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Completion of the
generic Conceptual Design Report for a

fully automated
X-ray Absorption Spectroscopy Beamline

1. Abstract
X-ray Absorption Spectroscopy (XAS) is one of the most widespread techniques at synchrotron X-ray facilities withapplications across many scientific disciplines with an increased interest by industry, most notably in catalysis, batteryresearch, and material science. This class of experiments requires complex sample environments for in-situ and in
operando studies, a high level of automation, mail-in services, remote access capacities, and automated data analysis.
Here, we present the Conceptual Design Report (CDR) for a generic XAS beamline with special focus on full-auto-matization of in-situ catalysis research. The present report will finally consist of three parts: the discussion of the“hardware” design of a generic beamline with one front end in Sec. 4 and of further considerations (e. g. automationof alignment, XAS experiments as well as catalysis experiments, (meta-)data storage, use of Artificial Intelligence,required laboratories) in Sec. 5, as well as the model for X-ray tracing calculations.
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2. Motivation
Catalysis is one of the key technologies to tackle major challenges within the current energy policy targeting energysovereignty, reduction of the dependence on fossil and nuclear fuels, and increased utilization of sustainable andrenewable fuels. In general, investigating a catalyst implies analyzing the relationships between the structure of afunctioning catalyst and its activity under realistic conditions (operando data) [1], see Tab. 1. In addition, the analysisunder variable environmental conditions is called in-situ and under ambient conditions ex-situ. Furthermore, analy-sis without simultaneous synchrotron or X-ray analysis is referred to as off-line in this report [2]. The synthesis of thecatalystmaterial could involve different synthesis routes and startingmaterials (synthesis data). The structural proper-ties are determined before, during, and after the reaction (characterization data). The reaction itself is characterizedby the reaction data and derived quantities (performance data), which serve as input for modeling and simulations,which are the basis for the design of catalytic reactors and processes [1].

Table 1: Categories of catalysis data with some examples.
Synthesis Data Operando Data Characterization Data Performance Data
starting material temperature composition concentrationsynthesis routes pressure structure turnoverflow rate selectivity

The investigation of catalytic processes facilitates efficient conversion processes among all kinds of application areas:
• “energy” (distribution and storage of energy in the form of chemical energy carriers) [3–6],
• “green chemistry” (to close the carbon cycle) [7, 8],
• “earth & environment” (bio-catalysis as part of biotechnology) [9–11], and
• “air & space transportation” (synthetic fuels) [12–14].

Further, electrochemistry plays a key role for the storage of energy, especially for renewable energies. The underly-ing processes strongly rely on surface chemistry, which requires the same analytic methods as catalysis. Thus, thescientific infrastructure will support both fields. While the overall workflow and basic concepts are similar acrossthose two disciplines, slightly different approaches, different nomenclatures, experimental methods, and propertyand performance descriptors are used. The necessary and overdue unification is topic of the NFDI4Cat project [1].
The technically most important elements for catalytic experiments are among the transition metals and lanthanides.In order to study the underlying processes and, thus, changes in short and long range order within the (crystal) struc-ture, spectroscopic experiments are perfectly suited. X-ray Absorption Spectroscopy (XAS) analyses the energy depen-dent intensity changes in the vicinity of an absorption edge. The electronic structure of an element under investigationdetermines, which electronic transitions are possible and, thus, which absorption edges exist. The local environmentchanges determine significant details of the energy dependent intensity changes, especially for transitions concerningthe inner most shells (K and L edges). Exactly those edges of the technically interesting elements are located in theenergy range of 5 keV to 40 keV, see Fig. 1.
The complete experimental process, from aligning the beamline via XAS or catalysis experiments to the combined
in-situ XAS experiments can strongly benefit from automatization. Both in academia and specifically in industry, thelargest costs are personnel. Thus, reducing their work load by automatizing repetitive work will strongly increaseeffectivity. Additionally, the reproducibility of the measurements will strongly increase, which is also a huge gain forindustrial and academic questions.
While already different approaches exist to simplify and automatize XAS experiments, often the basic alignment taskare still neglected at many beamlines. Whatsmore, catalytic experiments – typically having an enormous parameterspace – are hardly automatized. An increase in the degree of automatization would mean a reduced effort for ex-ploring the parameter space in a brute force manner. Further, the automatization would be accompanied with thestandardization of the datamanagement to facilitate the FAIR principles (findability, accessibility, interoperability, andreuse of digital assets) [16]. The consortiumNFDI4Cat is working on realizing those principles within the German cata-lyst community [1]. The principles feature themachine-accessibility, which, on the one hand, facilitates the structuredanalysis of own data, and on the other hand the possibility to compare with data of other scientists.
Based on highly standardized data and well-organized meta-data, machine learning and artificial intelligence couldreduce the reasonable parameter space while measuring. In turn, this will enhance the data quality and the samplethroughput.
In general, these improvements will increase the attractiveness to industry and non-expert users and, thus, speed-upthe innovative process within Germany. Further, an increase of remote and mail-in experiments will be facilitated.
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Figure 1: Energies of different absorption edges in dependence of the elements up to atomic number 92, according to X-ray DataBooklet [15]. The gray area highlights the energy range covered by a typical hard X-ray spectroscopy beamline.
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3. Preparations
In preparation of the CDR, plenty of information covering the divers topics of a fully-automated in-situ XAS beamlinehad to be collected. A list of those topics is given in Tab. 2, along with projects dedicated to them.

Table 2: List of those topics related to a fully-automated in-situ XAS beamline, along with projects dedicated to them.
Topic Project
State-of-the-Art XAS beamlinesRequirements of catalysis experiments NFDI4CATChallenges and aspects of automatization of a beamline ROCK-IT [17]Integration of sample environments into beamline control SECoP [18], NICOS [19]Demands of (meta-)data storage DAPHNE4NFDI [20]Advantages and perspectives of Artificial Intelligence

Information to these topics were assembled by joining different kinds of meetings related to the listed projects andalso by dedicated research also including the basic knowledge gained by these meetings.
3.1. Attended Meetings, Workshops, and Beamtimes
By attending meetings and workshops of the projects mentioned in Tab. 2, not only an elemental knowledge aboutthe relevant topics was build-up, but also a network of experts was established, who could answer more detailedquestions. A list of attended meetings, which were highly valuable for D4.23 is listed in Tab. 3.

Table 3: List of attended meetings and workshops, which were highly valuable for D4.23.
Name Date Place further reading
DAPHNE4NDFI work meeting 5 – 7 December 2022 Hamburg [21]DESY Users’ Meeting 23 – 27 January 2023 Hamburg [22]Hands on Workshop for SECoP 22 – 23 February 2023 Berlin [23]ROCK-IT project meeting 13 – 14 September 2023 Karlsruhe

Additionally, in order to understand the practical details of in-situ XAS experiments, several beamtimes with relatedscope were attended. Table 4 gives on overview of those beamtimes.
Table 4: List of attended beamtimes, which were highly valuable for D4.23.

PI Date Beamline
Jan-Dierk Grunwaldt 9 – 13 March 2023 P64Dmitry Doronkin 23 – 28 March 2023 P65Anna Zimina 7 – 11 December 2023 P65

3.2. Survey of existing and planned spectroscopy beamlines

Running

• ESRF-EBS (France)
• MAX IV (Sweden)
• Sirius (Brasil)

Under Construction

• APS-U (USA)
• SPring8-II (Japan)
• HEPS (China)

In Planning

• PETRA IV (Germany)
• ELETTRA II (Italy)
• SLS-II (Switzerland)
• Pohang Light Source (Korea)

Considering an Upgrade

• SKIF (Russia)
• ALS-U (USA)
• Soleil (France)
• Diamond (UK)

Figure 2: Overview of the different stages of becoming a 4th Gen-eration Synchrotron and the corresponding synchrotrons.

