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Abstract

Sulfur and its compounds are both very abundant in the environment and very important for
technological applications such as batteries. X-ray spectroscopic characterizations of sulfur
compounds for a quantitative determination of the present amount of sulfur often requires a good
knowledge on the atomic fundamental parameters involved. These quantitatively describe the
processes of photoionization and x-ray fluorescence emission, making them crucial for x-ray
spectroscopy-based quantifications. By employing the recently demonstrated holistic approach, the
atomic fundamental parameters of the sulfur K-shell were experimentally determined using the
radiometrically calibrated instrumentation of the Physikalisch-Technische Bundesanstalt. The
transition probabilities of the main K-shell fluorescence lines, the K-shell fluorescence yield, the
K-shell Auger yield, the subshell photoionization cross section and fluorescence production cross
section were determined by means of photon energy dependent x-ray fluorescence and
transmission measurements on a thin InS coated silicon nitride membrane. The results are also
downloadable from Zenodo as plain text.

1. Introduction

Sulfur is one of the most abundant elements and is used in various application fields. This includes
agricultural aspects [1], medical applications [2], food production [3], rubber vulcanization [4, 5]. A very
prominent application field for sulfur and sulfur containing materials is in electrochemical energy storage.
Due to an operating voltage range of 2.1 V as well as a theoretical specific capacity of 1675 mTAh,
lithium-sulfur rechargeable batteries are superior with respect to cost and safety as compared to other battery
cathode materials [6]. Especially in the field of sulfur containing batteries, x-ray spectroscopy (XRS) is highly
relevant to increase the understanding of capacity fading and other aging mechanisms [7]. Atomic
fundamental parameter based or even reference-free quantification [8] of x-ray fluorescence can help in this
context to reveal structure performance relationships. And also in other fields, an XRS based quantification
of sulfur is needed [9].

A reliable knowledge on the relevant atomic fundamental parameters (FP), such as fluorescence yields or
photoionization cross-sections, is crucial for accurate quantitative analysis in x-ray fluorescence (XRF) in any
of the aforementioned applications. Both, the accuracy and the precision of the employed FP data directly
affects the results obtained. Thus, a reliable knowledge about the FP data, in this case for sulfur is crucial for
such studies. However, much of the existing experimental FP data in literature is very old, only interpolated
from adjacent elements, or purely theoretical without experimental validation. Furthermore, the
uncertainties associated with these tabulated FP data are often unknown or only approximated [10]. To
address this issue, initiatives such as the International initiative on x-ray fundamental parameters (FPI) [11]
are revisiting and enhancing FP databases through new experiments [12, 13] and new advanced calculations
[14]. Calibrated instrumentation [15] is utilized at the Physikalisch-Technische Bundesanstalt (PTB), to
conduct dedicated experiments aimed at either evaluating existing or updating FP data [16—18]. Recently, an
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updated holistic experimental and data evaluation procedure [19, 20] for an improved experimental FP
determination has been developed to further reduce the achieveable experimental uncertainties and to
expand the amount of accessible FPs. In this work, this approach is applied to sulfur in order to determine
relevant FPs for the sulfur K-shell such as the fluorescence yield, the sulfur K-shell photo ionization cross
sections and other FPs. With respect to previous works related to the sulfur K-shell FPs, the holistic approach
provides a more thorough insight, both in terms of the achievable uncertainties and for most of the relevant
FPs. All results are also downloadable from Zenodo as plain text [21].

2. Experimental section

For an experimental determination of the sulfur K-shell fundamental parameters, one needs to record both,
the transmission and the sulfur K-shell x-ray fluorescence emission of either a free standing foil or a thin
coating on e.g. a silicon nitride membrane. The mass thickness (a product of material density and thickness)
must be carefully chosen so that the sample transmission in the studied photon energy range remains
between 5% and 95%, ensuring reliable data [22]. As it is not straightforward to use a mono elemental sulfur
thin foil or coating, an InS, (the stoichiometry was not defined, x is roughly 1.2 here) compound coated on a
silicon nitride (SiN) membrane is being used here. The membranes were obtained from Norcada Inc. and the
coating was performed by Micromatter Technologies Inc. The nominal thickness of the silicon nitride
backing foil was 1000 nm and the nominal mass thickness of the InS, coatingis 151 £5.

