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Abstract

Serial femtosecond crystallography (SFX) using the ultra-short X-ray pulses from a X-ray free-
electron laser (XFEL) provides a new way of collecting structural data at room temperature that
allows for following the reaction in real time after initiation. XFEL experiments are conducted in a
shot-by-shot mode as the sample is destroyed and replenished after each X-ray pulse — monitoring
and controlling the data quality by using /n situ diagnostic tools is thus critical. To study
metalloenzymes, we developed the use of simultaneous collection of X-ray diffraction of crystals
along with X-ray emission spectroscopy (XES) data that is used as a diagnostic tool for
crystallography, by monitoring the chemical state of the metal catalytic center. We have optimized
data analysis methods and sample delivery techniques for fast and active feedback to ensure the
quality of each batch of samples and the turnover of the catalytic reaction caused by reaction
triggering methods. Here, we describe this active /in situ feedback system using Photosystem Il as
an example that catalyzes the oxidation of H,O to O, at the Mn4CaOg active site. We used the first
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moments of the Mn K1 3 emission spectra, highly sensitive to the oxidation state of Mn, as the
primary diagnostics. This approach is applicable to different metalloproteins to determine the
integrity of samples and follow changes in the chemical states of the reaction that can be initiated
by light or activated by substrates, and offers a metric for determining the diffraction images that
are used for the final datasets.

Introduction

The structure of metalloenzymes has been studied extensively using X-ray crystallography at
synchrotron radiation sources. As the data are typically collected at cryogenic temperatures,
these synchrotron based X-ray studies are often limited to resting states or stable
intermediates that can be cryo-trapped. While cryo-cooling the crystals is required in order
to minimize X-ray-induced radiation damage, there is a strong interest in studying systems
under functional conditions during enzymatic reactions. X-ray free-electron lasers (XFELS)
have opened the possibility for such studies as their femtosecond ultra-bright X-ray pulses
can outrun X-ray-induced sample damage.1-8 In this approach, known as serial femtosecond
crystallography (SFX), the micron-size crystals are replaced after each X-ray pulse and the
three dimensional protein structure is obtained by combining the diffraction data of
thousands of randomly oriented crystals. SFX is also used to follow changes in the structure
of the protein as the enzymatic reaction proceeds, which can be initiated by light or
activation by a substrate. We have used SFX, simultaneously with XES to study the light-
induced oxidation of water to O, by the Mn,CaOs cluster in Photosystem Il (PS II). Similar
pump-probe studies of metalloenzymes, initiated by light as in PS 11, or substrates including
gases have been studied using the combined SFX/XES method.

One of the challenges of the SFX approach is sample heterogeneity, which is an inevitable
consequence of how the experiment is carried out. To collect a complete dataset, one needs
to average the diffraction data from several thousand diffraction images, and each image is
from a different crystal, that differs in size, quality, and is likely from different batches of
preparation. This implies that quality control of the sample is critical, more so than in
traditional synchrotron crystallography (where only one or a few crystals need to be
checked), in order to avoid the inclusion of data from damaged or non-functional crystals.
Since changes in the electron density between the different states of the protein can be
subtle, any erroneous data can lead to serious misinterpretations.

There are many proteins that are stable and can be prepared ahead of time and shipped
frozen to X-ray sources. However, micron-size crystals of some metalloproteins for room
temperature XFEL experiments can be especially sensitive to temperature, light, oxygen,
and environmental conditions. Crystals from such proteins are preferably made on-site so
that the quality is not compromised with storage time for room temperature measurements.
The crystals can start degrading leading to a decrease in the activity, due to small changes in
conditions like temperature, hydration during sample handling, and the time interval from
when the crystals are prepared and the data is collected, especially if left at room
temperature for several hours. Therefore, /n7 sit monitoring of the sample quality becomes
critically important for XFEL experiments, in addition to ex situ sample characterization in
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the lab. For pump-probe experiments, where the generation of intermediate states, triggered
by light, substrates, or by other methods, is studied, it is valuable to have an independent /n
situmethod for confirming the generation of such intermediates. With the direct active
feedback about crystal quality at the XFELS, the crystals can be optimized on-site to
improve the quality of the crystallography data. This flexibility for optimizing the quality of
protein crystals on-site is critical for successful crystallography data collection for many
proteins.