An additional preparation for the CDRwas a comprehen-sive survey of existing and planned spectroscopy beam-lines at 4th Generation Synchrotron Rings (4GSR). Thisextensive overview allows to determine themost impor-tant elements of a spectroscopy beamline and reason-able distances from the source.
Currently, many synchrotrons worldwide are on the wayto becoming 4th generation or have even finalized thisstep. Figure 2 gives an overview of those synchrotronsand their current stages. Because of the high and furthergrowing importance of spectroscopic analysis, all of the4GSR will have dedicated spectroscopy beamlines.
In order to gain an overview of themost important com-ponents of hard X-ray spectroscopy beamlines, we studied those beamlines with available design details of the 4GSR,
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which are currently running or under construction. We summarized the results in Tab. 5. Additionally, we created alist with the distances of the most important optical elements, see Tab. 7.
The overall design consists of one or several, complementing undulators, typically covering an energy range of 4 keV to
30 keV. Further, amonochromatorwith high energy resolution is strongly desired. The focusing is generally performedby focusing mirrors (toroid or Kirkpatrick Baez mirrors) and only rarely by transfocators. The mirrors sometimes alsoserve asWhite Beam (WBM) or Harmonic Rejection Mirrors (HRM). Additionally, attenuators are sometimes installedto reduce the intensity on highly sensitive samples. In order to offer more versatile scopes, most beamlines possessseveral end stations with different, highly specialized equipment. The total length of the beamline is predominantlydefined by the synchrotron ring circumference (defining the position of the first optical element, see Sec. 4) and thescope of the beamline (strong focus or high beam stability).
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4. Physical Design of the Beamline
The physical design of a beamline depends on multiple factor, e. g. methods, material, type of experiment, desiredresolution in time and space, ring parameters like circumference and available energy. While some of those aspectsare already clearly defined, some others are still open. In order to develop the greatest possible synergy with otherprojects, the X-ray tracing (xrt) models will be based on the upcoming PETRA IV Applied Analytical and Q-EXAFS beam-line (AppAnaXAFS; current beamline P65 of PETRA III). The future of the beamlines is already topic of the PETRA IVupgrade [37] as well as of the ROCK-IT project [17]. In addition to the design relevant for this beamline, we will alsodiscuss general options and decision making.
The beamline and its elements were simulated with the python module for X-ray tracing “xrt” [38]. The modelsespecially served to determine reasonable properties for different optical elements (including positions, coatings,and lengths). The interested reader is free to adapt the model for individual tests using the provided files [39].
4.1. Scientific Scope
The scientific scope of a beamline determines its most important properties, like spatial and temporal resolution,energy range, and available space for sample environment cells. For the present case of the Applied Analytical andQ-EXAFS beamline [40], the spectroscopic measurements require a large energy range, covering theK and L edgesof the most interesting elements of the catalytic experiments (transition metals as well as lanthanides and actinides).Thus, the energy range of 4 keV to 40 keV is desired, see also Fig. 1. Additionally, the fast spectroscopic scans, so called
Quick EXAFS (Q-EXAFS) scans, will be realized by a Q-EXAFS monochromator, see Sec. 4.5, combined with a broad,continuous spectrum.
The continuous spectrum required by the Q-EXAFS monochromator can be realized by a Wiggler or Bending Magnet,see Sec. 4.4. For the AppAnaXAFS beamline, the application of a 3-pole Wiggler is desired. The time resolution ofthe XAS experiment is mainly defined by the speed of the catalytic reaction, which is usually in the range of sub-seconds. The beam size should be in the range of the sample size, which is often a capillary of few mm size. Theequipment of the sample environment can be fairly extensive, including gas mixing systems, heating/cooling setups,and battery testers, see Sec.4.9.1. Additionally, the design of the sample environment cells must be suitable to theintended experiment, e. g. enabling the transmission of the beam through the cell, which is a material-dependentprocess, defining a minimum energy. The beamline is also dedicated for high throughput application, which requireshigh stability not only of the beam position, but also of the whole setup including undulator and monochromator.
4.2. Storage Ring Parameters
The planning of the upcoming PETRA IV storage ring is in a very intense state, preliminary values of the ring arealready available [41], see Tab. 8. The AppAnaXAFS beamline will be located in the new west hall of PETRA IV, wherethe distance between ID and tunnel wall are 40m [42].

Table 8: Storage ring parameters of the present calculations for PETRA IV [41].
parameter unit brightnessmode timingmode
electron beam energy GeV 6.0
β m2 2.2× 2.2emittance pm rad2 20× 4circumference m 2300tunnel width m 3.1energy spread 1× 10−3 0.9 1.2electron beam current mA 200 80

4.3. General Layout
The upcoming sections will include discussions about different options for components of the AppAnaXAFS beamline.The main task is the evaluation of the suitability of a 3-pole Wiggler for future applications. In general, this Wigglershould enable the fast Q-EXAFS scans while providing a flux of 1012 photons on the sample. If the flux is too low, thewiggler must be dispensed with in favor of an undulator, whichmeans that Q-EXAFS scans become considerably morecomplicated and suggest the use of a tapered undulator.
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The main components of the AppAnaXAFS beamline are listed in Tab. 9 together with their respective positions alongthe beam, as well as a remark to a more detailed discussion in upcoming sections. These elements will be used forthe upcoming xrt calculations.
Table 9: Beamline components and their distances from the source (center point). Two alternative positions for the mirrors arediscussed in detail and listed in the table.

component description section distance from source /m
insertion device 3-pole Wiggler Sec. 4.4 0.0

apertures
photon shutter PS1 19.0photon shutter PS2 Sec. 4.4 35.0main beam shutter shutter 37.0

mirrors collimating Sec. 4.6 21.0 and 42.0plane, redirecting Sec. 4.6 23.0 and 44.0
monochromator Quick-DCM Si111 and Si311, Sec. 4.5 47.0DCM Si111 and Si311 48.0

sample position mechanical positioning system Sec. 4.9.1 55.0sample environment equipment Sec. 4.9.3

4.4. Insertion Device
In order to turn the electron beam in synchrotron radiation, a suitable insertion device (ID) is needed. For spec-troscopy beamlines, the continuity of the energy generally has a higher priority compared to the flux. The opticalproperties of an insertion device are characterized by theK value

K = 0.934 · λu[cm] ·B0[T], (1)
with the period of oscillations λu and the amplitude of the magnetic fieldB0 [43]. A device with highK value (K �
1) has a stronger influence from higher harmonics as well as lower intensity, lower collimation, higher emittance, andsmaller coherence, see Tab. 10. Insertion devices with highK values are favored for spectroscopy beamlines and arecalled Wiggler; lowK value devices are called undulators.

Table 10: Comparison of different properties of Wiggler and Undulator withN periods [43].
property wiggler undulator
angle of transverse oscillation large smallinterference no yes
K value � 1 ≈ 1# harmonics high lowradiated energy broad continuum narrow at well defined Eintensity increase 2N N2

degree of collimation low highemittance high very lowintegral photon flux same samecoherence no yessection low β high β
Depending on the parameters of the ID, the bandwidth of the generated X-ray beam differs significantly. Setting theX-ray energy of the experiment when using a wiggler is solely determined by the Bragg angle of the monochromator(see Sec. 4.5) as the photon flux of the source hardly depends on the X-ray energy. In contrast, for undulators, theflux is strongly dependent on the X-ray energy and the chosen undulator gap, which determines the magnetic fieldwithin the undulator.
To enable high temporal resolution, as is often required for catalytic experiments, special considerations must bemade for the setup and data handling. These scans are referred to as Quick EXAFS (Q-EXAFS) scans and typically covera 1 s-scan of 1000 steps within an energy range of 1000 eVfor EXAFS regime and a 100ms-scan of 1000 steps within anenergy range of 100 eVfor XANES regime [44]. An important basis for these scans is a nearly constant primary beam
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with respect to total flux, but also to intensity distribution within the beam and beam position. Generally, two mainapproaches exist: (1) an ID with a broad and nearly uniform beam is used, where only the monochromator settingdetermines the beam energy or (2) an ID with a narrow energy bandwidth is used, where both ID and monochro-mator must move to determine the beam energy. The latter case describes the use of an undulator as ID and themovement of its gap to adjust the energy. However, this motor is slow and limits the time resolution to minutes andseconds. In this variant, monochromator and undulator are moved in continuous scans as currently done at P64 andP65 of PETRA III [45]. In contrast, version (1) is faster, especially when combined with a Q-EXAFS monochromator(see Sec. 4.5). The required broad energy bandwidth can be provided by using a tapered undulator [46–48]. Further,Wigglers naturally offer a nearly continuous spectrum, especially for very low period numbers, at the cost of highdivergence.
For the AppAnaXAFS beamline, the use of a 3-pole Wiggler is desired [49–51], having highly similar characteristicsto Bending Magnets, but providing compatibility with a 4GSR source. However, 3-pole Wiggler also have a high beamdivergence and thus large beam sizes. First considerations of a 3-poleWiggler setting resulted in beam sizes of roughly
28×3mm2 at the position of Photon Shutter PS1 (see Tab. 11 formore details on the safety shutters within the tunnel),see also App. A. The vertical extension of the beam will exceed the acceptance of PS1, see Fig. 3. Possible solutions tothis issue will be discussed in the upcoming sections 4.6 and 4.7.
Table 12 contains a list of the Wiggler parameters used for the xrt calculations (see App. A) of the AppAnaXAFS beam-line. As the 3-poleWiggler is a very special insertion device, the PETRA IV project team recommended to use the class
SourceFromField instead of the convenient Undulator or Wiggler class, employing a customField data file ofthe magnetic field, cf. Fig. 4 [52].
Table 11: Location and size of the mandatory safety shutterswithin the tunnel.
shutter name dist. from source opening/m /mm2

Photon Shutter PS1 21 12× 6Photon Shutter PS2 35 10× 6Main Beam Shutter MBS 37 20× 10

Table 12: Key parameters of the 3-pole Wigglers at the App-AnaXAFS beamline [52, 53].
parameter unit TP2
length m 0.142period length cm 14.2# of periods 1
K value 11.5
E range keV 4 to 40max. magn. field T 0.863total power kW 0.347
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Figure 3: Beam size (FWHM) and flux calculated with xrt for the non-collimated beam at different positions along the AppAnaXAFSbeamline. The influence of the photon shutters PS1 and PS2, the main beam shutter (MBS) as well as the monochromator areconsidered.

4.5. Monochromator
The polychromatic X-ray beam provided by the ID needs to be monochromatized for most experiments. By reflectingthe beam at a perfect single crystal, only one wavelength (and its harmonics) is selected, with the bandwidth corre-sponding to the Darwin width of the reflecting crystal [54]. In order to keep the exiting beam parallel to the incidentbeam double bounce monochromators have become established.
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Figure 4: (a) Vertical magnetic field, (b) flux density, and (c) beam profile of the 3-pole wiggler as provided by the PETRA IV workinggroup [52].