The fluorescence and transmission experiments were performed in a photon energy range from below
the sulfur K-shell (about 2.1 keV) up to 10 keV using the four-crystal monochromator beamline of PTB at
the BESSYII electron storage ring [23]. The tabulated K-shell absorption edge energy for sulfur is 2.472 keV
[24]. The experiments were performed out employing an in-house built vacuum chamber [25] equipped
with both calibrated photodiodes and an energy-dispersive silicon drift detector (SDD). In addition to the
radiometrically calibrated detection efficiency [26], also the SDD’s response functions were determined
experimentally. The employed SDD is a window-less commercial Bruker detector with an energy resolution
at the S-Ka line of about 80 eV (full width at half maximum). Both the sample and a blank silicon nitride foil
of identical nominal thickness (for substraction of the silicon nitride transmittance contribution) was
aligned into the center of the experimental chamber using an x-y scanning stage. The incident angle 6;,
between the sample surface and the incident beam was set to 45°.

The recorded fluorescence spectra are then deconvoluted employing the detector response functions for
the relevant fluorescence lines including the sulfur Ko and Kf lines as well as spectral background
contributions in order to reliably derive the detected events for the sulfur K-shell fluorescence lines in this
case. A fluorescence spectrum recorded at an incident photon energy of 6 keV is shown in figure 1 together
with a modeled spectrum based on these contributions.

In general, an experimental determination of FPs for the K-shell of sulfur should provide access to the Ka
and Kg transition probabilities, the K-shell fluorescence yield wg, the K-shell fluorescence production cross
section (FPCS) ok (Ey) and the K-shell photoionization cross section 7 (Ep). In addition, one can calculate
the K-shell auger yield wx using the derived K-shell fluorescence yield wg as wa + wr = 1. The mass
attenuation coefficient of sulfur cannot easily be derived as a compound coating is being used here. For a
determination of these fundamental parameters an adopted scheme of the recently presented holistic FP
determination approach [19] is being used and described in the following. In contrast to the typical data
evaluation scheme, it uses a significantly extended studied photon energy range and a novel combined data
evaluation scheme

@4 (Ey) M
O'K(E())pd:wFTK(Eo)pd: A e (1)
D (Ep) 2L
with
(8o + e
M; g, = (2)

(1—exp [ (Eiged 4 ed) [

where 0, and 0o, are incident and exit angles, respectively. The incident photon flux @ (Ep), the sample
specific attenuation correction factor M; g,, the solid angle of detection % and the recorded fluorescence
photon flux ®¢(E,) need to be derived from the experimental data. For the latter, the deconvoluted detected
events for the sulfur K-shell fluorescence lines Fg; must be normalized employing the integration time of
each spectrum t;,; and the detection efficiency the the respective photon energy of each fluorescence line

¢(E;) to derive the fluorescence photon flux ®¢(Ey). The mass thickness of the sample (product of density p
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Figure 1. Exemplary fluorescence spectrum recorded on the InSy coated SiN foil at an incident photon energy of 6 keV. The
different relevant detector response functions employed for the spectral deconvolution are also shown.
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Figure 2. The total sample specific photoionization cross section 7ot (Eo) pd, which is derived from the transmission data as
described in the text, as well as its separation into the various contributions is shown (see text for further details).

and thickness d of the InS, coating) does not need to be known for a determination of the fluorescence yield.
Only the sample specific data as the products of 7 (Ey) and p5(Ey) with pd are required and can be derived
directly from the recorded sample transmission data. The incident photon flux ®(E,) and the solid angle of
detection % are also either measured using calibrated photodiodes or are known due to the use of calibrated
apertures within the instrumentation [27].

