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A high-flux beamline optimized for non-resonant X-ray emission spectroscopy

# Presently at Experiments Division, ALBA (XES) in the tender X-ray energy range has been constructed at the BESSY II
Synchrotron Light Source, Carrer de la Llum synchrotron source. The beamline utilizes a cryogenically cooled undulator that
2-26, Cerdanyola del Vallés, 08290 provides X-rays over the energy range 2.1 keV to 9.5 keV. This energy range
Barcelona, Spain. . L .

provides access to XES [and in the future X-ray absorption spectroscopy

Keywords: X-ray emission spectroscopy; (XAS)] studies of transition metals ranging from Ti to Cu (K, K lines) and Zr
von Hamos dispersive spectrometers; to Ag (Lo, Lp), as well as light elements including P, S, Cl, K and Ca (K, KB).
tender X-rays; catalysis; synchrotron. The beamline can be operated in two modes. In PINK mode, a multilayer

monochromator (E/AE ~ 30-80) provides a high photon flux (10" photons s ™'
at 6 keV and 300 mA ring current), allowing non-resonant XES measurements
of dilute substances. This mode is currently available for general user operation.
X-ray absorption near-edge structure and resonant XAS techniques will be
available after the second stage of the PINK commissioning, when a high
monochromatic mode (E/AE >~ 10000-40000) will be facilitated by a double-
crystal monochromator. At present, the beamline incorporates two von Hamos
spectrometers, enabling time-resolved XES experiments with time scales down
to 0.1 s and the possibility of two-color XES experiments. This paper describes
the optical scheme of the PINK beamline and the endstation. The design of the
two von Hamos dispersive spectrometers and sample environment are discussed
here in detail. To illustrate, XES spectra of phosphorus complexes, KCl, TiO,
and Co30,4 measured using the PINK setup are presented.

1. Introduction

In studies of complex catalysts and metalloproteins, X-ray
emission spectroscopy (XES) and X-ray absorption spectro-
scopy (XAS) play a major role (Bauer, 2014; Kowalska et al.,
2016; Castillo et al, 2020; Cutsail III & DeBeer, 2022;
Geoghegan et al., 2022). XES of transition metals in the K
main line and valence-to-core (VtC) spectral regions have
attracted particular interest, as these regions provide element-
selective information about spin states and coordination
environments, respectively.

Recent experiments showed that analysis of weak VtC
spectra can help to identify ligands surrounding the probing
atom (Lancaster et al., 2011; Pollock et al., 2013; Pollock &
DeBeer, 2015; Cutsail et al., 2019; Levin et al., 2020). Another
promising approach complements non-resonant XES with
advanced resonant-based techniques that help to overcome
the limitations of conventional XAS (de Groot, 2001; Szla-
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® chetko et al., 2013; Lima et al., 2013; Glatzel et al., 2013;
OPEN 8 ACCESS Castillo et al., 2021). These methods are referred to as reso-
Published under a CC BY 4.0 licence nant XES (RXES) or resonant inelastic X-ray spectroscopy
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(RIXS), and involve recording an emission spectrum for each
excitation energy of a regular X-ray absorption scan. Analysis
of the resulting two-dimensional RXES (or RIXS plane) may
allow, in certain cases, for higher-resolution XAS spectra and
diminished background contributions (Héméildinen et al.,
1991; Castillo et al, 2017; Cutsail et al., 2018). We note,
however, that care must be taken in mapping RXES to XAS
as there are significant deviations that may be possible
depending on the transition metal multiplet structure, as well
the exact RIXS plane being analyzed (e.g. 1s2p versus 1s3p).

XAS and XES using hard X-rays above 6 keV have become
relatively routine practice today at synchrotron facilities.
However, although today there are more than 60 synchrotron
facilities worldwide, application for beam time is generally
quite competitive and requires a proposal review process that
may take up to six months or longer. During the last decade, a
lot of effort has been put into the development of setups
for performing XAS and XES experiments in laboratories
(Malzer et al., 2018; Seidler et al., 2014; Btachucki et al., 2019).
Laboratory-based setups are now more frequently found in
research laboratories, providing rapid access to the instru-
ment. Recently, an overview of the abilities of laboratory-
based XAS/XES setups was reported (Zimmermann et al.,
2020).

While the hard X-ray regime has become increasingly
accessible at both synchrotrons and in-house laboratories,
access to setups in the tender X-ray regime is limited.
However, many elements with 1s core XES in the 2-5 keV
energy region, including P, S, Cl and Ca, play important roles
in both biochemistry and catalysis (Mori et al., 2010; Petric et
al., 2015; Qureshi et al., 2021). In addition, second row tran-
sition metal complexes (Mo, Ru, Rh efc.) actively used in
photochemistry, catalysis and/or bioinorganic chemistry have

also very informative L, Ly emission lines in the 2-5 keV
energy region (Levin et al., 2020). Experiments conducted in
the tender X-ray region can present several challenges due
to higher photon absorption in media, increased radiation
damage and a more pronounced scattering background. All of
this imposes additional requirements on the optical design of
the beamline, the vacuum system and the sample environment.
Access to XES at synchrotron facilities in the tender X-ray
region can be very limited and highly competitive (Mori et al.,
2010; Rehanek et al., 2018; Butorin et al., 2018; Abraham et al.,
2019; Rovezzi et al., 2020; Qureshi et al., 2021). Moreover, the
availability of non-synchrotron based instruments for such
experiments is also quite limited (Petric & Kav¢i¢, 2016;
Malzer et al., 2018; Holden et al., 2017, 2018; Abramson et
al., 2023).

The goal of the current project is to offer world-class
capabilities for studying complex catalysts with a strong
emphasis on non-resonant XES in the tender X-ray energy
region in combination with high sample throughput and time-
resolved (~50-100 ms) measurements that enable operando
investigations. Another promising technique — resonant XES,
which includes VtC-enhanced XAS offering the possibility to
obtain ligand-selective XAS data (Hall er al., 2014; Maganas et
al., 2017) — will be implemented at the PINK beamline in the
near future.