The standard monochromator of the analyzed spectroscopy beamlines in Sec. 3 is a Si(111) double crystal monochro-mator (DCM), which is best suited for the energy range of 2 keV to 20 keV and even above. This DCM is is oftencomplemented by a Si(311) DCM for energies above 10 keV [55].
Further, the majority of the monochromators are cooled, mainly with liquid nitrogen. The high flux at 4GSR in com-bination with the generally high power of undulators requires extra cooling of the monochromator, independent ofthe choice whether to use White Beam Mirrors (WBM, see Sec. 4.6) to reduce the heat load. However, the power ofthe 3-pole Wiggler relatively low with 0.347 kW, so that water cooling might be sufficient.
Especially for spectroscopic experiments, where the Bragg angle of the monochromator is permanently changing, aperfect alignment of both crystals with respect to each other is crucial. In order to improve the overall beam stability(at cost of flexibility), the reduction of vibrations from the second DCM crystal could be decreased by using a Channel-
Cut Crystal Monochromator (CCM). These monochromators are produced by cutting a channel into a single crystaland, thus, have a compact and cost effective design while reducing vibrations and alignment complexity [54, 56]. Inorder to guarantee for exactly the same lattice parameters of both crystals, especially their temperature has to beidentical. Thus, direct, thermal coupling is highly important. Additionally, the heat load on the first crystal wouldnaturally be much higher when the white beam directly hits the monochromator, thus WBMs are mandatory.
Although the exit beam of a CCM is parallel to the incident beam, its height changes slightly when the energy isvaried, resulting in different parts of the sample being examined as the energy is scanned, unless the sample heightis corrected.
In order to avoid that effect, the use of two successive, identical CCM would cancel out the beam offset and createenergy independent conditions (Bartels’s type or four-bounce monochromator) [57–59]. Naturally, this setup corre-sponds tomultiple diffraction of the beam, such that the reflected beam is of higher index, which leads to a sharpenedbeam and higher energy resolution with almost no additional loss of intensity [57,60]. Calculations with xrt revealedan additional intensity loss due to the second monochromator of 1.6% over the complete energy range. Figure 5shows the development of the relative flux over the desired energy range. Unfortunately, the synchronization of bothCCMs is now the biggest challenge.
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Figure 5: Normalized flux of the X-ray beamafter the 1st and2nd CCMwith respect to the flux before the 1st CCM (discon-tinuities caused by changing the undulator harmonics).

In order to ensure Q-EXAFS scans, a very fast and reliablechange of the X-ray beam energy is necessary. The best timeresolution can be achieved by using especially designed Q-EXAFS monochromators, which facilitate fast energy scans ina limited energy range of≈ 1 keV.
Generally, moving the undulator gap is much slower (see alsoSec. 4.4) than changing the Bragg angle of the monochroma-tor, which is why the undulators are often kept at a certainbase energy and the monochromator scans through the avail-able bandwidth. When using an undulator as source, an artifi-cial broadening of the bandwidth can be realized by tapering,see Sec. 4.4. Different approaches of Q-EXAFS monochroma-tors are discussed in literature [61–63]. Additionally, a fast andsynchronized readout of the intensity and energy data is cru-cial, which is best realized by the use of ionization chambersand ADCs, see Sec. 4.9.2.
4.6. Harmonic Rejection Mirrors and White BeamMirror
Several mirrors can be placed along a beamline serving different purposes, e. g. for collimation/focusing (see Sec. 4.7),rejection of harmonics, and to protect the monochromator against excessive heat load [64]. All or parts of the func-tions can also be combined in the same mirror.
4.6.1. Harmonic Rejection Mirrors

Harmonic Rejection Mirrors (HRM) can be placed before and after the monochromator and serve to suppress un-wanted harmonics that could cause drastic errors in the absorption coefficient and thus falsify the results [65]. Inorder to create this effect, the specular reflectivity of the mirror material is used, which has a sharp cutoff at a charac-teristic photon energy, see Fig. 6. Thus, thesemirrors work as low-pass filter [65] and typically have stripes of differentcoating materials (e. g. B4C, Pd, Rh) in order to vary between different base energies for the experiment. Please notethat low incidence angles alwaysmean a large footprint and thus necessitate longmirrors, which aremore challengingto produce with high quality at higher costs.
4.6.2. White BeamMirrors

Generally, White Beam Mirrors (WBM) are installed as first optical element of the beamline in order to reduce theenormous heat load of the upcoming, more delicate elements. This reduction occurs by absorption of photons withenergies above the critical energy of the surface material (also depending on the angle of incidence, see Fig. 6) [66].
Heat load is not only a problem in itself, but the resulting temperature gradient must also be reduced to decreaseinternal stress that otherwise leads to deformation and surface deterioration. For mirrors, the reduction of heat loadand thermal gradient must be managed by passive and active cooling [66]. Other approaches (e. g. for monochroma-tors as first optical element) are filters based on reflection or on absorption as well as pre-monochromators.
In the present case of the AppAnaXAFS beamline, the DESY philosophymust be taken into account, according towhicha small crystal (monochromator) is preferably cooled instead of a largemirror. The argument behind this philosophy isthat thermal distortions of the large mirror surface significantly influence the beam properties, while the monochro-mator is less sensitive to surface defects. For the planned 3-poleWiggler no special requirements are needed to safelyhandle the heat load at the first optical element (presumably a collimating mirror), as the total power of the Wiggleris only 0.347 kW.
4.6.3. Collimating/Focusing Mirrors

One of the most important applications of an X-ray mirror is beam focusing (and collimation). In general, the mirrorsare distinguished whether they influence only one or both dimensions of the beam (hereinafter referred to as 1D and2D). The simplest shape, and thus the cheapest manufacturing option, is the bendable flat mirror. The 2D alternativecorresponding to this 1D mirror is the toroidal mirror, which is in principle a curved or bendable, longitudinal sectionof a cylinder. Additionally, we will also study the effect of 1D and 2D parabolic mirrors on the beam shape.
For the “spherical” mirrors (toroidal and bent flat), the radii for meridional and sagittal focusing are given by theCoddington equations

Rm =
2pq

p+ q
· 1

sin θ
, Rs =

2pq

p+ q
· sin θ, (2)
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Figure 6: Reflectivity curves of different coating materials and different incidence angles.

with the incidence angle θ as well as the object distance p and the image distance q, respectively [38, 66]. Parabolicmirrors only consider two cases: the beam is divergent and should be collimated or the beam is parallel and shouldbe focused. In case of collimating mirrors, the image distance is set to infinity [67]. Parabolic mirrors have a bettercollimation performance in comparison with spherical mirrors [68].
The most prominent example of focusing mirrors are the Kirkpatrick Baez mirrors [69]: a pair of mirrors consisting ofa horizontal and vertical focusing unit, respectively.
Of course, alternative focusing methods exist, of which the mirror is the most suitable approach with respect tospectroscopic applications. Section 4.7 describes the alternatives along with their advantages and disadvantages.
4.6.4. Considerations for AppAnaXAFS

At PETRA IV the intended 3-pole wiggler of the AppAnaXAFS beamline will have a highly divergent beam, implyinglarge beam sizes. However, the footprint on the monochromator must have a reasonable size and Bragg’s Law mustremain applicable. Thus, a (vertical) beam collimation is strongly intended, which reduces the (vertical) beam diver-gence (and size) while preserving the flux. However, the beam should not be affected in horizontal direction, as thisgenerally worsens the energy resolution by changing the direction of the beams and affecting the incidence angle.This collimating mirror should be located as close to the ID as possible.
By default, mirrors are placed outside the ring tunnel to allow access to the mirror (for repair and maintenance) evenwhen the synchrotron is in operation. However, first xrt calculations including photon shutters andmain beam shutter(opening of 10× 6mm2 and 20× 10mm2, respectively [42]) revealed a beam size of 27× 14mm behind the wall at
≈ 47m (see Fig. 3). A collimation beyond this point would merely preserve this beam size. Additionally, the flux isalready reduced by a factor 2 to 1.74× 1016 photon s−1 due to apertures realized by the safety shutters. As enlargingthe maximum shutter openings is a challenge from a technical and safety point of view [42], the aim is to positionthe collimating mirror closer to the source. A solution of this conflict could be the application of a collimating mirrorbefore exiting the tunnel. Together with the Beamline Technology Department, the necessary equipment within thetunnel for a default beamline was discussed, including their positions [42]. Furthermore, the fact was highlighted thatthe utilization of a solitary mirror would inevitably alter the direction of the beam, which would significantly increasethe complexity of the design of the beamline itself and the adjacent beamlines. In order to keep the design moresimple and flexible, the use of mirror pairs was strongly recommended. As a result, Fig. 7 was developed, highlightingthree possible positions for the placement of the collimating mirror and its redirecting counterpart: Outside thetunnel, close to theWall (OW); Inside the tunnel, close to theWall (IW); Inside the tunnel, close to the ID (II). Beamdecoupling, fast shutter, dump magnet, photon shutter PS1, vacuum components, and diagnostic units require the
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Figure 7:Mandatory equipmentwithin the tunnels [42] (grey boxes) and their corresponding positions. Different potential locationsof (collimating) mirrors (orange boxes; see Sec. 4.6) are indicated. The bottom row describes the categories of optical elements asused in xrt.

first 20m after the insertion device. Additionally, the last 6m before the wall are reserved for the photon shutter PS2,themain beam shutter aswell as further vacuumequipment, and diagnostic units. Furthermore, 1m space is requiredfor a diagnostic unit behind the wall of 1.5m thickness. Further, the area 8m after the dumpmagnet is generally keptfree to avoid damage in the extremely rare case of escaping electrons, which is why we also consider an additionalplacement within the tunnel.
The calculations will include several aspects to evaluate different options:
• three mirror pair positions
• II Inside tunnel, close to ID at 22m and 24m
• (IW) Inside tunnel, close toWall at 32m and 30m
• OW Outside tunnel, close toWall at 43m and 45m