Recently, we introduced the approach of XFEL based simultaneous X-ray diffraction (XRD)
(which in this context is equivalent to SFX) and X-ray emission spectroscopy (XES)® for
metalloenzymes, to probe the interplay between the chemical state of the metals in the
catalytic site and the overall protein structure during enzymatic reactions.10-13 This method
also allows us to confirm the integrity of the sample and the catalytic turnover, by providing
an /n situ diagnostic tool for determining the oxidation state of the metal in the active sites.
The use of XES is well suited because the excitation energy can be the same as for XRD,
therefore enabling simultaneous data collection. With XES, the highest occupied molecular
orbital levels are probed through the decay of core-ionized states, giving information on the
electronic structure, charge/spin density, and ligands.14-1” Among the several emission lines,
both Ka. (2p-1s) and KP4 3 (3p-1s) XES can serve as a diagnostic tool for crystallography.
Kp1 3 is more sensitive to the oxidation and spin state (given by the number of unpaired 3d
electrons) than Ka XES, as the 3p-3d interactions are stronger than the 2p-3d interactions.
XES can also be used for monitoring the primary electronic damage, which can occur with
high density X-ray dose experiments at XFELSs due to, for e.g., multiphoton absorption
events. 18. 19 While both Ka. or KB can be used for the purpose of the experiments, we
describe here the use of Kp energy shift measured by the 1st moment, compared to Ka
where one needs to monitor changes in the width of the peak which is more subtle and
harder to detect.

The XRD/XES data collection setup, which can be used with either a liquid microjet
injector2%: 21 or the more recent Drop-on-Tape (DOT)!3 method is shown in Fig. 1. The XES
spectrometer is positioned orthogonal to the beam along the XFEL polarization direction to
minimize the background from elastic scattering.1’ Such a multimodal experiment can be
inefficient if the microcrystals are too small leading to an insufficient XES signal, as it is the
case with the liquid microjet sample delivery systems. The DOT method overcomes this
problem by ensuring a high measurement/probing efficiency and the use of larger crystal
size (>20 micrometer crystals in droplets), making XES a powerful /n situ diagnostic tool for
XRD. Using this approach, we monitored the intactness of the metal site in several
metalloenzyme crystals during XRD. We demonstrated successful O, activation of Mn/Fe
Ribonucleotide Reductase (RNR) upon /n situ mixing of the sample droplets with O, gas,
including the observation of a high valent intermediate state in the activation cycle of RNR,
as well as efficient light activation of Photosystem 11 (PS 11) samples.13

In this study, we describe in detail the use of XES as a diagnostic tool to get active online
feedback for SFX of metalloenzymes. We focus on the significant improvements that have
enabled the use of XES data from crystals quantitatively to determine both the sample
quality and changes in chemical states induced in time resolved experiments. Here, we
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illustrate this general method by its application to the study of PS II, a membrane protein
complex that catalyzes the oxidation of water to dioxygen at the Mn,OgCa cluster using
multiple laser flashes.22 23 This light activated reaction progresses from the dark stable S;
state through four intermediate S (S, - S3 - S4 - Sp) states (see Fig. S1 in Supplementary
Information) where S3 is the most oxidized, and Sy is the most reduced state. Monitoring the
Mn oxidation state with KB4 3 XES provides information about, i) the integrity of samples,
and ii) the degree of catalytic turnover by photo-excitations.

Materials and Methods

XES on PS Il microcrystals was measured using the Macromolecular Femtosecond
Crystallography (MFX)24 instrument at LCLS.25 Here, we present data collected during two
separate experimental runs (referred to as experiment 1 and experiment 2). During the
experiment, the sample is measured in 1mL batches introduced via a syringe at a flow rate of
3 pL/min. Each 1 mL sample batch is from a separate on-site crystallization set-up and is
referred to as a (sample) ‘batch’ in this manuscript. The details of the sample preparation,
experimental set-up, and data analysis, as well as other relevant details, are in the Supporting
Information.13: 26 The set-up used a von Hamos spectrometer®: 27 to measure the entire
KP1,3 emission spectrum on a shot-by-shot basis.® 6 17. 27 The signal was collected on an
ePix100 detector28 with a pixel size of 50 um. This leads to spreading of the charge cloud
generated by a single X-ray photon over multiple pixels on the detector, also referred to as
‘charge-sharing’ for single photon events.?% A signal reconstruction algorithm was used to
correct for this phenomenon and was critical to separate emission and scattering signals
(Fig. S2). Further, the data was pedestal and gain corrected to account for differences in
noise and gain of the detector pixels. The spectrometer geometry was calibrated with MnCl,
as reference.® In order to discard emission images with low or no signal (i.e. we either hit
droplets without crystals or miss the droplets entirely) a spectroscopic hit finder was used
(Fig. S3), where the number of emission photon counts inside and outside the Region of
Interest (ROI) was compared (Figs. 2 and S4).

