resulting
oscillations and the corresponding Fourier transformations are
shown in Fig. 4(a) and (b), respectively. Here, the measurement
time was ¢t = 250 s in total with ¢, = 178 s for the measurement
with the sample and ¢, = 71 s for the one without the sample.
The predetermined signal to noise ratio for this measurement is
SNR = 1500 at a photon energy of AE = 1000 eV above the
absorption edge with decreasing values towards lower and
higher photon energies. This was estimated with the number of
detected photons per energy channel, the total absorption of the
spectrum and relative oscillation height given by x(k). The first
point includes the later introduced variation of the energy
channel width in the image evaluation.

We ascribe the visible damping of the oscillations to the
relatively low spectral resolving power of around E/AE = 1800 at
the absorption edge. Due to the damping in the EXAFS-
oscillations the Fourier transform is also damped. Neverthe-
less, the general shape is the same in both cases as well as the
position of the peaks. Also, a thorough study and comparison of
measurements performed at a synchrotron radiation facility
with a laboratory-based spectrometer was conducted by Kam-
pers et al® already in 1985. Following their calculations,
a spectral resolution of 20 eV is usually sufficient to retrieve
structural information. Only when having low Z scatterers at
high coordination distances, will the requirements for the
spectral resolution increase.

We assume that with a reference sample with a known
structure, e.g. pure elemental foil, this damping can be deter-
mined and used to evaluate spectra of unknown samples. Then,
not only the peak position and hence the bonding distances,
but also the peak height, a measure for the coordination
number, could be extracted. However, this as well as an optimal
spectrum handling to see how reliable extracted coordination
numbers will be are yet to be shown.

Again, the photon flux is depicted, see Fig. 5. As before, the
form is given by the emission characteristic, the optic's energy
dependent integrated reflectivity and the efficiency of the eval-
uation algorithm. The drop in intensity at around E = 8800 eV is
due to the decreasing evaluation area between the two limiting
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Fig. 4 EXAFS oscillations and corresponding Fourier transformation for SR-XAFS (black) and Lab-XAFS (red). (a) EXAFS oscillations x (k). (b) Fourier

transformation of (k).
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Fig. 5 Measured photon flux for the EXAFS-optimized optic at the Cu
K absorption edge energy. The drop in flux at the focus energy is
introduced by the evaluation algorithm, see Fig. 6. The combination of
large spectral bandwidth and high flux is well suited for EXAFS
measurements.
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lines, see Fig. 6. The total photon counts above the Cu K edge
are around 20 000 000 photons per s.

As before, Table 1 shows the photon flux for various energies
within the spectral range of the spectrometer. The optimization
of the spectrometer for the energy range of E = 4 keV to E = 10
keV can be seen, as the flux strongly decreases towards higher
energies. The values are always given for an optimized high
voltage of the X-ray tube. For both, XANES and EXAFS optics, the
needed acquisition time for a given sample can be estimated
when, first, the absolute value « and step height in absorption
Aq, e.g. by performing a quick measurement, and, second, the
relative height of the oscillations d,¢ that one wants resolved,
are known. The second parameter depends on the analyte,
while the first one is influenced by the analyte's concentration
and the matrix and overall thickness of the sample. The needed
acquisition time ¢ to achieve a signal-to-noise ratio such as to
have the signal noise lower than the oscillations one wants to
observe by a factor m (usually 0.1) can then be described by

(L+ )’
mzéreleaz (DO '

Let's assume a sample with 1 wt% of copper in a SiO, matrix.
For an optimal thickness of around 90 mg cm 2, one would get
an absolute absorption of around a = 2.55 and a step height of
Aa = 0.22 (calculated with the NIST database®***). For EXAFS
measurements, one can at first assume relative oscillation
amplitudes of 0.01 which finally leads to a total acquisition time
of t = 7.8 h. This estimation can be performed for various
sample types, concentrations and matrices.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Photon flux per second and pixel for the EXAFS-optimized
configuration. The limiting lines of the image evaluation algorithm are
shown. With these, the drop in intensity at the focus position shown in
Fig. 5 can be explained due to the decreasing evaluation area. Also, the
direction of the energy axis for the used configuration is highlighted.

Additionally, to increase the signal-to-noise ratio especially
for high k in the EXAFS case, an image evaluation with non-
equidistant energy steps was chosen in such way, that the
step width in k-space is constant Ak = 0.05 A~ For that, first an
equidistant energy step width was chosen to find the energy of
the absorption edge E, by using ATHENA. Afterwards the
detector image was again evaluated but this time with energy
intervals starting from E, that correspond to the mentioned
constant step width in k-space. This leads to larger energy
intervals at high energies above the edge (almost 6 eV at 1 keV
above the edge) and therefore to a better statistic at these
energies further away from the absorption edge. This is neces-
sary, as for high & the amplitude of the oscillations strongly
decreases and therefore, the signal-to-noise ratio needs to be
higher to resolve these oscillations.

5. Conclusions & outlook

In this work, an existing spectrometer for laboratory-based
XAFS experiments that was already successfully used in
various scientific fields was significantly improved in various
ways. This includes optimized spectrometer components, i.e.
a microfocus X-ray tube for high powers at low high voltages,
a large pixelated detector with photon counting capabilities
required for a large bandwidth and finally, optimized HAPG-
based optics for XANES and EXAFS experiments, respectively.
This drastically improves the spectrometer's efficiency with
respect to sample throughput as well as the spectroscopic
performance.

The spectrometer is based on the adapted von Hamos
geometry and HAPG mosaic crystals, both equally contributing
to the high efficiency. The new optics are the key component to
enable XANES and EXAFS. The spectral resolving power in the
XANES case achieved is E/AE = 4000 with an energetic band-
width of around 300 eV, while for the EXAFS-optimized
configuration a spectral resolving power E/AE = 1800 close to
the absorption edge and a spectral bandwidth of 1 keV is ach-
ieved. Measurement times were ¢ = 8 min and ¢ = 250 s in the
XANES and EXAFS cases, respectively. Both show a highly
improved performance compared to the previously reported
setup for the respective cases, i.e. spectral resolving power that
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was increased by a factor of two from E/AE = 2000 to E/AE =
4000 (XANES), bandwidth that was increased from a few
hundred electronvolts to more than 1 keV (EXAFS) and finally
photon flux, that went up from &, = 2 x 10° photons per (s V)
to @, = 1.5 x 10* photons per (s eV) by one order of magnitude
for the copper K-absorption edge (EXAFS).

In conclusion, this development strongly increases the
possibility of performing XANES and EXAFS in the laboratory
not only on ideal, highly concentrated samples, but also on
samples that are diluted with concentrations of the analyte
down to a few weight percent or even less. In particular, for
EXAFS experiments these results are very promising as the high
flux combined with the large, simultaneously acquired spectral
bandwidth opens a new way for EXAFS experiments in the
laboratory.

Hence, this development will pave the way towards routine
XAFS (XANES and EXAFS) spectroscopy in the laboratory which
significantly will broaden its use in a wide range of application
fields, either as a standalone addition to various analytical
characterization methods or as a support and/or addition for
more complex investigations that again need the flexibility and
performance of synchrotron radiation facility-based XAFS. Of
course, this development will be followed by the need to change
the view on how to use XAFS. Applications that will be per-
formed in the laboratory and at synchrotron radiation facilities
will not only have different needs but also limitations.

Ongoing developments mainly aim for dealing with the
damping of oscillations to maintain high quality of EXAFS data
even with this experimentally induced effect and in general to
evaluate the new possibilities but also restrictions that follow
the evolution in data handling.
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