• four shapes
• bent 1D bent flat (vertical collimation)
• para 1D parabolic (vertical collimation)
• para 2D parabolic
• toro 2D toroidal

• several positions to evaluate beam size and shape, as well as flux
• before photon shutter PS1 screen at 19.9m
• at photon shutter PS1 aperture at 20.0m
• before photon shutter PS2 and main beam shutter screen at 34.9m
• at photon shutter PS2 aperture at 35.0m
• at main beam shutter MBS aperture at 37.0m
• before monochromator screen at 46.9m
• after monochromator screen at 47.1m
• after mirror 1 and 2 (determine optimal length and pitch) mirror

• different lengths
• default: maximum available length, symmetric to center point (here: 2m)
• five steps in reasonable range between 60 cm to 1400 cm

• different incident angles
• 1.8mrad, 2.0mrad, and 2.5mrad

• material
• Rh
• (Pt)

Results for AppAnaXAFS.
First of all, different mirror geometries and their effects on the beam shape are studied. Especially for small radii andlong mirrors the beam shape can become very asymmetric and wide spread. Figure 8 compares the beam shapes fordifferent mirror positions, geometries, and sizes as well as incidence angles. The exemplarily comparison includes theextreme cases of realizable settings for the incidence angles (1.8mrad and 2.5mrad) andmirror lengths (600mm and
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1400mm) as well as all four introduced shapes and the two positions II and OW. In general, all combinations result inwell-behaved beams with almost rectangular shape, with a slight bent for the 2D mirrors.
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Figure 8: Overview of the effects of different mirror settings on the shape and size of the beam for different incidence angles andmirror lengths for mirrors at II position. The presented screens are located right before the monochromator at 46.9m.
Additional detailed studieswere performed to evaluate the intensity loss at different elements of the beamline in frontof the monochromator for different positions of the mirrors. Figure 9 displays the flux calculated at different stagesof the beamline for the mirror positions II and OW, respectively. Both subfigures consist of several panels presentingcombinations of different incidence angles (columns) andmirror shapes (rows). Each individual panel presents curvesfor different mirror lengths (color coded), including the mirror-free option. Naturally, all variants result in a reductionof flux, primarily due to the various shutters, which are responsible for a loss of approximately one order ofmagnitudefor the mirror-free option. For the OW position of the collimating mirror, the flux is further reduced by the interactionwith themirror surface (reflectivity of Rh at a certain incidence angle) as well as themirror size (beam projection ontoinclined surface), see Fig. 9 (a). Additionally, for this mirror position, no significant difference in flux is recorded forthe different mirror shapes. Here, more sophisticated shapes (parabolic, 2D) have no advantage over the simple bentmirror.
When the mirrors are positioned between the Photon Shutters PS1 and PS2 (position II), then the collimation ofthe beam preserves some of the otherwise lost photons and higher fluxes than for the mirror-free calculation arepossible, see Fig. 9 (b). In case of 2D mirror shapes, the losses by horizontal beam cutting at the shutters is reducedsignificantly. Here, the 2D shapes have the advantage of a higher flux, but this is associated with higher productioncost of the mirror. In general, the intensity is at least a factor 5 lower for mirrors at the OW position. Additionally,the influence of the mirrors length is also clearly visible for both tested positions and is responsible for a intensitydifference of a factor≈3 to 5 between the shortest and longest mirror versions (600mm to 1400mm, respectively).
The final evaluation step includes the calculations of the flux and energy resolution behind the monochromator forthe two energies 9 keV and 22 keV both using the Si(111) monochromator crystals, see Fig. 10. The FWHM of the 1Denergy histogram (see App. A) was used to determine the energy resolution, see Sec. A.
In the case of mirrors placed at the OW position, the individual results hardly differ from each other. Generally, theflux is 2 to 4·1010 photon s−1, independently of energy and mirror shape, only slightly increasing with mirror length.In order to perform reasonable XAS experiments, a minimum flux of 1012 photon s−1 on the sample is required. Tocompare the experimental value and the calculated data, two things must be considered. On the one hand, theexperiment includes more objects that interfere with the beam, e. g. diamond windows and air. Experience showsthat these objects are responsible for the loss of intensity by a factor of 10. On the other hand, the displayed flux isthe value for the entire beam, which has a size in the range of 13.5× 1.1mm2 to 13.5× 3.5mm2 (depending on themirror length) at the DCM. This is the maximum flux on the sample, when a perfect focus on the sample position ispossible. In reality, further losses must be expected. In summary, for mirrors at the OW position, the possible flux istoo low for the intended experiments.
The energy resolution is also independent of themirror shape and length and has values of 1.2 eV and 3.2 eV for 9 keVand 22 keV, respectively. For the mirror-free option, the values (6 eV and 23 eV, respectively,) are not presented hereas they would affect the readability of the graphic.
For themirrors at II position, the flux is always increased compared to themirror-free option, the value is at 1012 photon s−1

and 2× 1010 photon s−1 for 9 keV and 22 keV, respectively. Although, the flux for this setup is higher, it is not suffi-cient for the intended experiments.
The energy resolution for mirrors at II position is 1.2 eV and 2.0 eV for 9 keV and 22 keV, respectively. For the mirror-free option, the values would be 6 eV and 23 eV, respectively, and would affect the readability of the graphic.
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4.7. Focusing (and Collimation)
Beside the already mentioned focusing mirrors, a broad range of other focusing devices exists. The application ofthose devices is to create an image (with reduced size) of the source onto the sample. Geometrically, the focal length fis related to the object distance p and the image distance q by:

1

f
=

1

p
+

1

q
. (3)

In the case that a parallel beam is desired, the process is called collimation and p =∞ [67].
Focusing devices can be categorized according to the underlying physical effect as reflective, diffractive, and refractive.The most elaborate and most flexible representatives of each group are Kirkpatrick Baez (KB) mirrors [69,70], Reflec-
tive Zone Plates (RZP) [71,72], and Compound Refractive Lenses (CRL) [73,74], respectively. Each of those devices offersdifferent advantages and disadvantages. The linearly arranged FZPs and CRLS provide the easiest handling. Generally,the smallest beam can be generated with diffractive and reflective elements. Reflective optics are non-dispersive,which means that they work independently from the wavelength (energy) of the X-ray beam. In turn, this propertymakes reflective optics most advantageous for X-ray energy scanning, despite the disadvantages of large dimension,difficult handling, and high costs for high quality polishing.
Among the different relfective optics (e. g. Schwarzschild optics [75,76], Wolter optics [77]), the most favored optionsfor synchrotron applications are a set of toroid mirrors, KB mirrors [69], andMontel mirrors [78]. The toroidal mirrorsare usually free in their placement across the beamline and, as the name indicates, they manipulate the beam bothhorizontally and vertically. In contrast, KB mirrors come as a pair, typically after the monochromator. Both mirrors areelliptically shaped and each focuses to a line and sequentially to a spot [54]. In a conventional KB setup, the mirrorsare placed successively; in order to save space and reduce offsets between the mirrors, Montel mirrors offer a morecompact design [78], at the cost of more difficult polishing and manufacturing.
CRLs and RZPs are dispersive as the focal point changes with energy. By simply adapting the position of CRL (stacks)and/or changing the amount of active lenses for a new energy, the focal condition can be met again [74]. Devicesdesigned to do just that are called transfocators and are still under development [79]. However, the lens material isoften contaminated by transition metals, which could falsify the signal when investigating the corresponding absorp-tion edges. Therefore, lenses made of silicon or diamond would be most beneficial, which are cost-intensive due tothematerial itself or because of the high computational effort to calculate the optimal shape. However, RZPs can onlybe used to a limited extent for energy scans by varying the incident angle [80].
Additionally, CRLs generally have a diameter of< 5mm [81, 82], which is already significantly exceeded in horizontaldirection at the position of PS1 of the AppAnaXAFS beamline. And RZPs can be manufactured [83] with a usableaperture of 80 × 20mm2. For a typical incidence angle of 0.8° for hard X-rays, a vertical acceptance of 1.1mm is areasonable estimate [80], which falls significantly below the 6mm beam size after PS1. This means for both casesthat a major part of the photons would not be focused on the sample, which in turn results in a significantly reducedprimary intensity.
In accordance with the previous discussion, all the beamlines analyzed in Sec. 3 rely on mirrors for focusing, with amajority employing KB or toroidal mirrors.
Mainly because of the large beam size expected from the 3-pole Wiggler, the mirrors are best suited for the AppAna-XAFS beamline.
4.8. Absorber
While mirrors in form of HRM (see Sec. 4.6) suppress the higher harmonics, absorber can be used to filter out lowenergy photons, which both facilitates to reduce the heat load on the first monochromator crystal 4.5 [84]. Theoperating principle is based on the energy dependent absorption of X-rays by a material: the higher the energy, theless the radiation is absorbed by a chosenmaterial with a certain thickness. In general, it is advisable to sacrifice 10%to 20% of the maximum flux to reduce the thermal load on the optical components. Typical absorbers are foils madeof Al and Cu of different thicknesses, as well as glassy carbon and diamond. The absorber material must be chosenwisely with regard to the X-ray energies used in the XAS scans: the absorber may not have an absorption edge withinthe scan range.
4.9. Experimental Hutch
The experimental hutch must offer plenty of space for placing the sample stage (see Sec. 4.9.1) as well as variousdetectors, sensors, and analyzers (see Sec. 4.9.2) and, additionally, the equipment to vary the sample environment(see Sec. 4.9.3).
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4.9.1. Sample Stage

The main options for a sample stage are multi-circle diffractometers and optical tables. Most spectroscopic exper-iments are measured in transmission or fluorescence mode and do not require the highly accurate positioning ofdiffractometers. Instead, the surface of the optical table could be used for the flexible setup of different devices forthe manipulation of the sample environment close to the sample position, see Sec. 4.9.3.
4.9.2. Detectors, Sensors, and Analyzers

Figure 11: Stack of the electrometers recordingthe intensities at the ionization chambers.

