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S$1. Performance analysis of the scintillator/photomultiplier assemblies

The homogeneity of the scintillator/photomultiplier assemblies was confirmed by scanning a 0.1 x 0.1
mm? 60 keV X-ray beam in 0.1 mm steps over the whole front window of the assembly while
recording the output of the photomultiplier. All 10 scintillator/photomultiplier assemblies showed
good homogeneity and linearity over the full area of the scintillator crystal. As an example, two scans
with different incident photon flux are shown in Figure S1.
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Figure S1 a) 3D plot of the recorded intensity, mapped across a photomultiplier. b) Contour plot of
the same photomultiplier at an attenuated incident X-ray photon flux. The experiments were carried

out at the BAM beamline at the BESSY synchrotron in Berlin, Germany.

S2. Alignment and calibration of the Multi-Analyser Detector

S$2.1. Coarse adjustment via photo diodes

The first collimator block in the MAD assembly is equipped with slots for interchangeable apertures at
the entrance and exit of each of the 10 channels (see Figure S2, green and red boxes). The 3 mm thick
inserts are machined from Densimet® and define a window of 1 x 5 mm? (Figure S3a). For alignment
purposes two additional inserts have been hollowed out and a visible light protected photodiode was

installed directly behind the slit window (Figure S3b).
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Figure S2 Position of aperture slits at entrance (red) and exit (green) of the first collimator.

a) b)

Figure S3 Example of apertures to be inserted into the collimator. a) standard aperture and b) an

aperture with integrated photodiode for alignment.

The first step in aligning the MAD is to ensure that all 10 channels are pointing towards the rotational
centre of the diffractometer, i.e. the sample position. A diode insert was placed in the front and back of
one channel (e.g. channel 1) and the further beampath through the MAD was blocked to prevent
oversaturation of the photomultiplier tubes (PMT). While reading the diode currents the diffractometer
circle on which the MAD is mounted was scanned. Assuming a “completely misaligned” system only
the front diode will record an incoming photon flux when passing through the primary X-ray beam.
Since the beam passing through the first diode is blocked by the misaligned collimator, the diode at the
end of the channel does not receive any photons. At the diffractometer angle where the maximum
current in the front diode is recorded a scan of the pivot angle of the detector is conducted. This is
done in order to find a position where also the diode in the back of the channel is hit by X-ray photons.
At this new pivot angle of the detector the next scan of the diffractometer circle is conducted.
Repeating this procedure one can iteratively find the correct pivot angle of the MAD. To check for

consistency and also to account for any manufacturing tolerances of the collimator the two diodes are
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then placed in another channel (e.g. channel 10) and the scans repeated. Alternating between channel 1
and 10 the optimal pivot angle can be determined. One last scan of the diodes was performed after the
mechanical brake of the pivot rotation was engaged to ensure that the brake did not exert any torsional

force onto the detector.

$2.2. Fine adjustment via scan of the attenuated incident beam

After the coarse alignment of the whole detector setup, the analyser crystals need to be adjusted. For
this the diode inserts are replaced by proper apertures and the aforementioned protective beamstop is
removed. At each of the channel positions, as determined by the diode scans from the coarse
alignment (i.e. optimal position of the first collimator), a scan of the corresponding analyser crystal
angle is performed using the attenuated primary X-ray beam. These scans are now recorded using the
actual scintillator/PMT. After setting the optimal crystal angle the piezo motors where disengaged.

Finally a scan of the whole detector is done to test the stability of the positions.

S$2.3. Software-based calibration of the rotational center of the diffractometer, determination of

incident beam offsets and determination of wavelength

At beamline P02.1, parameters like the exact position of the rotational center of the diffractometer,
primary beam offsets in terms of angular and intensity offsets as well as the channel-averaged
wavelength are highly dependent on synchrotron and beamline optic parameters. Influencing factors
can be the electron beam orbit of the synchrotron or the monochromator angles. These parameters
determine the exact position of the beam such as the spatial position as well as the canting of the
beam, when it enters the experimental hutch. Therefore, an adjustment and determination of these
parameter values has to be done on a weekly or more frequent basis.