For studies of very dilute systems with low signal level, an analysis of the full spectra or
difference spectra is difficult. In such cases, the first moment is found to be more suitable for
determining small shifts, as statistics from the entire spectrum are used.30: 31 The first
moment is calculated as

1"'Moment = Zi(EiXIi)/ Zili @

where £jand /;are the X-ray energy and emission intensity of data point / respectively. For
Mn this is calculated over the energy range 6485-6495 eV39-35 of splined spectra to ensure
equally spaced energy points. The energy per pixel was originally spread over 0.026 - 0.038
eV, and was splined to a resolution of 0.010 eV using a cubic spline algorithm. Other energy
intervals for first moment calculations were tested to ensure the results are not affected/
biased by the choice of the interval, with results illustrated in Fig. S5. The first moment
measures the ‘center of mass’ of the spectrum and gives an estimate of the oxidation state by
probing primarily peak shifts due to different effective numbers of metal 3d electrons.15: 30
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Results

Monitoring Sample Hits

The sample hit rates were measured by a spectroscopic hit finder as well as by the indexing
rates from crystallography. The resulting hit/indexing rates are illustrated in Fig. 2 (right).
The spectroscopic hit finder measures the number of emission photons inside and outside the
ROI. A shot is considered to be a hit, if the number of emission photons in the ROI is greater
or equal to a threshold value (Threshold 1), and if the ratio of photons per unit area inside the
ROI and outside the ROI is greater or equal to a second threshold value (Threshold I1). The
selection of ROI and neighboring slices used for background subtraction and second hit
finder selection criteria are illustrated in Fig. 2 (left), as employed for the analysis of data
collected during experiment 1. Details on the spectroscopic hit finder are provided in the
Supporting Information (Fig. S3 and related discussion), illustrating the first moment trends
of the XES K1 3 peak for different choices of thresholds. The results reported for the rest of
this study are obtained using are for values of 3 for Threshold I and 2 for Threshold II,
chosen based on an analysis of first moment variance minimization. Importantly, it is
illustrated that the relative trends are preserved with different parameters as well as
including all emission images with the absolute energies varying primarily due to
background effects. The improvement in signal-to-noise ratio is further illustrated in Fig. S4
(bottom), where it is shown that first moment error estimates decrease when using a hit
finder, despite the lower number of included XES images.

As shown in Fig. 2, spectroscopy and crystallography data give similar trends of hit/indexing
rates, with an offset, as crystallography has a stronger dependence on the microcrystal
quality. We note that 91% of the indexed XFEL shots are also considered as XES hits, while
the remaining 9% of crystal hits exhibit a high noise level and thus do not fulfill Threshold 11
(the ratio of hits per unit area in the ROI versus outside the ROI) of our spectroscopic hit
finder. By comparison, only about half the XES hits can also be indexed. The fluctuations in
hit/indexing rates are related to differences in crystal concentration and/or size from batch to
batch. The analysis of individual batches is important (as discussed in later sections) to
detect subtle variations in sample quality.

X-ray Emission Spectroscopy on Microcrystals of Metalloproteins

The KB 3 XES of two states of PS 11 is shown in Fig. 3. Illustrated is the raw and smoothed
spectra of the dark-adapted, 0-flash (OF) and two-flash (2F) samples, as well as the
difference spectra between these two states. The spectra are obtained by integrating along
the spatial axis in the ROI, as illustrated in Fig. 2 (left), accounting for background level and
the gap (dark line) between the detector panels. The difference in photon counts between the
two spectra can be seen by observing the larger fluctuations in the raw OF spectrum as
compared to the raw 2F spectrum. Fig. 3 shows that there is no change in the spectral
features between the raw and smoothed spectra. The OF state is dominantly in the S state, in
which the formal oxidation state of the four Mn is (111,111,1V,1V). Upon each flash, one Mn is
oxidized formally from 111 to IV, from OF (S;-state) to 1F (S,) state, and then to the doubly-
illuminated 2F (S3) state with Mng(IV,IV,IV,1V). It eventually goes back to the most reduced
Sy state with Mn(111,111,111,1V) upon subsequent photon absorption (3F).22: 36 There is a
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change of the local charge and spin distributions of Mn as well as its geometry in each of the
illuminated states. As expected, we observe that the spectrum from the most oxidized 2F
state is shifted to a lower energy compared to the OF state spectrum, as clearly evident in the
difference spectra of the OF and 2F states (Fig. 3 (bottom)).