In general, X-ray experiments are recorded with a large variety of detec-tors, sensors, and analyzers at different positions of the beamline [85].For most spectroscopic experiments, the application of ionization cham-bers and diodes delivers the desired information reliably, quickly, andefficiently. The general setup is an all transmission setup consisting ofthree ionization chambers (plus electrometers) for the primary beam I0,for the signal I1 of the sample, and for the reference I2, see Fig. 11.Depending on the selected energy, the chambers are filled with varyinggases and pressures, generally heavier atoms are more suitable for higherenergies [86]. The best solution for fluorescence measurements up to
20 keV is the application of a PIPS diode (Passivated Implanted Planar Sil-icon [61]). Unfortunately, this diode also reacts on visible and infraredphotons, which makes the application in temperature dependent stud-ies more challenging. For fluorescence measurements of complex com-pounds or for strongly diluted absorbers, Silicon Drift Detectors (SDD) arerecommended [87,88].
In contrast, 2D detectors are rarely used since most samples are in pow-der form, for which no spatial resolution is required [89]. In particular,Q-EXAFS scans, as envisaged for the AppAnaXAFS beamline, require de-tectors with a very high temporal resolution (approx. 100 spectra per sec-ond spanning approx. 1 keV with 1 eV steps resulting in 100 kHz), whichcannot be permanently acquired by most 2D detectors. Currently, veryhigh temporal resolution is achieved with Eiger2 X/XE [90] at 4.5 kHz and with Lambda detectors from XSpectrum atup to 24 kHz (with 1 bit resolution) [91]. For the Q-EXAFS applications, ionization chambers are preferred, especiallythe gridded versions [62,92,93], which overcome the drawback of slow heavy ions (used at higher X-ray energies) bycollecting them and separating their signal from that of the lighter and quicker electrons [48].
The different analyzers dedicated to the catalytic experiment will be discussed in Sec. 4.9.3.
4.9.3. Equipment for in-situ catalysis experiment

Additional equipment is naturally necessary for characterizing the catalytic part of the experiment. The specific ana-lyzers required vary depending on the focus of the experiment.
The future AppAnaXAFS beamline will mainly focus on gas-flow catalysis as performed i. a. by the Grunwaldt groupat KIT [94], see Fig. 12. Thus, the following equipment is needed to record the desired operando data and parts of thecharacterization data (see Tab. 1) [44,89]:
• heater and temperature sensors (room temperature up to 600 °C)
• access to different gases, including gas mixing [95]

• devices for gas supply
• most important gases: O2, N2, He, H2, CO2, CO,CH4, (H2O)
• sufficiently large gas cabinets

• mass flow controller
• flow meter
• exhaust

• devices for gas analysis
• gas chromatograph
• mass spectrometer

• Fourier-Transform Infrared (FTIR) gas spec-trometer
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Figure 12: Different equipment used by the Grunwaldt group [94] from KIT for gas-flow catalysis experiments. Left: U-shapedsample holders with and without catalyst-filled capillary. Middle: In-situ experiment including a resistive heater with water coolingapplied to a capillary in a u-shaped holder [96]. Right: Gas mixing system for laboratory applications.

Other catalytic experiments could also require:
• syringe pump [97]
• potentiostat [97]
• solar simulator [97]

• optical filters [97]
• calibrated Si-photovoltaic ref-erence cell [97]

• magnetic stirrer [98]
• electrometer
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5. Automation and related aspects
5.1. Control systems
The details of automation strongly rely on the infrastructure provided at the beamline. The infrastructure consists ofdifferent layers including
• run engine, e. g.

• Sardana [99]
• BLISS [100]
• BlueSky [101, 102]

• hardware abstraction, e. g.
• ophyd [103]
• tango [104]

• control system, e. g.
• SECoP [18, 105]
• EPICS [106]

In the case of PETRA IV, different options are discussed at the moment. Within the ROCK-IT project, the followingconstellation will serve as a preliminary test to make a well-informed decision for PETRA IV:
• BlueSky,
• ophyd,
• Tango (DESY) and EPICS (KIT) for beamline, detectors, and frontend,
• SECoP for sample environment.

The dedicated hardware abstraction layer of BlueSky is ophyd and facilitates a commonbase for forwarding commandsto Tango and EPICS. BlueSky generates different kinds of events (e. g. image taken, scan ended), which can be usedto trigger actions especially during online analysis, see Sec. 5.4.7.
5.2. Automation
A high degree of automation always goes hand in handwith less flexibility with regard to changes in themeasurementsetup. Therefore, the integration of new devices takes a certain amount of time until all functions are fully embedded,tested, and error-resistant.
The full automation of an X-ray Absorption Spectroscopy Beamline involves all steps from beamtime preparation toexecution, and to data storage. Additionally, various safety aspects must be considered when planning remote andfully automated experiments, among them safety issues from the experiment (high voltages, low and high tempera-tures, gases, etc.) as well as cyber security while remotely accessing the beamline control system. Here, we will alsobriefly discuss the important auxiliary step of fully automated ex-situ experiments, which are already interesting forindustry partners by excluding differences in human handling [107]. The challenges of automation from ex-situ and
in-situ measurements are fairly different as the former focuses on high throughput at constant conditions and thelatter on varying experimental conditions of a low amount of samples.
5.2.1. Automation of the beamline alignment

The alignment of a beamline, which focuses on a very specific type ofmeasurement, always consists of the same stepsand can therefore be automated very easily. Generally, the alignment involves the adjustment of energy, mirrors, andsample stage. At the AppAnaXAFS the alignment will comprise mirrors, monochromator, filters, table height, and theelectrometers corresponding to the ionization chambers, see respective subsection in Sec. 4. The complete processof the predecessor beamline P65 [84] has been visualized within this project in Business Process Model and Notation(BPMN), see Fig. 13. Both this and all upcoming processes were designed in strong cooperation with all work packagesof the ROCK-IT project [17]. The visualization and realization of the individual steps is work in progress and originallystarted with a focus on the experimental site. Therefore, an imbalance between level of details is present betweenexperiment and all other aspects.
The alignment starts by choosing the appropriate energy of the XAS experiment. Depending on this energy, first theundulator must be optimized by adapting undulator gap and undulator harmonic. Next, the mirror surface (Si, Rh,or Pt) and the monochromator crystals (Si111 or Si311) must be selected according to the energy. In case that neithermirror nor crystals need to be changed, only a simple beamline alignment is necessary, involving the scans of ∆-θ(mirror angles), table height, and undulator offset. Otherwise, a finely tuned process involving the aforementionedscans as well as changing the surfaces and coatings must be executed.
Each of these steps is already well automated at P65, using multiple python-based Graphical User Interfaces (GUIs)that allow for a smooth transition to a fully automated alignment, which can easily be transferred to the future App-AnaXAFS beamline. However, a crucial aspect is the prediction and handling of all possible errors that could occurduring a measurement, see Sec. 5.2.4.
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Figure 13: The alignment steps of beamline P65, the predecessor of AppAnaXAFS, visualized with Business Process Model and
Notation (BPMN).
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5.2.2. Automation of ex-situ XAS measurements

Figure 14: Sample holder for nine powder-filled capillaries for ex-situ XAS measure-ments [2].

After fully automatizing the alignment process, also the ex-situ XAS mea-surements must be automatized. The current process of the ex-situ XASmeasurement at P65 is depicted in Fig. 15. The steps involve the previouslydiscussed alignment of the beamline (see Sec. 5.2.1), the sample prepara-tion and installation, the sample alignment, as well as the XAS measure-ment itself. Sample preparation and installation are manual steps. Theuse of sample holders that are capable of accommodating multiple sim-ilar samples is common practice for fast, ex-situ XAS measurements, seeFig. 14. The sample alignment basically consists of centering the samplehorizontally and vertically. The XAS measurement can be performed instep mode or continuous mode. The major difference between both approaches is the motor movement and syn-chronization with the detector. While in step mode the undulator and monochromator move step by step to theprecisely calculated positions and record the intensity there during standstill, in continuous mode the motors movecontinuously between the calculated start and end position within a specific time frame and record the intensity dur-ing the movement. In general, modern implementations of continuous scans offer the same accuracy and (often) asignificantly lower overhead (amount of time needed for a scan in addition to overall exposure time) and thus higherefficiency.
Generally, the size of the energy steps is adjusted for each measurement in order to achieve a balance betweeninformation gain and time expenditure. Finer steps are necessary for the edge region, while wider steps are used inthe pre-edge region and especially in the far post-edge region [89]. Often, a previously prepared table can be usedas input for energy steps and integration time instead of the data input with a GUI.
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High-throughput ex-situ XASmeasurements are of high interest for the industry to analyze large quantities of samples,
e. g. with slightly differing growth conditions [107]. Further requirements (on the part of the industry) are necessaryfor this type of measurement:
• automated sample changing

• large sample amount available: many slots in sample holder and/or automated exchange of sample hold-ers (robot needed), see Sec. 5.2.3,
• supply of a magazine (storage for sample holders),

• error handling to facilitate uninterrupted, autonomous measurements, see Sec. 5.2.4,
• cyber security

• secure authentication of remote users, see Sec. 5.3,
• secure data storage and exclusive data access from original users, see Sec. 5.3 and 5.4.1,

• automated and unified data storage
• data storage at the research facility, see Sec. 5.4.1,
• standardized data formats, see Sec. 5.4.2,
• automatized export to metadata catalog, see Sec. 5.4.3,
• automatized Electronic Laboratory Notebook (ELN), see Sec. 5.4.4,
• unique sample identification, see Sec. 5.4.5,
• XAS database, see Sec. 5.4.6,
• on-line data analysis, see Sec. 5.4.7,

• unification and standardization
• standardized processes following DIN or other norms,
• loading and validation of a predefined measurement schedule.