For this purpose an automatization routine was written in Python which automatically determines the
rotational centre of the diffractometer. This procedure is followed by a measurement and
determination of primary beam parameters. A subsequent measurement of a reference material (e.g.
LaBg) is used to determine the instrumental profile and the channel-dependent wavelengths from
which an average wavelength then in turn is determined.

The Python program starts with an initial check of possible motor collisions. This means motor
positions of motors like the long translation stage of the Perkin Elmer detector are checked and if they
are within a “restricted” area, these motors are automatically driven in a predefined save position. This
ensures that the MAD cannot collide with any other stages.

In the next step, the script checks if the encoders, e.g. for the diffractometer circle and the
monochromator, are active and in closed loop. If a referencing process is required, the program
automatically finds the reference position of the diffractometer circles and activates closed loop. At the
end of all check-ups, the program creates subfolders in a user directory on the control computer, where

the calibration measurements and the obtained parameters will be stored.
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The calibration of the rotational center of the diffractometer starts with centering the xyz sample stage
sitting on the innermost diffractometer circle. On top of this xyz stage, a capillary spinner with a
capillary filled with LaBg¢ (reference material NIST 660a or 660b) is mounted. In order to determine
the rotational center, absorption measurements of the capillary at four different diffractometer circle
positions are made. For this purpose, the program automatically starts the spinning of the capillary,
opens the beam shutter and moves a PIPS diode in the incident X-ray beam. Then a xyz sample stage
motor is moved vertically/orthogonal to the incident X-ray beam in order to make absorption
measurements of the capillary. After this measurement the diffractometer circle is moved clockwise by
90° and the next absorption measurement begins. This is done until all four measurements between 0°
and 270° are performed. The program then determines the values of all absorption minima and uses
pairs of minima (the one’s separated by 180°) in order to calculate and therefore determine the
rotational center of the xyz sample stage on the diffractometer.

After centring the capillary with respect to the diffractometer, the diffractometer itself has to be
centred with respect to the primary beam. This is again accomplished by a vertical absorption scan
with help of the PIPS diode. The horizontal position of the diffractometer is aligned by a respective
scan with one of the MAD detector channels and the attenuated primary beam.

After the alignment of the diffractometer, the incident X-ray beam is scanned with each MAD channel
in order to obtain the channel-dependent angular and intensity offsets. Since the incident beam has
almost a perfect Gaussian profile, the angular offset (= zero shift/error) can be determined by the
determination of the profile center and the intensity sensitivity offset (= channel efficiency) is given by
the integrated area of the profile. These parameters are automatically evaluated by a fitting routine
within the Python program and are then written to a special configuration file, which can be used to
correct all subsequent measurements.

As last procedure, the program automatically tries to determine the channel-averaged wavelength of
the incident monochromatic X-ray beam. For this purpose, the program moves the LaBg capillary and
the beam stop back into the beam and removes the absorber plates. Then in each of the ten MAD
channels a scan of the LaBg 322 reflection is performed. The LaB¢ 322 reflection is chosen since it is
almost free of any axial divergence contribution and has, therefore, a symmetric peak shape. However,
before the Python script starts the analysis of the reflections, it normalizes the measurements with the
monitored incident flux, fixes the constant channel offset and corrects with the values determined from
the incident beam for the channel-dependent zero shift and channel efficiency. Knowing the precise
lattice parameters from the LaB4 reference material and the position of the measured LaB4 322
reflection, the program calculates the wavelength as measured with each channel. At the end, the

program determines the average of all measured wavelength values.