For weak XES signals from dilute samples, the first moment of the XES peak can be a more
reliable measure than the peak position, as the use of integrated photon counts makes it less
sensitive to noise, while retaining sensitivity to changes of spectral features in the energy
region considered. This is the case also for other measures that account for integrated signal
rather than individual feature positions, such as the Integrated Absolute Difference (IAD),
which has also been shown to exhibit similar properties as the first moment.31. 32, 37,38
Using the first moment, we can track sub-pixel changes in the ‘center-of-mass’ position of
the features. The first moment of Mn XES spectrum decreases with increase in the oxidation
state, as a result of the red-shift of the KB, 3 peak due to 3p3d exchange interactions, and
KP1 3 XES has been shown to be more sensitive to oxidation state than changes in the ligand
environment.34 We observe a shift of approximately 0.1 eV in the first moments of measured
OF to 2F data (see sections below, as well as Figs. S3 and S5) that is in line with previous
results.3% We note that first moments have been shown to exhibit linear dependence on
oxidation state, see for example 1s2p resonant inelastic X-ray scattering (RIXS) of Mn
oxides,3? KBy 3 XES of Mn complexes,6: 30: 33, 34 and KB, 3 XES of PS 11.35 However, for
PS 11, RIXS experiments have demonstrated that the electron density is delocalized
throughout the cluster compared to model complexes.?2 40 This illustrates the need to go
beyond the simple representation of formal oxidation states to explain the differences in first
moments observed between model complexes and PS |1, but this discussion is beyond the
scope of this study.

In summary, we observe similar absolute and difference XES spectra of the OF and 2F states
in our two experimental runs compared to PS |1 solution and crystal samples previously
measured at synchrotron or XFEL sources.10-13. 17

Data Collection Time and Required Signal to Noise

Fig. 4 shows the standard deviation of the first moment, as well as the progression of the
first moment for two flash states (OF and 2F), as a function of the number of detected KB 3
emission photons. This allows us to determine the collection time required for XES to give a
verdict on the oxidation state progression of a sample batch, as well as to obtain statistically
reliable first moment shifts.

First moment error estimates were obtained by randomly dividing all spectra in a data set
into two groups and calculating the first moments for each group, and repeating the
procedure 1,000 times and calculating the standard distribution of resulting sets. Fig. 4 (left)
illustrates the final first moment standard deviation for all measured flash states as well as a
power fitted trend line. These standard deviations are calculated for all individual flash
conditions measured for experiments 1 and 2. It is clear that the error is primarily due to
photon noise and not from any other non-random source, with a relation between the photon
count and standard deviation very close to a square-root dependence (0.485).

Biochemistry. Author manuscript; available in PMC 2018 August 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fransson et al.

Page 7

In Fig. 4 (right) we illustrate the convergence of the OF and 2F measurements for the first
experiment, including also the estimated error at any count position as obtained from the
fitting in Fig. 4 (left). In order to get sufficient statistics to estimate whether a batch progress
properly (e.g. difference between OF and 2F first moments), we require approximately
10,000 photon counts (yielding error estimates of 0.026 eV). In order to get significant
changes between OF and 2F for a study of batch progression approximately 10,000 counts is
likely sufficient (yielding error estimates of 0.026 eV). Note that counts are after background
subtractions. With about 8 emission photon counts per shot and a hit rate of 40%, this would
be approximately 1,200 sample hits, which requires circa 3,000 total XFEL pulses. These
photon count and hit rate values are conservative estimates from experiment 1, where the hit
rate was typically >40% (see Fig. 2) and the average number of photons detected for shots
characterized as hits typically exceeding 8 (7.9/8.8 for the OF/2F data reported in Fig. 3). At
10 Hz repetition rate this would amount to 5 minutes of data collection per flash state for PS
Il samples. With the present data reduction algorithm, we obtain first moment values on a
close to real time basis, with data available for analysis typically within a few minutes after
data collection. This allows very rapid validation of data quality on-site. This method is
applicable to metalloenzymes in general.