2. Beamline overview

The PINK branch was constructed in collaboration with the
Helmholtz-Zentrum Berlin (HZB) on the EMIL beamline
(Follath et al., 2013; Hendel et al., 2016) at the BESSY II
synchrotron source and is depicted in Fig. 1. X-rays are
provided by one of two canted undulators installed at the
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Layout of the PINK instrument showing the position (in m) of the beamline components with respect to the center of the U17 undulator. Beamline
optics: toroidal (R = 2614923 mm, r = 197 mm) mirror M1, optional DCM, cylindrical (r = 907.5 mm) multilayer monochromator M2; motorized
apertures: AU1, AU2, AU3, AU4; filters: F1 — set of water-cooled diamond attenuators (5 pm, 10 pm and 20 pm), F2 — three sets of six attenuators each
(C, Al and Ta); optical beam-position monitors: BPM1, BPM2 and BPM3; Quadrant 10 monitor: Q; photon shutter: PS; vacuum windows: W1 —12 um Be,
W2 - 10 um diamond, W3 — 8 um, 13 pm or 25 pm Kapton; sample: S. Atmospheric VH#1 and vacuum VH#2 von Hamos spectrometers; energy-

dispersion axis: E.
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EMIL beamline. A planar cryogenic in-vacuum U17 undulator
provides photons from 700 eV to 10 keV and the PINK branch
accepts the 2.1keV to 9.5keV energy range (3rd to 13th
harmonics). In order to optimize the branch for photon-
hungry VtC XES experiments, the number of optical elements
was minimized to reduce flux losses. There are adjustable slits
for the beam shaping at the front of each of the optical
elements.

The optical system has two operation modes: a primary high
flux or ‘PINK’ mode with photon flux up to 10** photons s~ at
300 mA of the ring current serves for non-resonant XES. In
the high-flux mode, the X-ray beam passes only two optical
elements. A bilayer-coated (8 nm Rh top layer and 35 nm Pt
bottom layer) toroidal mirror (M1) is set at 0.4° grazing
incidence angle. The water-cooled M1 mirror (which is utilized
for all branches that use radiation from the U17 undulator)
collimates the X-ray beam vertically and focuses it horizon-
tally at a distance of 23 m. Unfortunately, horizontal focusing
capabilities of the toroidal mirror M1 do not fully correspond
to the designed parameters. The theoretical horizontal focus
size is ~500 pm full width at half-maximum (FWHM), but in
actual use it has a correlation with AU1 and AU3 apertures
opening and varies between 500 um and 2 mm. A set of
exchangeable diamond filters (5 um, 10 pm and 20 pm thick)
is installed after M1. These filters cut low-energy radiation
photons from the first undulator harmonic. This filtering
action serves to reduce the power load on the downstream
optical elements. The second, particularly important optical
element, is a water-cooled multilayer (ML) monochromator
(M2). It consists of nine vertically stacked horizontal stripes of
multilayer material deposited on the three cylindrical mirrors
(three stripes on each mirror). There are two kinds of multi-
layers: Cr/B,C and W/B4C. In the high-flux mode, M2 is
operated at a fixed grazing incident angle of 2° and performs
three tasks. The first is switching of the X-ray beam into the
PINK branch. The second is focusing the beam vertically at
the sample position. Due to the slightly different quality of the
substrates measured, the vertical focus size varies from the
theoretical to the measured values of 25 pum to 35 pum
(FWHM). The third function of the M2 is photon-energy
selection. Reflectivity of individual stripes as a function of the

Table 1

Energy and bandwidth of the multilayer monochromator.

Mirror 1 2 3

Stripe 1 2 3 1 2 3 1 2 3

Energy (keV) 23 30 40 52 58 68 73 80 95
FWHM (V) 155 117 80 65 115 90 123 110 100

photon energy for a 2° angle of incidence is plotted in Fig. 2.
At this angle, the ML monochromator can pass photons with
nine fixed energies. Each stripe corresponds to one photon
energy (see Table 1). The photon bandwidth of the multilayer
stripes varies from 65 eV to 155 eV (FWHM) and almost the
full photon flux of a single undulator harmonics can pass the
monochromator generating the so-called ‘PINK beam’.

The PINK photon flux at the sample position is reported in
Fig. 3. For the flux measurements, a Hamamatsu Si diode was
inserted into a direct beam attenuated by F2 filters. At higher
energies the measured flux agrees with the values calculated
using the xrt code (Klementiev & Chernikov, 2014). The
discrepancy increases at lower photon energies. This can be
associated with the fact that flux measurements at energies
below 5-6 keV become more sensitive to the thicknesses of
vacuum windows and absorbing foils. Additionally, at lower
energies, we have to reduce the AU3 horizontal aperture size
in order to decrease the power on the ML to avoid over-
heating of the mirror and shape the beam into the designed
horizontal size of 500 um (FWHM).

Experiments involving RXES/XAS techniques can be done
in a high monochromatic mode with reduced photon flux in
which the DCM monochromator is inserted into the beam.
This second operation mode is under commissioning at
present. The outgoing monochromatic beam is 20 mm higher
than a PINK beam and hence we have to raise the ML
monochromator as well as the endstation. Since the mono-
chromatic beam also passes the ML monochromators, its
energy has to be set to the region needed for RXES/XANES
measurement. This can be done by changing the angle of
incidence of the ML monochromator. By varying the M2 angle
in the range 2° £ 0.15°, we can shift the energy of the ML
monochromator by approximately £500 eV, thus nine multi-
layer stripes cover almost the full 2.1 keV to 9.5 keV energy
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Figure 2

Reflectivity of the multilayer monochromator at a 2° incident angle. K- (black) and L-edges (blue) of chemical elements are depicted at the top.
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range. The beamline vacuum tubing/apertures accept +0.17°
horizontal deflection of the beam. The maximum horizontal
beam displacement at the sample position is 80 mm. The
endstation is situated on a movable motorized platform and
connected to the beamline via flexible bellows that allow it to
be adjusted to the beam height. Any measurements involving
the DCM are done at a fixed M2 angle; no ML mono-
chromator scanning is allowed, and the photon flux impinging
on the sample is a product of convolution of the monochro-
matic beam with a multilayer mirror reflectivity curve.