S3. Long-term stability of the Multi-Analyser Detector

The long-term stability of the Multi-Analyser Detector and especially the positional stability of the

analyser crystals was examined by performing different scans of the incident X-ray beam in all 10
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channels over a period of approximately 3 days. Each channel shows a good stability of the angular
offset over time (Figure S4a), which can be determined as the median of the Gaussian incident beam
profile as well as a good stability of the intensity efficiency (Figure S4b), which is determined as the

integrated area of the Gaussian profile.
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Figure S4 a) Plots of the determined channel-dependent angular offset (= zero shift/error) over time
and b) the channel-dependent integrated intensity efficiency over time. Both values are extracted from

the scans of the Gaussian primary X-ray beam profile.
S4. Scan modes, data collection and data treatment / software details

S4.1. Scan / Measurement modes

For the measurements with the Multi-Analyser Detector two scan / measurement modes are available:
step scans or continuous / sweep scans. In the step scan mode, measurements are performed stepwise,
which means that the diffractometer motor drives the Multi-Analyser Detector to a certain 20 position
and holds it there until the data collection at this step is done. Hereafter it drives to the next step
position and proceeds with data collection. In the continuous or sweep scan mode the diffractometer
drives at constant (slow) velocity over the desired 20 range and data points are taken after a software

triggered encoder readout in certain steps, while the detector moves. For fast measurements the
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continuous scan mode is preferred, since no time for repositioning is needed. For long measuring
times the step scan mode is necessary when the continuous driving speed is below the lower limit of

the goniometer.

$4.2. Data collection strategies

In principal, two different data collection strategies exist. In the first strategy all channels collect data
in one particular 20 range. This requires overlapping 26 ranges. Since the channels are separated by
about 1 degree, this means that above and below this range of overlapping data points a clipping of 9
degrees exists, which is directly related to a required longer measurement time. However, this strategy
guarantees good statistics, since all ten channels have seen the same data point in the particular 20
range and the overlapping region will be summed up to a single pattern.

The second collection strategy exhibits lower quality in statistics but shorter measuring time, since a
single data point is seen by only one channel. For this strategy a single Multi-Analyser Detector
channel collects data points within about a 1° 260 interval. With all ten channels together this leads to a
collected data range of 10 degrees. These ten individual 1° ranges are subsequently stitched together in
order to result in a single pattern. Overlapping angular ranges can be used for normalization. See also
(Lee, Shi, Kumar, Hoffman, Etter, Checchia, Silva ef al., 2020). Although measurement time will be
shorter compared to the first strategy, intensity normalization and 260 corrections of the individual
channels is of much more importance. In principle also a range of less than 1 degree is possible.
However, this results in a final pattern with gaps. The values for calibration are estimated with

standard reference materials like SRM 660b and then used for a later one measurement.

S$4.3. Data treatment / software details

At beamline P02.1, measurement data with the Multi-Analyser Detector can be collected either by
using the data acquisition and beamline control software ONLINE or by using Python programs which
either work in sweep scan mode or in step scan mode. Data files are stored as ASCII files either in fio
or in xy format. In both file types the 20 positions of the diffractometer, obtained from encoder values
as well as integrated counts are saved.

For the data collection with overlapping regions, summation of all ten channels can be performed
using a Python program, which first normalizes the intensities of the data. To calibrate the intensities,
the primary beam is measured with each channel and then the peak intensity value is used as a
correction factor for the individual channels. The primary beam position is used to determine the
angular spacing between the channels as well as zero offset of the detector. The 20 scale and the
corresponding intensity readings for each channel are linearly interpolated from the encoder readout to
equidistant steps and accordingly weighted intensities. The re-binned channels are then summed up to
a single merged data file.

In order to judge how much the software-based data treatment and summation process influences the

results, the full width half maximum (FWHM) of the NIST 660a LaBg 322 reflection was determined



J. Synchrotron Rad. (2021). 28, doi:10.1107/S1600577520013223 Supporting information, sup-7

by a Pseudo-Voigt function in TOPAS for each channel and is shown together with the finally merged

data set in Figure S5.
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Figure S5 Plots of the full width half maximum (FWHM) of the NIST 660a LaB4 322 reflection for
all ten channels at different data treatment stages determined by a Pseudo-Voigt function in TOPAS.
Raw data is the data as collected by the detector (black curve), corrected data means data sets which
were corrected for channel-dependent zero shift, channel offset and normalized by the channel-
dependent intensity sensitivity (red curve) and re-binned data means data sets where all data sets were
re-binned to equidistant x-axis points (blue curve). In addition the FWHM of the summed / merged

data set is shown (green curve).