By comparison, if a final standard deviation of 0.005 eV is desired per flash state,
approximately 200,000 counts per state are required. With parameters given above, this
requires 100 minutes of collection time per flash state. In comparison, a collection time of
about 250 minutes is required (assuming 20% indexing rate) to obtain a diffraction data set
containing ~30,000 indexed diffraction images, which is a data set size that we have
commonly used in the SFX experiment.

Monitoring Sample Quality and Advancement Through the Catalytic Cycle

The sample integrity of the different batches, as well as the integrity of the flash scheme can
be ensured by studying a combination of hit rates, first moments, and first moment
progression of individual batches. A shift of the first moment of OF to higher energy can be
caused by release of Mn(Il) from the OEC during on-site sample handling. Therefore the OF
first moment can be used as a highly sensitive probe to detect even subtle changes in sample
quality. Additionally, the progression trend of the first moment can be used to ensure the
integrity of the laser illumination, which may be compromised due to non-optimum
alignment or insufficient laser power.

In order to check the sample quality on a batch-by-batch basis, we first calculated the
average first moment of an individual batch. This number was shifted according to different
flash conditions (e.g. the time spent collecting data in different flash states) to obtain the
‘estimated OF” (OF¢g) first moment of an individual batch, which can be directly compared.
In Fig. 5 we illustrate this OF¢g; first moment of individual sample batches to estimate Mn(ll)
content. The photon counts for the individual batches shown falls between 72,000 and
141,000, with a single batch with a higher photon count of approximately 250,000. From the
standard deviation fit in Fig. 4 this corresponds to errors of approximately 0.007-0.010 eV,
with the larger batch at around 0.006 eV. Thus the OF; first moment of XES measurements
is sensitive to very small changes and we could detect as small as 1-2% Mn(l1) content in
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our samples. We note that the first four batches all cluster within a small energy interval,
with 0% Mn(I1) (dashed black line). However, for the last four batches the OF; first
moment is higher (particularly for batches 7 and 8).

The amount of Mn(ll) in a sample can also be estimated using EPR. Aliquots of three of the
sample batches in Fig. 5 (2, 7, 8) were stored and used for subsequent determination of the
Mn(11) content by EPR (Fig. S6). The percentages of Mn(ll) derived from these EPR
measurements are represented as red squares in Fig. 5, which can be compared to the XES
results. As can be seen, the EPR trends are similar to XES, i.e., batch 2 shows no significant
Mn(11) signal while batches 7 and 8 do have significant Mn(ll) (>8%).

The differences in Mn(I1) estimates between EPR and XES can partially be attributed to the
fact that they were measured at different times, and also the methods have different errors.
For EPR, performed later at cryogenic temperatures an error of <10% was observed for
crystal suspension with low Mn concentrations. For XES there is an error of 1-2% due to
photon statistics.

As such, while OF; first moment is indicative of Mn(lI1) content, this is not sufficient to
ensure proper advancement through the catalytic cycle by photo-illumination. This can be
ensured by additionally computing first moments for different flash states. A trend of flat
first moment progression of the flash states (/.e. no oxidation in the OF-2F or reduction in the
2F-3F) is indicative of problems with the laser illumination or insufficient acceptor
(quinone) present in the samples. Therefore, we use a combination of the OFg; first moment
and the progression for different flash states to determine the quality of a batch. We assigned
each batch into one of three categories: (a) “good”, the sample shows expected progression
in first moments and no free Mn(11); (b) “intermediate”, the sample shows progression in
first moments with <5% of Mn(11); (c) “bad”, the sample shows a flat progression in first
moments indicating no change in the S states or >5% of Mn(ll). Thus, we use XES as an
effective /n situtool for determining the sample quality and the integrity of the experimental
setup.

Fig. 6 shows the comparison of first moment trends of batches 5-7 from Fig. 5 with the good
batches (category a) labeled as merged. The individual first moments for batches 1-4 showed
no indication of Mn(I1) and progressed as expected (data not shown), and therefore include
in the merged data set. Batch 5 has a low Mn(1l) content (~4%) indicated from the OF¢g; first
moment (Fig. 5), but the first moment progression in Fig. 6 is inconsistent with the good
batches. We traced this lack of progression to incorrect laser power/alignment that produces
flat features, or insufficient acceptor presence that will show a shift between OF to 1F, but no
shifts between 1F to 2F and 2F to 3F. Batch 5 is categorized in the former case, and this
batch was not used for the crystallography data analysis. On the other hand, batch 6 shows
the expected progression of the first moments in the flash states, but exhibited ~3% Mn(ll)
(Fig. 5). This could happen if there is free Mn(Il) outside of the OEC. As this does not affect
the activity of the OEC and non-specific Mn(l1) does not contribute to the density of the
OEC, this batch was included in the XRD data analysis. In case of batch 7, it has an absolute
shift in energy due to free Mn(Il) (>10% Mn(ll)), and also does not show an expected
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progression in the first moment between 1F to 3F. In general, such batches with >5% Mn(ll)
were not included in XRD data analysis.