3. Experimental station
3.1. Vacuum system

Using tender X-rays places additional constraints on the
vacuum system. The PINK setup has three isolated areas. A
12 pm-thick and 7 mm-diameter Be window braised into a
CF40 flange manufactured by Materion protects the ultra-
high-vacuum part of the beamline and the storage ring. An
in-house-made 10 pm CVD diamond vacuum window (6 mm
diameter) separates 10~° mbar vacuum of the diagnostic
chamber incorporated into the endstation and a sample
environment area operated between 10~° mbar and 10 mbar
pressure. When experiments are run under He atmosphere at
ambient pressure, an additional self-made 25 pm Kapton
window is installed downstream of the diamond window.

3.2. Beam diagnostic

Three beam-position monitors (BPMs) are installed for
X-ray beam alignment: 3.5 m downstream of M2 (BPM1), 2 m
before (BPM2) and 0.7 m after (BPM3) the sample position
(as shown in Fig. 1). The BPMs are equipped with motorized
100 um-thick YAG and 20 pm-thick CVD diamond screens
rotated through 45° about a vertical axis to the beam propa-
gation direction and monitored by high-resolution video
cameras. A 260 mm-long diagnostic chamber comprises a set

of attenuators, I0 monitor and a photon shutter (F2, Q and PS
in Fig. 1). Three linear piezo-positioners carry a diode, two
apertures (500 pm and 30 um in diameter) and three sets of
CVD diamond, Al and Ta foils of different thicknesses that
can be combined for attenuation optimization. The transmis-
sion coefficient can be set from 0.9 to 0.0001 over the whole
energy range. The X-ray exposure of the sample is controlled
by a vacuum fast beam shutter (PS) Uniblitz XRSR6 that
opens only at the acquisition time to prevent continuous
exposure of the sample. The shutter has a large 6 mm aperture
and an opening/closing time of ~20 ms. The maximum oper-
ating frequency is 2 Hz.

The intensity and beam-position monitor 10 uses an array
of four 10 mm x 10 mm PIN photodiodes (S3590-09 Hama-
matsu) that detect radiation scattered from a foil in back-
scattering radiation geometry (Tono et al., 2011). There are
three low-Z-material foils fixed on a linear piezo stage: 10 pm
CVD diamond, 2 pm SizNy4 and 25 pm Kapton.

3.3. Dispersive spectrometer

High incoming photon flux and excessive radiation sensi-
tivity of biomolecules determined the choice of the analyzer
geometry. Dispersive von Hamos spectrometers detect X-rays
of a range of energies simultaneously (van Hamos, 1933; Vane
et al., 1988; Hoszowska et al., 1996). They are suitable for time-
resolved measurements and are actively used at free-electron
laser facilities (Alonso-Mori et al., 2012; Szlachetko et al., 2017,
Canton et al., 2023). Nowadays, von Hamos spectrometers are
becoming increasingly popular at synchrotrons and labora-
tories (Malzer et al., 2018; Kalinko et al., 2020; Zimmermann et
al.,2020). The PINK setup is equipped with two dispersive von
Hamos analyzers that can be operated simultaneously. The
current design achieves unique two-color XES collection
capabilities that offer scope for more detailed investigation of
catalysts and metalloenzymes with more than one metal at the
active sites. Designing the spectrometers, we aimed to strike a
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Calculated (red solid circles) and measured (red open circles) photon flux at the sample position for the high-flux (PINK) mode using a multilayer
monochromator. Flux values are calculated and measured with the front aperture AU1 opened to 0.8 mm X 1.5 mm. The symbols Hn indicate the
undulator harmonics used, where 7 is a harmonic number. The estimated flux in high-monochromatization mode with a DCM inserted is also shown.
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balance between resolution, efficiency, the space available for
the sample environment and cost. Our main concern at first
was to obtain the highest efficiency while maintiaining a
moderate energy resolution because the natural width of
KB, LB and VtC lines is usually larger than 1-1.5 eV.

A von Hamos spectrometer resolution is mainly affected by
(1) the X-ray beam spot size at the sample position, (2) the
analyzer crystal radius of curvature and diffraction angle, (3)
the sample surface orientation relative to the dispersive crystal
and the X-ray penetration depth into the sample, and (4) the
detector pixel size. The small vertical size of the PINK beam
(30 um FWHM) offers an advantage to an analyzer with
energy dispersion in the vertical direction. Higher resolution
can be achieved by increasing the bending radius, but a price
must be paid in the loss of efficiency. Building a large crystal
array can increase the solid angle of collection (Alonso-Mori
et al., 2012; Kalinko et al, 2020). The downside of this
approach is a dramatic increase of costs and the extra space
required. Thus, we have prioritized a single-crystal solution.

We did not investigate cylindrically bent crystals with very
short radii (R < 250 mm) because using them significantly
limits room for a sample environment. That aside, manu-
facturing of bent short-radius crystals without elastic defor-
mations — which can significantly reduce their intrinsic
resolution — is extremely challenging. Striping of the crystal is
an alternative way of manufacturing short-working-distance
crystals (Szlachetko et al., 2012, 2017). Here the cylindrical
surface is formed from an array of small flat stripes, but
manufacturing capabilities and the quality of such crystals are
also very limited. A strip bent crystal also has a larger focus
size. A bent crystal focuses the source width to detector down
to 1:1. A striped crystal forms an image on the detector with a
width in the focusing direction that is twice the stripe width.

Optimization of the spectrometer geometry was done using
xrt ray-tracing software (https:/xrt.readthedocs.io). Ray
tracing was performed for a collection of nine crystals that
efficiently covered the 2 keV to 9.5 keV energy range (see
Fig. 4). Curvature radii of 500 mm, 350 mm and 250 mm were
chosen for the simulation. We also considered both bent and
striped crystals. The ray-tracing simulations for ideal bent
crystals of R = 250 mm showed that, for a beam size of 30 um
x 500 pm (FWHM, V x H) and Bragg angles in the range 80°

Table 2
Working specification of the atmospheric and vacuum von Hamos spec-
trometers installed at the PINK beamline.

All measured samples were in powder form unless indicated by an asterisk.