The sample specific attenuation correction factor M; g, for the incident (E,) as well as the fluorescence
radiation (E;) is calculated using equation (2) where the sample specific attenuation coefficients j5(Ey)pd
and pg(E;) pd are derived from the transmission experiments using the Beer—Lambert law. Thus, M; g, is then
independent from any database values for mass attenuation coefficients. The sample specific photoionization
cross section 7x (Ey) pd can also be determined from the transmission experiment by subtracting the
scattering contributions using to equation (3) (employing the ratio of coherent o¢ insx(Eo) and incoherent
scattering cross sections oy s« (Eo) and tabulated mass attenuation coefficients jinsx(Ep) from X-raylib [24])
and a separation of the total photoionization cross section 7ot (Ep ) pd into the lower bound subshell
contributions of InS,, the K-shell of sulfur (yellow shaded area) and the contributions from the In-L
subshells (green shaded area) as shown in figure 2

oc¢,msx (Eo) + 01, msx (Eo)
HinSx (EO)

Trot (Eo) pd = s (Eo) pd — (3)

The separation of 7o (Ey) pd into the relevant partial subshell contributions is realized by scaling Ebel
polynomials [28] into the transmission dataset. These polynomials are exponential functions of the form:

Tip = exp | Ao+ In(E) Ay +1In (E)* Ay + In (E)* As + In (E)* Ay + In (E)SAS} . (4)
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The A; are modified during the scaling into the experimental 7. (Eo) pd dataset.

Similarly as in the holistic FP determination for L-subshell parameters [19, 20], a much larger
transmission and fluorescence dataset with excitation energies far above the sulfur K-shell is used. For the
holistic approach, the separation of the sample specific photoionization cross section into the different
relevant contributions is performed within an optimization procedure together with the calculation of a
sulfur K-shell fluorescence yield employing equation (1) at each probed photon energy above the respective
ionization threshold. Using the mean value of these derived fluorescence yields, one can also solve the same
equation for the sulfur K-shell 7 (Ey) pd. Then, one can employ the information that the K-shell fluorescence
yield should not vary with photon energy, that the transmission and the fluorescence derived 7¢ (Ey)pd
should match and of course that the summation of the various scaled subshell components must describe the
measured total 7ro(Ep) pd for an optimizer to find the best solution. Here, a Markov-Chain-Monte-Carlo
[29] algorithm is used and the A; of equation (4) are variable parameters.

This optimization requires two parameters for scaling the contribution of the lower bound shells of InS,
into the dataset. For the sulfur K-shell contribution, at least one parameter (A¢) and up to six parameters
(Ap—As) can be varied during the optimization. If more degrees of freedom are used, the photon energy
dependent decay of the sulfur K-shell contribution can be adjusted whereas if only A is varied, only the
magnitude but not the energy dependence can be changed. Parameters of the Ebel polynomial that are not
varied are kept fixed to the values found in Ebel’s dataset for the sulfur K-shell.

3. Results and discussion

3.1. Determination of the Ka-K3 ratio

From the experiments performed, the transition probabilities for the sulfur Ko and the sulfur K/ line by
taking into account both the self-attenuation of the sample and the different detection efficiencies of the
SDD detector were derived. As the photon energy differences between the Koy and Ky, lines and the K34
and Kf3 lines are too small to be distinguishable for such typical energy dispersive x-ray fluorescence
spectrometers, only the summed transition probabilities (Koo = Koy + Kavy) for these transitions were
determined. In addition, the K3 to K line ratio for sulfur is calculated using the results. These results are
shown in figure 3 in comparison to available data from different literature sources.

Here it should be noted, that there may be minor influences of the chemical state the sulfur is present in
on the actual K3 and thus also the K3 to Ko line ratio. However, the expected effects are small compared to
the present uncertainties of the derived transition probabilities [37] and cannot be resolved employing
typical energy dispersive detectors such as SDD’s.

In comparison to the available data from literature, the commonly used X-raylib tables [24] show best
agreement to this work’s result. Small deviations are present for both transition probabilities but they agree
within the stated uncertainty. Also the other available experimental works on the K5 to K line ratio show
reasonable good agreement. The data by Zschornack [30] agrees less good to our data, but this may be
influenced by the fact that it was digitized from a graph only. Elam’s tabulated data [31] provides incorrect
line ratios and transition probabilities for the sulfur K-shell.