From Figure S5 it is clear that the intensity normalization in the correction process has an influence on
the channel-dependent FWHMs, since shifts in 20 space cannot affect the FWHM. On the other hand
the re-binning has only a relatively small effect. The impact of re-binning is negligible due to
oversampling. Interestingly, the observable broadening in FWHM is almost corrected when all
diffraction patterns are summed up into a single pattern. We note that for a longer integration time per
data point, the normalization would not have such a crucial impact on the FWHM, since deviations in

intensity are smoothed out over time.

S5. Measurements of reference materials

The measurements of the reference materials LaBs (NIST 660a, NIST 660b), silicon (NIST 640d) and
CeO;, (NIST 674b) are attached as supplementary materials to this publication.

S6. Rietveld refinement of reference materials

In addition to the Pawley refinements for the determination of the Instrumental Resolution Function in
the main manuscript, Rietveld refinements (Rietveld, 1969) were performed on the same measured
data of the reference materials LaBs (NIST 660a, NIST 660b), silicon (NIST 640d) and CeO, (NIST
674b). Refined parameters determined with the program TOPAS (Coelho, 2018) from all Rietveld fits

(not shown here as they look identical to the Pawley fits in Figure 6 in the main manuscript) can be
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found in Table S1. Please be aware that two NIST certificates exist for 674b from 2007 and 2017 (the

latter was chosen for the present refinements).

Table S1
Goodness-of-Fit (GoF) are obtained as defined in the TOPAS program (Coelho, 2018). Measurements

Overview of determined parameters from Rietveld refinements. Residual factors and the

were performed at 23.0°C.

Material LaB6 LaB6 Si Ce0O2

Standard NIST 660a NIST 660b NIST 640d NIST 674b

Capillary Kapton tube, 0.8 mm diameter

Wavelength (A) 0.2068386 0.2068385 0.2068317 0.2068341

Zero Shift (°260) 0 0 0 0

Lattice parameter (A) 4.1569162 4.15689 5.43123 5.411526

U (10 7.94 7.76 4.85 7.99

V (107) -1.66 -0.23 -1.16 -6.84

w (10'6) 0.41 0.10 0.18 6.13

4 0 0 0 0

X (107) 2.83 2.82 17.07 11.32

Y (109 3.00 4.11 2.94 18.71

Atomic parameters La: Biso = La: Biso = Si: Biso = Ce: Biso =
0.366(3) A2 0.370(1) A2 0.399(5) A2 0.217(3) A2
B: z= B: z= O: Biso =
0.2005(3) 0.2001(3) 0.435(19) A2
Biso = Biso =
0.206(18) A2 | 0.241(13) A2

uR (calculated)* 0.56 0.56 0.01 1.40

Rexp 1.12 131 1.67 1.14

Rwp 17.29 20.60 26.44 17.80

RB 1.56 1.42 2.45 0.82

GOF (RB / Rexp) 1.39 1.08 1.47 0.72

* uR is calculated with the help of https://11bm.xray.aps.anl.gov/absorb/absorb.php assuming a packing fraction of 0.5.

In the Rietveld refinement the more accurate wavelength from the Pawley fits were used and fixed,

since even small drifts in wavelength over time can be seen in the high resolution data. Also, zero-shift
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was fixed and the nominal lattice parameters from the certificates were used. The profile parameters
show no considerable difference to the Pawley fit.

Similar to the Pawley refinements the Thompson-Cox-Hastings pseudo-Voigt approach (Thompson et
al., 1987) for modelling the 26-dependent reflection profiles was used, plus the model of Finger et
al.(Finger et al., 1994) in order to account for the asymmetric axial divergence effect.

For each Rietveld refinement two background coefficients, five Thompson-Cox-Hasting parameters
and a scale factor were refined. For the refinement of the LaBg pattern, two additional isotropic
displacement parameters and the z-coordinate of the B atom were allowed to vary, which resulted in a
total number of 11 refined parameters. For the refinement of the Si pattern only one additional
isotropic displacement parameter was allowed to vary, resulting in a total number of 9 parameters.
And for the refinement of the CeO, pattern, two individual isotropic displacement parameters for each

atom were allowed to vary, resulting in a total number of 10 refined parameters.
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