Atmospheric VH#1 Vacuum VH#2

R =250 (mm)
Bent: Si(100), Si(110), Si(111), Si(311), quartz(1012)
Strip bent: Si(100), Si(1110), Si(111), Ge(100), Ge(110),
Ge(111), Si(310)
Crystal dimensions Quartz(1012): 25 mm x 100 mm; Si(311): 30 mm
x 100 mm; other: 50 mm x 100 mm

Crystal radius
Available crystals

Bragg angle 45-82° (possible) Chamber 1: 59-81°
60-82° (in use) Chamber 2: 49-61° (S, Mo)
Energy range 6-10 eV 2-6 eV
Energy window 300-500 eV 20-80 eV
Energy resolution 0.4-1eV

(0.9-1.5) x 10 *srev !
CCD GreatEyes
(6 mm x 26 mm)

Solid angle
Detector Mythen2 1K X

(8 mm x 64 mm)
Eiger2 R 500K

(40 mm x 80 mm)

Typical acquisition Co VtC (Co,03): P KB (KH,PO,):

time 20 min 3 min
Fe VtC (FeCl; 10 mM): P KB (NazADP, 30 mM):
12h" 40 min”
Cu VtC (CuCl): K VtC (KCl):
40 min 5 min

Ru ﬁﬂz {[Ru(tacn),](PFe),}:
1

Ru Ly, [Ru(NH;)sCl5]:
15 min

to 50°, resolution varies between 0.2 ¢V and 0.4 eV, and for a
1 mm strip bent crystal between 0.2 eV and 0.8 eV. For larger
radii, the resolution varies between 0.1 eV and 0.3 eV. Both
PINK spectrometers are designed to accept R = 250 mm and
R = 350 mm analyzer crystals. Currently only shorter radius
R = 250 mm crystals are available. The bent crystals were
produced by Bourevestnik (St Petersburg, Russia). The strip
bent crystals with a segment width of 1 mm were manu-
factured in collaboration with the Paul Scherrer Institute
(PSI). The analyzer crystal dimension in the focusing (hori-
zontal) direction is 100 mm and in the dispersive direction
varies from 25 mm to 50 mm depending on the crystal. The
specifications of both spectrometers are presented in Table 2.

3.3.1. Atmospheric von Hamos spectrometer. The atmo-
spheric von Hamos spectrometer is designed for measure-
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Energy ranges available for the nine-crystal library at PINK: Si(111), Ge(111), Quartz (1012), Si(110), Ge(110), Si(311), Si(100), Ge(100) and Si(310).
The majority of the 2 keV to 9.5 keV energy range can be covered within 80° to 50° Bragg angles.
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ments above 6 keV (VH#1 on Fig. 1). The analyzer crystal is
oriented at 90° with respect to the X-ray propagation direction
in order to reduce the elastic scattering background and at 45°
to the sample surface. The analyzer focuses X-rays in the
horizontal direction and spatially separates different energies
in the vertical direction. The spectrometer is built on the
constant exit-direction scheme where the Bragg angle of a
dispersive crystal is changed by the crystal rotation. In this
context, ‘constant exit direction’ denotes the consistent posi-
tion of the crystal relative to the sample. This is in contrast to a
classical von Hamos scheme where linear translation is used.
In the geometry used at the PINK endstation, the center of the
dispersive crystal constantly stays in the horizontal plane
passing through the incoming X-ray beam, and the source of
X-ray emission and the analyzer crystal always stay on the
same axis. This has two advantages. Independent of the crystal
Bragg angle, the maximum vertical opening needed to illu-
minate the 50 mm-high crystal is only 11.4°, which allows the
vertical height of the exit window on the sample chamber to
be minimized. Additionally, in this configuration, the spec-
trometer is effectively insensitive to sample thickness or
propagation depth of the X-ray beam into the sample (which
increases with higher incoming X-ray energies).

The mechanical implementation of the spectrometer is
shown in Fig. 5 (left). The crystal (C) and the detector (D)
are mechanically parallel at the distance r = 250 mm. The
sample(S)-to-crystal distance a = r/ sin(@pay) is adjusted by
the linear stage m1, moving the whole spectrometer as a unit.
The angle of incidence of the X-rays onto the crystal is
adjusted by means of a curved motorized rail segment (m3)
where (R) is the axis of rotation. The same curved segment
also rotates the linear stage m2 carrying the detector. A
crystal-to-detector distance is set by the linear stage m2. Final
adjustment of the dispersive image on the detector is done
with a pair of piezo-stages rotating the crystal (yaw and roll).

Two detectors are currently available. The first is a 2D
Eiger2 R 500K (75 pm x 7 5 pm pixel size, 512 x 1030 pixels).
The second detector is a 1D Mythen2 1K X (50 pm x 8 mm
stripe size, 1280 stripes). The advantage of using a 2D detector

is easier alignment of the crystal by controlling the focus size.
The design of the spectrometer allows Bragg angles between
82° and 45° to be reached. The upper Bragg angle is limited
by the sample environment chamber dimensions. The typical
energy window visible by the 80 mm-long Eiger detector is
300 eV to 500 eV. The average solid angle collected by the
crystal and imaged by the detector is ~0.05 sr and (0.9-1.5) x
10~*sreV~" depending on the span of Bragg angles. For
crystals with R = 250 mm, the X-ray path in air between the
sample and the detector is approximately 500-540 mm. At
7 keV the air transmission remains above 40%. Therefore, the
use of an He bag, which is commonly employed to minimize
X-ray absorption in the air for spectrometers with bending
radii of 0.5m to 1 m, is not strictly necessary. This makes
operating the spectrometer more convenient but at the cost of
reduced signal.

3.3.2. Vacuum von Hamos spectrometer. The vacuum von
Hamos spectrometer is designed for measurements between
2 keV and 6 keV and has a working pressure of ~10~> mbar.
The vacuum spectrometer is fixed at 45° to the X-ray propa-
gation direction and perpendicular to a sample surface (VH#2
in Fig. 1). The detector is located above the sample.