After including all these tasks, the process of the beamline will be significantly more complex, see Figs. 16 and 17.
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P65, fully automated
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Figure 16: The future vision of fully-automatized ex-situ XAFS measurement at beamline P65, the predecessor of AppAnaXAFS,visualized with Business Process Model and Notation (BPMN).
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5.2.3. Automatic Sample Exchange

Figure 18: Robotic arm “in training” for heterogeneoussynthesis of potentially functional materials at KIT [108].

Using robotic arms in fully-automated catalysis experiments asa sample changer offers several advantages, especially for syn-chrotron applications. Firstly, they can be operated remotely,even when working in (potentially) dangerous environments,
e. g. under the influence of radiation and under exposure tohazardous chemicals or reactions caused by the catalysis experi-ment itself or by gas leakages. However, only so-called collabora-tive robots are capable of working in close proximity to humansand together with them. For other robot variants an additionalinterlock of the experimental hutch is required that switches therobot off while people are present. Additionally, they are pro-grammable, which improves productivity by facilitating contin-uously ongoing experiments independently of nights and week-ends. Furthermore, the programmability also allows for remoteexperiments and the integration of the robot into a larger process of individual (scheduled) analysis steps. By integrat-ing a QR code scanner (camera) into the beamline setup and labeling the samples with QR codes including a sampleID, the verification of the correct sample selection from the magazine (storage) is possible in real time. However,these advantages come at high costs for acquiring and maintaining robotic arm systems. Additionally, the operationof these arms requires specialized training and expertise, as well as significant time and effort initially. Fortunately, forbeamline P65 and the future AppAnaXAFS beamline, this knowledge is already available within the ROCK-IT project.Although robotic arms are not suitable for decision-making, the careful integration of machine learning and artificialintelligence into the online analysis tools can take over part of this task. As the robots are limited in terms of range ofmotion, dexterity, and handling delicate materials, it is not possible to let it change capillaries in the currently used u-shaped sample holders, see Fig. 12. Instead, the design of a smart sample holder system is needed that could serve asprototype for a future standardization of gas-flow sample holders. This new design includes one part, which situatedat the sample position and connected to the gas-mixing system, and a second part, which includes the capillary. Therobot is now supposed to grab the movable part from the magazine and attach it to its fixed counterpart, facilitatingthe gas flow. A cheap and easy design is already discussed within the WP3 of the ROCK-IT project.
5.2.4. Exception Handling

One of the biggest challenges in automation, apart from implementing the ideal algorithm, is dealing with unforeseenevents: exception handling. In the presence of a user or staffmember, these issues can be solved by intuition or expe-rience. However, in automated experiments, these exceptions must already be considered by turning this experienceand intuition into scripts. Generally, exception handling consists of three parts: error detection, error correction, anderror notification. For a fully automated beamline, all arising errors are handled at best, regardless of whether theyare expected or unexpected. For unexpected errors this mostly means that the experiment is stopped in a save wayfor man and machine and that notifications are sent to users and staff as well as to the log.
Some expected errors are already considered in the presented BPMN schemes and appropriate actions are mostlysimple to implement, for instance:
• gas leakage
→ most probably due to broken capillary, use next sample

• invalid schedule (created by user)
→ user has to adapt the schedule

• virtual and physical magazine are not identical
→ recreate virtual magazine with robot

• (half) empty gas bottles,
→ staff needs to refill/exchange bottles

• no intensity
→ check PETRA status
→ no beam: wait for beam, hold catalytic condition OR continue with catalysis experiment (users’choice)

→ beam shutter open? (must be open)
→ all vacuum parts marked green? (should be)

Page 28 of 44



• Deliverable 4.23 •

→ if all previous are ok: check intensity in IC0
→ scan mirrors

Other errors can be malfunctions or failures of the devices, e. g. if a temperature controller no longer works. Withthe analyzers in particular, a simple comparison between the set and actual values could reveal the error. Unfortu-nately, rectification involves manual work and leads to an interruption in the blasting time. For other devices, suitablestrategies must be developed to detect their failure, the handling will certainly identical.
Additionally, the online analysis could detect strong deviations between selected reference and the actual measure-ment data, which could point on a variety of different errors, e. g. wrong sample composition, wrong temperature. Inthis case, a repetition of the recipe with the same or a provided reserve is recommended in order to verify the results.
5.2.5. Automation of catalytic off-line experiments

The default catalytic experiments at P65 are based on off-line (laboratory) experiments of gas catalysis. This involvesreacting ametallic catalyst (within a capillary) with various gas mixtures at different temperatures. In order to analyzethe chemical processes, control gas flow and temperature, the equipment in Sec. 4.9.3 is needed. An overview ofthe steps involved in catalytic off-line experiments is given in Fig. 19. After checking the gas storage and starting themeasurement software for temperature and gases, the treatment plan (recipe) for the sample is loaded. Typically,the recipe for the sample treatment is listed in a table, in which the duration of the individual steps as well as thetemperature and the settings for the gas mixture and flow are specified. After realizing the complete recipe, themeasurement software are stopped.
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Figure 19: The steps of off-line catalytic experiments visualized with Business Process Model and Notation (BPMN).
The automation of catalysis experiments requires special care, not only because the capillaries tend to break and,thus, the preparation of spare samples is always recommended. Further, the heater as well as the gas supply involvesome risks. Proper safety precautions must be guaranteed, especially as it is known from experience that around
10% to 20% of the prepared capillaries are leaky and leak checks are therefore extremely important. Additionally,the heater setup must also be safe, as it may be operated at temperatures of up to 500 °C or even 900 °C for gasblowers or resistive heaters, respectively [2], see Fig. 12.
5.2.6. Full Automatization of in-situ XAS experiments

In addition to the setup of ex-situ XAS measurements of Sec. 5.2.2, the catalytic in-situ XAS measurements involveadditional equipment as listed in Sec. 4.9.3. In case of beamline P65, this involves a heater and gas-mixing equipmentas described for the off-line experiments in Sec. 5.2.5. The accurate placement of different equipment is crucial tofacilitate the measurement of all necessary information. For example, in order to record the fluorescence and trans-mission signal during a heated gas-flow experiment, the u-shaped sample holder should be roughly perpendicular tothe beam direction. Thus, the gas mixing in- and outlets do not cross the beam path during the transmission. By plac-ing the holder at an angle to the beam, the simultaneous fluorescence experiment is possible with the fluorescencedetector in 90° angle to beam. Now, the heat blower may be placed below the capillary holder, see Fig. 12.
Currently, gas flow experiments at DESY require a person to be present at the beamline to handle potential gas leaks.In order to allow fully automated catalytic gas-flow experiments, these safety measures must be reconsidered, de-pending on kind and amount of gases involved in the experiment. During state-of-the-art experiments, the size of thegas bottles is often not sufficient to fill an entire experimental hutch and thus to pose a real danger.
The scheme of the full automatization of in-situ XAS experiments is displayed in Fig, 20. In addition to automated
ex-situmeasurements, the functionalities of the gas dosing, the reactor cell, and the analysis were added.
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P65, fully automated
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Figure 20: The steps of the fully automated catalytic XAS measurement visualized with Business Process Model and Notation(BPMN).
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Figure 21: Readback and meta data at the fully automated catalytic XAS beamline visualized with Business Process Model and
Notation (BPMN).
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5.3. Remote Access, Access Rights, and Cyber Security
Remote Access is not only an important feature for mail-in experiments, but also error handling by staff members infully-automated measurements and also for data-download by users. However, it also raises concerns about differ-ent aspects of cyber security. The major goal is the protection of computer systems and networks from attacks bymalicious actors that may result in unauthorized information disclosure, theft of, or damage to hardware, software,or data, as well as from the disruption or misdirection of the services they provide.
The following measures are takes as standard:
• Data protection: encryption protocols and secure communication channels
• Access control: authentication mechanisms involving multi-factor authentication and strong passwords
• Network security: potential threats like malware, hacking attempts, or denial-of-service attacks; measures:firewalls, intrusion detection systems, security audits
• Device security: security at both remote and experimental site; software updates, antivirus software, passwordpolicies
• Monitoring and logging:monitoring of remote access activities; trackwho accessed and appliedwhich changes
• Training and awareness: training on cyber security best practices

At DESY, different roles are assigned to users via two different services. Beamtime users need to have a DOOR account(DESY Online Office for Research with Photons) [109], which provides access to the proposal submission, declarationof substances, registration of participants, the online safety training, experimental reports, feedback questionnaire,and the data download portal (gamma portal [110]). Further, they can also have a DESY account, which gives themadditional access to further services, like the Maxwell compute cluster and the Helmholtz AAI infrastructure.
The roles of participants, associated with a certain beamtime, are Principal Investigator, Leader, Participant, and Col-laborator. These roles have different read/write permissions on the collected data. Additionally, each beamline has afunctional account that allows full access to the data and controls of the current beamtime, but not to any other toprevent the access of a new user group to the data of a former group. Dedicated scripts ensure the smooth start andtermination of a beamtime, including various saving, reset, and cleaning steps, i. a. the movement of the data fromthe local current folder to the dedicated folder on the central storage labeled with the respective beamtime ID.
The functional account is also used for the control of remote beamtimes. To gain remote access for a beamtime,the user must meet the same requirements as for a standard beamtime (valid DOOR account, scheduled beamtime,safety training) as well as the permission of the beamline staff, which is only granted for experienced users at themoment. The remote access can be activated by the Principal Investigator of the proposal when registering the usersin DOOR as follows.
5.4. Data Storage and Data Handling
Since 2018, the European and worldwide politics has been strengthening the role of open data. In this context theterm FAIR data was coined, as abbreviation for Find-able, Accessible, Inter-operable, and Reusable data [111]. Thecompliance with these principles will
• improve and accelerate scientific research,
• increase the engagement of society, and
• contribute significantly to economic growth [111].