Conclusions

We report X-ray emission measurements on microcrystals under functional conditions using
an X-ray free-electron laser. It is demonstrated that XES provides a reliable diagnostics tool
for SFX measurements, enabling /n7 situ measurements on identifying sample integrity and
PS Il photocatalytic turn-over rates. From this we have identified sample batches where
there was Mn(l1) content, as well as incorrectly aligned laser flashing schemes. Estimates of
Mn(11) levels have been shown to be in line with that of EPR, enabling the identification of
concentrations as low as 1-2%.

This approach thus benefits crystallography measurements of metalloproteins under
functional conditions, providing an /n situmeasure of sample integrity in addition to probing
the electronic structure at the metal site(s). The method is general and can be used to study
many metalloproteins under the conditions of an XFEL experiment, although we have
focused on PS 11 as an illustrative example in this manuscript. The fast feedback (in a few
minutes following the data collection) provided by this approach enables one to assess the /n
situmeasure of sample quality and changes in the chemical states by illumination or
chemical reaction or gas activation.

The results presented here have been obtained from measurements at the LCLS, using an
XFEL repetition rate of 10 Hz. We have shown that this would require approximately 5
minutes of collection time per state to get a good indication of its chemical state, or 100
minutes per state for final first moment accuracy of 0.005 eV. This approach will thus
benefit considerably by the construction of the next generation of XFEL featuring very high
repetition rates (>1kHz), such as the European XFEL*! and LCLSII.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic for simultaneous XRD and XES measurements using either a jet injector2? or the
Drop-on-Tape (DOT)1 method giving both diffraction images and XES spectrum. This set-
up utilizes a von Hamos spectrometer for XES data collection, which enables the detection
of the entire KB 3 spectra in an energy dispersive mode on a position sensitive 2D detector

on a shot-by-shot basis. Upper left: energy diagram of Ka and K@ 3 transitions.
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(left) Total detector image of the dark state (0-Flash, OF) collected during experiment 1.
Vertical lines indicating ROI, and vertical dashed lines indicating slices for background
subtraction and comparison region for hit finder. The image is the sum of all XES images
counted as hits (totally 22,606, with 177,639 detected emission photons). (right) Average
hit/indexing rates of different sample batches from experiment 1, estimated using the
spectroscopic hit finder (red) and indexing rates from crystallography (blue).
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Fig. 3.
Kp1 3 emission spectra of the OF and 2F flash states from experiment 1, as well as the OF-2F
difference spectrum (enlarged by a factor of 5). The spectra were area normalized inside the
adopted energy interval. The smoothed spectra have been constructed by first binning the
raw spectra to 0.75 eV resolution and then using a cubic spline to construct smoothed
spectra of 0.01 eV resolution. The OF data contains 22,606 shots and totally 177,639
emission photons, while 2F contains 67,219 shots and 590,156 emission photons.
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Fig. 4.
(left) First moment variance of all measured flash states with respect to total number of

detected KB4 3 emission photons, also indicating the OF and 2F data used in Fig. 3. Included
is also a power fit, yielding close to a square-root dependence and a R? value of 0.996.
(right) OF and 2F first moments as a function of number of photons, illustrated for data
collected during experiment 1. Indicated is also the estimated first moment variance (dashed
lines, in blue for OF and green 2F) using the power fit with parameters from the left panel, as
centered around final first moments (dotted-dashed lines in red).
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Fig. 5.

OF¢gt first moments and Mn(l1) levels of different sample batches from experiment 2.
Horizontal dashed line is the OF first moment, which has negligible Mn(ll), and higher
percentages are constructed by considering the Mn(11) first moment from MnCl, reference
measurements. XES estimates include standard deviation for photon count.
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First moment progressions of three anomalous sample batches from experiment 2, as
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compared to the averages of the good batches. Standard deviations calculated by random

sampling of data sets (200 iterations).
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