A fixed-exit direction scheme has a number of advantages
over a conventional von Hamos design (see Section 3.3.1)
but its engineering implementation in the case of a vacuum
spectrometer is challenging. It requires a large vacuum
chamber with an in-vacuum detector, water cooling for the
detector and a number of motion stages. We implemented a
classical von Hamos scheme but tilted 20° about the vertical
axis (see Fig. 5, right). When the center of the dispersive
crystal (C) is in the incident beam, the horizontal plane of
emitted X-rays from a sample (S) illuminates the center of the
crystal at a 70° Bragg angle. An analyzer crystal is mounted on
an in-vacuum linear stage ml inside the vacuum chamber. By
moving the crystal along the m1 axis the Bragg angle can be
changed by 70 & 11°. In this case, the dispersive crystal is only
slightly out of the horizontal plane and mimics the fixed-exit
direction scheme. There is a pair of motorized blades in front
of the crystal. These blades help to mask unused crystal

Figure 5

View of the PINK atmospheric von Hamos spectrometer with a fixed-exit direction VH#1 (left) and vacuum von Hamos spectrometer VH#2 (right),
where E is the energy dispersion axis. S — sample; C — analyzer crystal; D — detector; m1, m2 and m3 — motorized axes; F1 — exchangable flange; F2 —

flange with hinges; R — rotation axis of the crystal.
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surface in order to reduce diffuse scattering background. The
upper blade carries a diode measuring the total fluorescence
yield (TFY). This signal is also used to monitor synchroniza-
tion of the fast shutter (Fig. 1, PS) and the CCD.

A windowless GreatEyes CCD detector (256 x 1024 pixels,
26 pm x 26 pm pixel size) is mounted on an exchangeable
vacuum flange (F1) to mechanically guarantee the detector
position and parallelism of the crystal and the detector (D).
The field of view of the 26.6 mm-long CCD camera varies from
20 eV to 80 eV depending on the energy and Bragg angle.

Switching between XES measurements for different emis-
sion lines takes about 1.5-2 h. It requires venting of the
spectrometer chamber, changing a dispersive crystal and
mounting the detector to a new position. To make this
procedure easier, the crystal mount and all electrical feed-
throughs are fixed to a door with hinges and quick clamps
(F2). We have a collection of seven exchangeable flanges (F1)
and each flange has 2-3 pre-cut windows for the CCD
mounting.

For the 2300-2500 eV and 5400-5500 eV energy ranges
there is no available Si, Ge or quartz crystal with working
Bragg angles larger than 60°. XES measurements of S K, Mo
LB and V KB lines demand operation of the vacuum spec-
trometer at 50° to 57° Bragg angles. Especially for these
measurements, we manufactured a second vacuum chamber
for a von Hamos spectrometer tilted by 40°. It covers Bragg
angles of 50° £ 11°. The chambers use the same base frame
and can be easily exchanged by a small crane.

3.3.3. Energy calibration. The most commonly used energy
calibration procedure of an emission spectrometer applied at a
synchrotron facility employs monochromatic light. Mono-
chromatic X-rays provided by a monochromator were elasti-
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Figure 6

Ru 4d-to-2p XES spectrum (top) and reference spectrum (bottom) used
for the energy calibration procedure. The [Ru(tacn),](PF¢), spectrum
was adapted from the work by Levin et al. (2020),

cally scattered from a light-Z target placed at the sample
position and recorded by an analyzer which gives a precise
energy calibration. At the PINK beamline in high-flux mode
there is no access to monochromatic light and, as an alter-
native, emission lines from reference samples are used for the
calibration procedure. An example of an 4d-to-2p XES spec-
trum of the Ru complex is shown in Fig. 6. This measurement
was done with the vacuum von Hamos spectrometer using an
Si0,(1012) crystal (d = 2.282 A) with R = 250 mm (Levin et al.,
2020). In the present geometry, a 1 inch-long CCD detector
can capture an approximately 50 eV-wide energy window. For
energy calibration, KCl powder and Pd foil samples were used.
To establish the energy scale, the positions of the Cl Kj;, Pd
Lo, and Loy emission lines were picked by fitting both
reference spectra with two Voigt profiles. Corresponding
energies of 2815.6 eV, 2833.29 eV and 2838.61 eV for these
three peaks were taken from the work of Thompson &
Vaughan (2009) and Liu et al. (2004) and converted to Bragg
angles,

12398.419 )

Oprage() = arctan < 2d[A] E[eV]

For a von Hamos spectrometer, geometry X-rays diffracted at
the Bragg angle ®g,,,, arrive at the detector at a position
described by

2R
Oprage (1) = arctan (m),

where n is the detector pixel number, dx is the pixel size, ay is
the distance from the sample to the first pixel on the detector
and R is the curvature radius of the crystal. By fitting this
function with two free parameters R and ay, a one-to-one
correspondence between the Bragg angle and the detector
pixel number is obtained. By converting the Bragg angles to
corresponding energies, we obtain the energy calibration E(n)
of the spectrometer. This function is quasilinear for a 1 inch
CCD detector, but the 80 mm-long Eiger chip already shows
substantial E(n) nonlinearity. This energy calibration proce-
dure has to be repeated after any realignment of the beamline
or analyzer optics, or after sample exchange.

Reproducibility of the energy calibration process relies
mainly on the accuracy of the peak-fitting procedure applied
to reference spectra. In day to day measurements, the repro-
ducibility is generally within a single detector pixel and is
typically less than 30 meV. We repeated K KB main line
XES measurements performed on KCl, as outlined in Section
4 (see Fig. 13), with a two-year interval after the beamline
upgrade and vacuum spectrometer rearrangement. Energy
calibration was achieved using Sb Loy (3604.72 eV) and Lo,
(3595.32 V) lines measured at the Sb foil. The energy of the
KpB; peak exhibited variations within the range +50 meV.

3.4. Sample environment

Radiation damage is an important consideration for XES/
XAS studies of many molecular complexes and metallopro-
teins (Van Schooneveld & DeBeer, 2015). The PINK beamline
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delivers a high photon flux, particularly in the tender X-ray
energy range. This elevated photon flux amplifies the acqui-
sition of valid signals but concurrently escalates the rate of
radiation-induced damage. Consequently, the damage rate
becomes notably pronounced at lower photon energies within
the range 2 keV to 5 keV, primarily due to the reduction in the
attenuation length of the material. There are three primary
ways to measure radiation-sensitive specimens: scanning of
the sample, using high flow rate liquid cells and subjecting
samples to cryogenic temperatures (Meents ef al., 2010). We
have incorporated all three of these approaches into our
experimental protocol. There are two sample chambers that
can be incorporated into the PINK vacuum system. Both
chambers as well as the samples inside are oriented at 45° to
the incident beam.