In order to realize those principles, the DAPHNE project [20] was founded to set standards onworkflow (supported byonline logbooks), to establish community storages and data bases, as well as to develop and deploy user-developedanalytics software for all users.
The future AppAnaXAFS beamlinewill provide (meta)data in different ways: as raw datawrapped in NeXus files (basedto hdf5 [112], see Sec. 5.4.2), within a metadata catalog (see Sec. 5.4.3), and as a Electronic Laboratory Notebook (seeSec. 5.4.4). Additionally, all created datawill be storedwithin a logfile. Most importantly, the NeXus files will assemblenot only the XAS output as it is currently done, but also corresponding data dedicated to the catalysis experiment,which are currently controlled and stored at users’ laptops. Additionally, the beamline control will offer an interfaceto update the sample information, see Sec. 5.4.5. Further, the recorded spectra could be shared in a XAS database,see Sec. 5.4.6.
5.4.1. Data Storages

The experimental data is currently stored in three different layers at PETRA III [113]. New data is directly stored tothe beamline filesystem (BL-FS; SSD) and with short delay to the GPFS-core (disk), where it stays for 180 d for post-
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processing and analysis. After this dwelling time the data is sent to the dCache (tape), where it can only be re-accessedafter a staging request. The current plan is to store the data for a maximum of 10 years, as required by the Deutsche
Forschungsgemeinschaft (DFG).
Additionally, all organizational data are stored in DOOR platform, see Sec. 5.3.
5.4.2. Data Formats

An important aspect when selecting suitable data formats is ensuring interoperability. On the one hand, the catalysisdata should be directly linked to the simultaneously recorded XAS data, which can be guaranteed byNeXus data in par-ticular. On the other hand, the state-of-the-art software for the visualization and analysis of XAS data, ATHENA [114],unfortunately does not yet allow the import of NeXus or hdf5 data, but rather accepts the xafs data interchange for-
mat xdi [115]. In order to follow modern data standards and allow further use of standard software, either the importpossibilities of ATHENA must be extended or a fast conversion tool between xdi and NeXus must be provided.
NeXus data files [116] are based on hdf5 standards [112] and serve as containers including different components in atree-like structure. These components are by default:
• NXinstrument (beamline details),
• NXsample (including composition, temperature, electric field, magnetic field, pressure field),
• NXtransformations (define order of motors at beamline),
• NXdata (plottable data),
• NXcollection (gather any set of terms, originally: description of beamline),
• NXprocess (document event of data processing),
• softlinks to external data.

At PETRA III, the NeXus Component Selector is already established, which allows the selection of different signalchannels by users and staff on the fly during the beamtime. These channels can be detectors and motors, but alsoexternal data and sample details.
The recommended file size is about 30GB, as it represents a good balance between reasonable loading/opening time(large files) and folder opening times (many small files). In addition, theminimumblocked space on the disk is 256 kB,so smaller files will not save space. And finally, the risk of interrupted downloading/copying processes is tolerable.
5.4.3. (Meta)data Catalog

In order to facilitate the FAIR principle, the recorded data must be findable, which can be enabled by the (automatic)metadata upload to a catalog. Currently, several metadata catalogs exist
• ICAT [117], • SciCat [118], • sampleDB [119].

In the framework of the PETRA IV, ROCK-IT, and DAPHNE4NFDI projects, SciCat is the preferred solution. Therefore,the partners within DAPHNE4NFDI are working on expanding the functionality of this catalog. Further, the ROCK-ITpartners are currently implementing tools for the automated upload of the metadata from completed scans, either innear-realtime or shortly after the end of the beamtime. These tools have already been tested at beamline P08 withinthe DAPHNE4NFDI framework [21].
The exact choice of metadata to be transferred for XAS in-situ and ex-situmeasurements is not yet finalized, howeversome of the most important keywords are:
• details about participants,
• research center and beamlineof experiment,

• time period of experiment,
• sample PID, see Sec. 5.4.5,
• sample composition,

• absorption edge,
• temperature (range),
• gas flow parameters.

5.4.4. Electronic Laboratory Notebooks

During the measurements, the progress is recorded in notebooks, aside with possible trouble shootings, open ques-tions, and preliminary insights. In most cases, the recorded data is not reusable if the corresponding notebook is notavailable. The requirements for Electronic Laboratory Notebooks (ELN) include
• collaborative work

• access from different computers in parallel
• access of several users in parallel
• display of changes in real-time

• import of data sniplets

• text
• graphics (screenshots)
• tables

• secure access
• collaborators identical with beamtime users
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• remote access
• logs/changes associated with user
• safe cloud space

• default properties for each log entry
• time stamp
• editing user

Further constraints on ELN within the framework of fully-automated beamtimes are:
• Finalization of ELN at the end of beamtime. Especially when investigating “hot topics”, it is important to bethe original discoverer of a breakthrough, which can only be accomplished if the ELN is unalterable once thebeamtime ends. Additionally, it must be clear, whether changes and deletions in the logs are valid and howlong after creation. Perhaps all changes should be tracked.
• Automatic generation of majority of logs, while still allowing manual editing. Therefore, the chosen ELN solu-tion must offer an appropriate interface, which is often not the case for proprietary software.
• Clearly defined set of transmitted (meta)data. The developers must decide on a set of relevant keywords,which can be transmitted. Perhaps the user is allowed to (de)select certain properties. Possible keywords are

• absorption edge (e. g. CuK),
• time stamp,

• editing user,
• scan numbers,

• temperature,
• gas flow.

• Size limitation. As the ELN will be stored in the synchrotron storages along with the raw data, a limitationof the ELN size is recommended to prevent unnecessary additions from the users. The integration of imagecompression during upload could be helpful.
Currently, several different solutions exist (∗ proprietary):
• Google docs [120]
• eLabFTW [121]
• SciNote [122]

• openBIS [123]
• CERF [124]
• Chemotion [125]

• NOMAD Oasis [126]
• Colabra∗ [127]
• Labfolder∗ [128]

• LabTwin∗ [129]

5.4.5. Sample Database

Most existing material databases focus on a certain material as a group of samples, but not on the individual sam-ples. However, a complementary database documenting the growth and treatment procedures is highly beneficialto identify origins in different behavior and also to link the results of different analysis methods to the same sam-ple or sample twins. Further, such a database facilitates the application of data mining and machine learning (bymaking data findable and reusable) for a large variety of scientific questions like successful catalysts, experimentalconditions, reaction mechanisms, and characterization techniques, as well as sample design and optimization. Ad-ditionally, most material databases focus on (more or less) homogeneous materials, although a sample could be acomplicated stack of different layers, e. g. in solar cells and batteries. Overall, building up a sample database pro-motes efficient research, collaboration, knowledge sharing, and accelerates the development of improved catalystsfor various (industrial) applications.
Finally, the creation of a sample database also means the establishment of a global Persistent IDentifier (PID). Inde-pendent from the advantages of a sample database, a sample identifier is of great importance for mail-in and remotebeamtimes, especially in case of high-throughput experiments, in order to prevent confusion about the sample char-acteristics. Often, the sample identification is attached with a QR code sticker to the sample or sample holder.
However, the design of a sample database comes alongwithmanyquestions, which are also discussedwithinDAPHNE-4NFDI:
• What is a sample?

• more than just the composition
• It is what happened to the sample: preparation, polishing, characterization, . . .
• Does a new treatment step change the sample (PID)?