3.4.1. LiquidSEC. A liquid sample environment chamber
(LiquidSEC) is available for room-temperature (RT) experi-
ments, which operates under vacuum conditions of 2 mbar
to 10 mbar or an He atmosphere up to 1 bar. The vertical
dimension of the chamber is deliberately limited to 10 cm to
create additional room for both detectors, thereby facilitating
measurements at Bragg angles of up to ~82°. Two linear
piezo-stages provide fast (up to 2 mm s~ ') vertical and hori-
zontal positioning of a sample carrier that can hold four solid
samples and a liquid-flow cell or electrochemical cell. A
miniature camera installed inside the chamber is used for
alignment and control of operating the flow/electrochemical
cells. The chamber has two exit windows for fluorescent
radiation: a 13 pm-thick Kapton window (31 mm x 18 mm)
oriented towards the atmospheric von Hamos spectrometer
(VH#1 on Fig. 1) and an 8 um-thick Kapton window (18 mm
x 18 mm) that separates the sample environment chamber
and the second vacuum von Hamos spectrometer (VH#2 on
Fig. 1). The later window enables sample exchange without
venting the vacuum spectrometer. The chamber has two
feedthroughs for liquid supplies and a DSUB-9 socket for
connecting a potentiostat and an LED light source for
studying photoinduced reactions. KF40 flanges are used to
connect the sample chamber to the diagnostic chamber from
the upstream side and to the BPM3 chamber on the down-
stream side. Continuous scanning of a sample irradiation area
at high speeds (500-1000 pm s~ ') helps to reduce the radia-
tion dose at a given a spot. By varying the scanning speed, we
can reduce the instantaneous irradiation time down to 100 ms
to 50 ms during one scan over the sample area. An example of
radiation damage of the [Ru(NHj3)e]Cl3 complex under an
incoming photon flux of 10" photons s~ is shown in Fig. 7. A
64 mm?® powder sample was scanned with 500 um s~ velocity
that is equivalent to 100 ms radiation at the spot. The
measurement was repeated ten times with increasing radiation
dose. The Ly; XES spectra presented show no changes
between 0.1 s and 0.2 s radiation time. The first changes
appeared around 2963 eV after ~0.4s and became more
pronounced after 1s. The conventional scanning spectro-
meters also allow fast sample motion, but analysis of the
spectra requires additional normalization by the total fluor-
escence signal, which can be challenging.
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Figure 7

Radiation damage of [Ru(NH3)e]Cl; under 10'* photons s ' photon flux.
The instantaneous irradiation time during one scan over the sample area
is 0.1 s. The measurement time for one pass is 4 min.

3.4.2. CryoSEC. Cryogenic conditions for XES/XAS
measurements are highly desirable at synchrotron facilities, as
the low temperatures help to reduce the radiation damage of
the samples, stabilize reactive complexes, prevent decom-
position of intermediates and enable preparation of frozen
solutions. The highly intense PINK beam bears up to several
watts of energy onto the 30 um x 500 pm spot. For example, at
3 keV in water, 85% of the X-ray photons are absorbed within
100 um. Powder and biological samples typically have poor
thermal conductivity. To efficiently cool down samples and
avoid hot spots, an He exchange gas must be used.

A cryogenic sample environment chamber (CryoSEC) was
designed entirely by the sample environment group of HZB
(see Figs. 8 and 9). The CryoSEC consists of an internal cold
sample chamber (T2) that can be operated under 10 mbar to
1000 mbar He pressure and outer insulation vacuum chambers
(T1). The insulation chamber is connected to the diagnostic
chamber on the front side and to the BPM3 chamber on the
back side, and maintained at 107> mbar pressure. To transfer
heat from the sample to a cold Cu exchange tube, He gas at a
pressure of 5-20 mbar is used. This tube is connected to the
cold finger of the cryocooler via a Cu braid. The Sumitomo
RDK-500B one-stage closed-cycle He cryocooler (Cryo) is
situated at the bottom of the chamber and has a cooling
capacity of 40 W. It can cool the sample down to temperatures
as low as 30 K. Heating elements inside and around the cold
chamber are used to heat the setup. A Lakeshore Model 336
temperature controller regulates the displex performance and
temperature of the exchange gas. The typical time needed to
cool down the setup from RT or warm up to RT is 3 h. The
whole CryoSEC is mounted on moveable rails (R). It can be
detached from the beamline and removed for maintenance
while the LiquidSEC sample environment is in use.

Studies of dilute samples in the 2 keV to 6 keV photon
energy range require proper attention to vacuum windows
manufacturing. Attenuation of the incoming and fluorescent
photons should be minimized. However at the same time the
windows in the cold sample chamber should withstand a 1 atm
differential pressure at 30 K. In addition, the incoming
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Figure 8

View of the cryogenic sample environment chamber CryoSEC. T1 -
vacuum chamber; Kapton vacuum windows: W2 — 8 um, W3 — 25 um;
ml — motor for horizontal motion of the sample carrier; R — THK rails;
Cryo — closed-cycle cryocooler; B — bellow; D — vibration dumper.

window should not degrade under a high-flux beam. The
insulation chamber has exit windows of a similar geometry to
the LiquidSEC (see Section 3.4.1). The cold chamber has an
exchangeable Al flange with two windows glued with cryo-
genic epoxy (Stycast 2850FT, Catalyst23LV) to the flange. A
8mm x 34 mm (H x W) 8 um-thick Kapton window (W1)
serves as an exit window for the fluorescent radiation. The
choice of material for the entrance window is more challen-
ging. Even thin 8 pm Kapton will be quickly burned by intense
photon beams at energies of 2 keV to 4 keV. Be is used in
cryogenic applications but is toxic and becomes fragile at low
temperatures. A good alternative is a 1 pm-thick graphenic
carbon window (G1, G2) produced by KETEK for RT appli-

Figure 9

cations (Huebner et al., 2015). Our test showed that this
window can be also used under cryo-temperatures. This
graphenic carbon window has an opening of 7 mm and 90%
transmission at 2 keV. We have not observed any degradation
after one year of use at the PINK beamline.

During the design phase, emphasis was placed on efficient
sample-exchange capabilities because sample changes occur
when the cold chamber is opened to atmospheric air. A 1 m-
long sample stick with a motorized head is connected to a
vacuum flange firmly attached to horizontal rail system (not
shown in Fig. 8), allowing easy sliding of the sample stick from
and into the cold chamber. The head of the sample stick is
driven by a stepper motor (ml) and can travel 90 mm hori-
zontally. An Attocube cryogenic linear piezo-stage ANPx321
(m2) is attached to the head and provides vertical motion of
the sample carrier by =8 mm. There is an additional heater
(H) attached to the back side the piezo-stage. It is used to
locally heat the piezo-stage if the cryostat becomes blocked
due to ice accumulation. The sample carrier (C) made from
PEEK can hold up to seven samples. Samples are loaded into
slots via openings on the top of the carrier and forced against
the front part of carrier by a Cu-Be spring. Sample loading can
be comfortably done in liquid nitrogen or in a glovebox.
Afterwards the loaded sample carrier can be contained in a
vessel with liquid nitrogen. The sample carrier has a trape-
zoidal cross-section and can be slid into a machined response
groove at the piezo-stage with a single, effortless motion.
After venting of the sample chamber with He, the sample-
exchange procedure usually takes 15-20 s and can be accom-
plished by one person. Furthermore, this procedure can be
conducted while the cold chamber remains under cryogenic
temperature.

A number of XES measurements on S, Fe and Cu
complexes using the CryoSEC have already been performed
at the PINK beamline and published in the literature (Levin et
al., 2020; Mathe et al., 2021; Geoghegan et al., 2022; Gerz et al.,

He
10-1000 mbar

Scheme of a part of the CryoSEC connected to the beamline and the spectrometers. T1 — insulation tube; T2 — cold copper tube; P — pin centering the
inner copper tube; C — sample carrier; S — irradiated sample; m1 — linear stage providing horizontal motion of a sample carrier (90 mm); m2 — vertical
linear piezo stage (£8 mm); H — heater for the piezo-stage; G1 and G2 — graphenic carbon 1 pm-thick windows; Kapton vacuum windows: W1 — 13 pm,
W2 - 8 um, W3 - 25 pm; F — fluorescent light emitted from the sample in the direction of the spectrometers.
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2021; Hou et al., 2023; Liu et al., 2023). Tests conducted with
frozen solutions of Fe and Cu containing samples demon-
strated that it is feasible to obtain KB VtC emission spectra
even at concentrations as low as 10 mM to 20 mM. However,
these measurements are time-consuming, typically taking 8 h
to 12 h to complete, and are not suitable for samples that are
sensitive to radiation. Considering the elevated flux offered
by the PINK beamline at lower energies and the augmented
fluorescence cross-section of both light elements (KB) and
transition elements (LB), we anticipate achieving lower
concentrations ranging from 3mM to 5mM for these
elements. At present, this is hindered by the significant
contribution of scattering background below 4 keV, which
begins to impact the experimental spectrum. Any minor
imperfection on the sample surface, presence of gas bubbles or
similar factors can introduce individual background patterns
and artificial features on the detector. Usually 10% to 30% of
the sample surface produces such ‘bad’ spectra. Correction of
such irregular background requires additional analysis of the
detector images and can be challenging.

3.5. Control system

The efficiency and success of an experiment depend on the
stability and ease of use of a control system. In addition, the
endstation control requires high flexibility and maintainability.
Development of the control system was based on three prin-
ciples. First, use of free and open source software, and
avoiding any proprietary software or drivers. Second, devel-
opment of a friendly framework that enables integration with
Python language and HDFS data format. Third, users and staff
should be able to write their own control and acquisition
components on demand. After an extended series of tests, a
combination of Experimental Physics and Industrial Control
System (EPICS) as a base (https:/epics-controls.org), CS-
Studio and Phoebus as a GUI interface (https://www.
controlsystemstudio.org), and PShell (https://github.com/
paulscherrerinstitute/pshell) as an acquisition framework
were chosen. The beamline IT infrastructure is based on a
Cisco network switch and two Dell PowerEdge servers with
multiple network cards. One server uses a series of virtual
machines running the different control system services for
hardware communication and control. The second server is
used for data storage and data analysis. To better organize
data exchange, the network is divided into several sub-
networks for cameras and detectors, vacuum interlock, hard-
ware communication and guest internet access. Vacuum
interlock is managed by a programmable logic controller
(PLC). The PLC reads analog signals from multiple vacuum
sensors across the beamline and with the combination of
vacuum valves it provides control and safe operation of the
multiple vacuum components of the beamline. All computers
used at the beamline run a long term service (LTS) version
of Ubuntu Linux. An electronic logbook based on ELOG is
available for users of the beamline to log their experimental
information. During operation of the beamline, specific details
such as datafile names, sample names, sample motion para-

meters and detector settings are automatically recorded using
Python scripts, which store this information in Google Docs.
Each project has its dedicated logbook for organization and
data management.

4. Results

In this section, the capabilities of the PINK beamline and a
comparison with other setups are presented.

A test of the quality of the striped crystal manufacturing
was carried out by analysis of the Fe Ko, spectrum recorded
with the atmospheric spectrometer using an Si(333) striped
crystal set at a 68° Bragg angle (see Fig. 10). A ray-tracing
simulation gives the resolution for a 1 mm striped crystal with
R = 250 mm of ~0.3 eV. The observed emission line yields
both the Lorentzian natural linewidth and the Gaussian
instrument broadening. We utilized the Imfit Python library for
fitting purposes. We employed an asymmetric Lorentzian
function where the distribution width differs between the left
and right slopes. Each emission line was then represented as a
convolution of this asymmetric Lorentzian profile with a
Gaussian profile. The experimental spectrum was fitted using
this newly constructed function. Taking a Lorentzian width of
Fe Koy and Fe Ko, lines to 2.55 eV and 3.14 eV, respectively
(Holzer et al., 1997), the resulting experimental Gaussian
broadening, the FWHM of which reflects the spectrometer
resolution, was approximately 0.4 eV. This value closely
matches that predicted by the ray-tracing value.