• What is a (minimal) sample description?
• state
• composition

• How to integrate sample relations?
• split one physical sample in several part→ siblings
• different treatment of siblings
• different samples with same history
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After these questions are clarified within the scientific community, information must also be automatically be im-ported to the sample database during the measurements at P65. Currently, this step only has a low priority withinthe ROCK-IT project.
5.4.6. XAS Database

In the field of XAS, data are often assessed by comparing them to reference spectra that have been previously mea-sured or calculated. Therefore, a database with reliable reference spectra is a crucial tool for analysis. This databasemust also contain the basic information on the experimental conditions, e. g. temperature, pressure. Additionally, itmust be easy to use not only for providing findable, starkaccessible and reusable data, but also to encourage usersin providing data by including an intuitive upload form.
Themost important and difficult task might be to decide, which of the spectra to export. Themost simple ways wouldbe to export all or none, whichwould either contradict the FAIR data storage orwould require toomuch storage space.Therefore, the uploadmust either bemanual or underlie and intelligent online analysis and evaluation, see Sec. 5.4.7.
Currently, several XAS databases exist in parallel and a unification would be desirable:
• XASLIB [130],
• XAS database [131],

• AcReDaS [132],
• The Materials Project [133],

• XAS reference database underDAPHNE4NFDI [134].
Currently, the data upload to a XAS database has a low priority within the ROCK-IT project and will not be realizedthere. However, DAPHNE4NFDI is focusing on this subject.
5.4.7. On-line Data Analysis

In order to supervise the experimental progress, the collected data is analyzed in near real-time in order to makeinformed decisions for optimizing the research outcomes. This so-called On-line Analysis strongly depends on theperformed experiment and may involve techniques such as image reconstruction, spectral analysis, pattern recogni-tion, and statistical modeling. In case of catalysis XASmeasurements at P65, the available signals for analysis are X-rayintensities as well as the set and current values for temperature and gases. Online data analysis involves processingand interpreting these values immediately after acquisition to allow informed decisions on about subsequent mea-surement steps in order to significantly enhance the efficiency and productivity. These informed decisions can eitherbe performed by human users (remote and mail-in) or by artificial intelligence (full-automation). In case of fully-automatized measurements without human interference, the performed evaluation steps are still extremely helpfulfor final data processing and result interpretation, although a real-time analysis is not necessary in this case.
In general, some tasks of the on-line analysis can be very demanding, especially when 2D detector frames are cor-rected and rewritten. In such computing-intensive cases, the handling of the data flowmust be organized carefully inorder to guarantee that new experimental data can still be recorded. Therefore, a balanced solution must be foundbetween fast access to the BL-FS, which could affect the acquisition of new data, and access to the GPFS-core, whichis safe from data loss but slower.
The partners within the ROCK-IT project are already developing the following functions for the DESY online analysistool ASAP::O [135]:
• normalize spectrum (signal I1 by primary beam I0: I1/I0),
• calibrate energy (foil I2 vs reference from database),
• visual comparison to reference data,
• automatically saving normalized spectra from I1 and PIPS as png,
• linear combination analysis (of normalized signal using reference data from several related compounds),
• Fourier Transformation (FT) of the spectra,
• machine learning (ML) algorithms to change the measurement schedule.

The last point could be realized such that the change is applied during next iteration (inter-plan) or while schedule isrunning (intra-plan). While the former approach is more easy to realize, the latter makes experimentally more sense.Possible improvements by ML could affect
• energy resolution of XAS scan (more information vs higher time resolution),
• temperature ramps or holding times in catalysis experiment,
• gas flow in catalysis experiment.

However, to apply ML algorithms, a sufficiently large amount of training data is required. In order to provide the data,the following steps are helpful:
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• data mining from existing data bases, not only including XAS data, but also environmental parameters on thecatalytic experiment,
• access to DESY storage, although the data protection policy possibly restricts this and the assignment of thecorrect catalytic parameters could be challenging.

Additionally, future users could be asked when starting the beamtime, if they would provide their data forML trainingwith a simple checkbox.
Depending on the time resolution of the Q-EXAFS scans, real-time visualization will only be able to display the latestfinished scan, but not all of them.
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6. Conclusion
This report discusses several design choices for a fully-automated in-situ XAS beamline, covering not only the physicalbeamline layout, but also detailed considerations on required automation steps. The physical layout was discussedfor the future PETRA IV beamline AppAnaXAFS, which will be the successor of PETRA III’s P65. For this beamline Q-EXAFS measurements are desired, based on a 3-pole Wiggler with a large divergence. Several options for collimatingmirrors have been discussed in this report, especially covering two different positions within and outside the tunnel.However, all versions lead to nominal fluxes of less than 1012 photon s−1 that would be needed on the sample toperform the measurements. Therefore, the application of the 3-pole Wiggler for AppAnaXAFS is not recommended.For the intended Q-EXAFS measurements this means that either a tapered undulator must be employed or thesemeasurements are strongly limited in temporal resolution. However, this conclusion comes with the advantage of asimpler beamline layout:
• The 3-pole Wiggler can be replaced with a standard undulator.
• The collimating mirrors close to the ID are not required anymore (Only one focusing mirror is required, com-plemented by a flat mirror.)
• A Q-DCM is not required.

In total, these changes also imply a strong reduction in cost for this beamline.
The second part of this report comprises detailed discussions on necessary automation steps and option. A majorachievement within this project is the assembly of several process charts visualizing the individual steps during afully-automatized in-situ XAS beamtime, not only from the experimental perspective, but also including the dataflow. This chart has already become very extensive, but is still work in progress and will be further refined within theROCK-IT project. Within the ROCK-IT project, the process charts are an essential basis for the communication andsynchronization between the individual working packages.
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A. Appendix: X-ray tracing with xrt
A.1. General Remarks
The python package xrt is a software library for ray tracing andwave propagation in the X-ray regime [38]. Thismoduleis primarily meant for modeling synchrotron sources as well as beamlines and is thus predestined for the evaluationof different mirror settings of the upcoming AppAnaXAFS beamline for PETRA IV. The script generated for this reportare available at [39].
xrt provides different classes of objects corresponding to different physical objects of a beamline like IDs, opticalelements (monochromators, mirrors, lenses, zone plates, etc.), and apertures, as well as screens working as virtual2D detectors. From each of these classes, several specialized subclasses are provided. For instance, the followingsubclasses for IDs are provided within the xrt GUI:
• GeometricSource,
• MeshSource,

• BendingMagnet,
• Wiggler,

• Undulator.

However, none of these classes is suitable for adequately describing a three-pole wiggler. Instead, the subclass
SourceFromField was used to load the magnetic field (see Fig. 4) of the recommended wiggler from the PETRA IVteam [52].
Further, also different classes for curved mirrors exist, covering the required geometries within this study:
• BentFlatMirror, • ToroidMirror, • ParabolicalMirrorParam (isCylindrical=True for1D and False for 2D).

Unfortunately, these classes do not allow infinite distances to the focal points, instead a large, but finite number,namely 1× 1018 mm, was used to create collimating mirrors. In order to ensure the redirection of the beam towardssample position a second mirror is needed, with the same incidence angle, which is realized by pitch in xrt, butrotated by 180° (extraPitch). As the second mirror is only intended to deflect the beam, it is designed as flat (OE),with the same length as the first one.
The use of several screens along the beamline to monitor the beam status is highly recommended. In many cases,the same information can also be obtained by analyzing the local or global beam of a physical object. However, byusing screens directly in front of and behind such an object, it becomes clear whether a beam has already passed theobject or not.
Further, the proper definition of the physical size of the objects is crucial, especially for the present task of evaluatingwhether the beam of the 3-poleWiggler is suitable for Q-EXAFS experiments. This is especially true for the apertures,mirrors, and the DCM.
Moreover, changing the position of an xrt object is not a simple task as it does not only include updating its center,but also making sure that the beams are also transferred between the objects in the correct order. On the one hand,when using the GUI, a drop down menu normally contains all available beams. However, sometimes the internalupdate mechanisms fail and a beam is lost, which often means that the complete file must be recreated. On theother hand, adapting the python code directly, means to manually update all details. This also gives the freedom touse shorter beam names. However, some name space conventions seem to exist that could also corrupt this process.
Above all, the information content of the calculations can be improved by a large amount of GoodRays, which are the– in simple words – photons visible at a screen. These GoodRaysmust meet several conditions, e. g. they must havea valid energy and may not be blocked by an aperture. Several options exist to increase the number of GoodRays:
• increase the number of total rays nrays,
• increase the number of repeats,
• decrease energy range defined by eMin and eMax,
• decrease considered divergence of undulator xPrimeMax and zPrimeMax.

While the first two options increase the calculation time, the other twomake sure that only valid photons are createdand do not affect calculation time.
A.2. Plots
The most useful information for the present study are delivered by the plots of different beams associated with anphysical object along the beam or with a screen. These plots mainly provide a four-part figure containing differenthistograms describing the beam, see Fig. 22. The three 1D histograms describe the energy as well as flux distributionin x and z direction of a selected screen, respectively. In addition, the center and FWHM of these 1D histograms arepresented. The last histogram is displaying the beam shape in 2D (x and z axis of the screen). In the given example,
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the beam has clean edges due to the aperture directly in front of it, which gives highly accurate values for the beamsize when using the provided FWHM. However, if the beam has a less rectangular shape, the determination of thebeam size is less accurate. The size of all screens (screen1 to screen4) is identical, in order to facilitate comparability.

Figure 22: Example graphic resulting from xrt calculations for a the use of a toroidal mirror at II position with length 1400mm andincidence angle 2.5mrad at screen3. The thee 1D histograms describe the energy distribution as well as the flux distribution in xand z direction, respectively. In addition, the center and FWHM of these 1D histograms are presented. The central 2D histogramis displaying the beam shape (x and z axis of the screen).

A.3. Details on Calculations
The calculations up to screen3 (last screen before DCM, see Fig. 7) cover the entire energy range of the AppAnaXAFSbeamline from 4 keV to 45 keV. The calculations for screen4 after the DCMwere performed separately as the energyselection naturally reduces the flux significantly, which in turn requires a higher number of created rays and, thus,higher calculation time. However, most of the rays generated for the previous screens are not relevant for the calcu-lations on screen4, as the DCM only allows those with acceptable energy to pass. Therefore, we reduced the energyrange to±5 eV or±15 eV around the chosen base energy of 9 keV or 22 keV, respectively.
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