Resolution capabilities of the vacuum von Hamos spectro-
meter are demonstrated in Fig. 11. In the work by Swarbrick et
al. (2010), it was shown how VtC XES can be applied in the
identification of different ligands in Ti complexes. Recent
calculations carried out by Miaja-Avila et al. (2021) predicted
splitting of the Kp, s emission line on two peaks having
different relative intensities. Follow-up measurements done
with a microcalorimeter spectrometer could resolve KB’ and
Kp, . s lines but could not resolve the predicted fine structure
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Figure 10

Normalized Koy , XES spectrum of Fe foil (red open circles) recorded on
the atmospheric spectrometer with a fixed-exit direction using a strip bent
Si(111) crystal and a best fit to the data (blue line).
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of the KB, s line due to the low resolution of the micro-
calorimeter (~4 eV).

XES VtC measurements of rutile and anatase powders were
performed at the PINK beamline using the vacuum von
Hamos spectrometer with an Si(400) striped crystal at Bragg
angles of 66.4-69°. In this geometry, the estimated spectro-
meter resolution was expected to be 0.8 eV or better. The
excitation energy was set to 5800 eV. Samples were measured
using commercially available powders (Sigma-Aldrich,
>99.9% purity). Powders were finely ground, packed into a
1 mm Al cell and sealed from both sides with 30 um-thick
Kapton tape. For the energy calibration procedure, Ko ,
emission lines [4952.2 eV and 4944.64 eV (Thompson &
Vaughan, 2009)] of a V powder sample were recorded. The
predicted splitting of the Kp, s line is clearly visible in the
experimental spectra shown in Fig. 11.

The lightest element that is reachable at the PINK beamline
is P. Solid spectra of orthophosphates NaH,PO, and Na,HPO,
were measured in earlier work by Petric et al. (2015). In
Fig. 12, P KB solution spectra of NaH,PO, and Na,HPO, are
shown, collected at RT using a liquid cell installed in the
LiquidSEC sample chamber (Mathe et al, 2021). The data
were collected at an excitation energy of 4 keV (incoming flux
2 x 10" photons s ') using the vacuum spectrometer. An
Si(111) crystal accepted Bragg angles of 69.3° to 66.7° with the
corresponding energy range 2110 eV to 2150 eV. The analyzer
resolution was estimated to be ~0.3 eV. For the energy cali-
bration procedure, a powder NaH,PO, standard was chosen.
The KB XES NaH,PO, spectrum was fitted with four Voigt
profiles that correspond to 2139.5 eV, 2137.9 eV, 21353 eVand
2123.4 eV (Petric et al., 2015).

An example KB spectrum of a KCI powder sample
measured at the PINK beamline with a vacuum spectrometer
using an Si(220) strip bent crystal set at 64° Bragg angle is
shown in Fig. 13. The spectrum has three well resolved peaks.
The main line KB, 3 at 3589.9 eV is attributed to the 3p-1s
transition. The approximately 5x lower intensity KB, satellite
peak at ~3593.5 eV can be explained by double ionization of
the K 3p level. A low-intensity signal at 3602 eV is assigned to
the KBs VtC transition (Deslattes, 1964; Best, 1971). A more
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Figure 11
XES VtC spectrum of TiO, in the form of rutile and anatase.
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Solution P Kp spectra of HPO,*~ and H,PO, .

detailed analysis of VtC spectra of K salts will be published
soon. For comparison, a KCI spectrum measured at the
LabXES laboratory setup using a metal jet X-ray source and a
von Hamos spectrometer with a ring HAPG crystal is
presented.

Scanning spectrometers based on Johann geometry are
traditionally characterized with better signal-to-noise ratio
than von Hamos spectrometers. Indeed, the detected photon
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Comparison of K Kp spectra of a KCI powder sample measured at the
PINK beamline and LabXES laboratory setup at CEC MPI; the
measurement times were 200 s and 1.5 h, respectively.
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Comparison of VtC XES of Co30, powder samples measured at the
Diamond 120 beamline (blue) and PINK setup (red); the measurement
time was 15 min.

flux per energy unit is usually much lower for long-radius von
Hamos spectrometers, but shortening the distance between
the sample and the dispersive crystal should improve the von
Hamos spectrometer performance. Fig. 14 presents the Co K
VtC spectrum of Co;04 powder recorded at the 120 beamline
(Diamond Light Source) with a Johann emission spectrometer
based on a 1 m Rowland circle and the PINK short-radius
atmospheric spectrometer [striped Si(620) crystal, R =
250 mm]. The spectra demonstrate comparable signal-to-noise
ratios and resolutions well suited for VtC XES experiments.
Both spectra have the same incoming photon flux of ~10"
photons s~ ' and total measurement time ¢ = 15 min; but in the
case of the Johann spectrometer, the detector collection time
is smaller due to the necessity to scan the analyzer crystal. An
additional bonus of the PINK von Hamos spectrometer is a
detected energy range of ~350 eV, thus both the Kj, 5 and
the KB, ; main lines were recorded in the same time. During a
VtC spectra analysis, the main line can be useful for normal-
ization procedures.

5. Conclusions

We have described the PINK beamline and its specialized
endstation optimized for non-resonant XES studies within the
tender X-ray energy range. Our primary focus is investigating
VtC photon-hungry emission lines. Photon flux ranges from
10" photons s~ to 10" photons s~' covering the energy
range 2.1 keV to 9.5 keV. This range encompasses the Ko
and KB lines of elements from P to Cu, as well as the Lo
and Lp lines of second row transition metals including Mo,
Ru, Rh, Pd etc.

The endstation is equipped with two von Hamos dispersive
spectrometers, finely tuned for the energy ranges 2 keV to
6 keV and 6 keV to 9.5 keV. Users have access to two sample
environment chambers: the LiquidSEC chamber for experi-
ments with solid and liquid samples at RT, including the option
for electrochemical experiments using an electrochemical cell
under vacuum or an He atmosphere; the CryoSEC chamber is

designed for frozen samples and operates at 30 K, accom-
modating up to seven samples with a fast sample-exchange
system.

By combining high flux, quick sample scanning, cryogenic
temperatures and the capabilities of a dispersive von Hamos
spectrometer to record the full spectrum in a single shot, we
can obtain radiation-damage-free VtC spectra for sensitive
and dilute complexes. We have provided case studies for P, Ru,
Ti and Co complexes to showcase the beamline capabilities.
The PINK beamline is fully operational and open to external
users. In future work, the current setup will be expanded to
include resonant XES and VtC-enhanced XAS techniques.

6. Data availability

The data used for the figure production are available at https:/
doi.org/10.17617/3.4ZB7ZR.
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