3.2. Determination of the K-shell fluorescence yield

The sulfur K-shell fluorescence yield determined in this work is shown in the left panel of figure 4. The
uncertainty regime of our result is depicted by the grey shaded area. From comparison to the different
available values from literature sources, a good agreement to the experimental work by Haas [38] is found.
Agreement within our stated uncertainty range was also found for the commonly used values from X-raylib
[24] and the compilations by Bambynek [39] and Kahoul et al [40]. The more recent experimental results by
Sahin et al [36] and Aylikci ef al [41] are both lower than our result but agree considering the uncertainties.
The theoretical calculations by Kostroun et al [42] and McGuire [43] fall outside our results, with Kostroun’s
value being too low and McGuire’s too high, even within the uncertainty range.

The also widely used value by Krause [10] is also lower than our result, but it is still within our stated
uncertainty. But more importantly, Krause’s estimated uncertainty, which is often the only existing guidance
for such tabulated data, is significantly larger than our uncertainty budget. This will result also in lower
uncertainties in any quantitative x-ray fluorescence result using these fundamental parameters as their
uncertainties are usually the dominating contributions.

As the sum of the K-shell fluorescence yield and the K-shell Auger yield is unity, the latter can also be
calculated using the determined fluorescence yield result. The thereby determined sulfur K-shell auger yield
is shown in the right panel of figure 4. Of course it agrees well with the corresponding value from X-raylib
[24] whereas the value derived from Zschornack [30] is slightly higher than our result. But this may be
affected by the fact that the Zschornack-result is based on a manual digitization of a plot.
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Figure 3. Comparison of the determined fluorescence line ratio between the sulfur K-8 and K-« line as well as the transition
probabilities of these fluorescence lines with data from various available other works [24, 30-36].
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Figure 4. The left panel shows the sulfur K-shell fluorescence yield determined in this work compared with the values from the
literature. Data from compilations (blue): [10, 24, 31, 39, 40, 44, 45], theoretically calculated values (green) [42, 43], experimental
values (black): [36, 38, 41]. The right panel shows the resulting auger yield for the sulfur K-shell in comparison to data from

X-raylib [24] and Zschornack [30].

3.3. Determination of the K-shell fluorescence production cross section
Using equation (1), one can calculate the sample specific FPCSs for sulfur K-shell fluorescence radiation. By

taking into account the sample’s areal mass of sulfur, the absolute FPCS for S-K fluorescence radiation is
calculated at the studied incident photon energies. The samples areal mass of sulfur is derived by performing
a reference-free quantification in the photon energy range between 4 keV and 7 keV. For the quantification,
the derived sulfur K-shell fluorescence yield and sulfur K-shell photoionization cross sections from X-raylib
[24] were used. Here, overall uncertainties for the areal mass of sulfur in the order of 9% was achieved. This
leads to an overall uncertainty of the FPCS of about 14%, which could certainly be reduced by employing
another way to determine the sample’s relevant areal masses such as precision weighing and area
measurement [12].

Although the uncertainties of the FPCS derived in this work are relatively large, the data still allows for
the verification and evaluation of commonly used literature data. In figure 5, the experimentally derived
FPCS are compared against X-raylib data [24]. As can be seen from both the overlay plot and the ratio on the
right side, the agreement between our experimental data and the X-raylib data is very good. Both the
absolute values and their photon energy dependence are fully matched. Only in the vicinity of the
K-absorption edge our derived FPCS data is larger. This is due to the influence of x-ray absorption fine
structure near absorption edges, which depends on the chemical state of sulfur atoms and is therefore

difficult to account for in databases like X-raylib.
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Figure 5. The sulfur K-shell fluorescence production cross section derived in this work compared with the values from X-raylib
[24]. On the right side, the ratio of the two datsets is plotted and the green shaded area depicts the uncertainty regime of our data.
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Figure 6. The sulfur K-shell photoionization cross section determined in this work compared with selected values from the
literature. Data from X-raylib [24], Scofield [46], Trzhaskovskaya [47, 48] and Sabbatucci [49] are shown.

3.4. Determination of the K-shell photoionization cross section

For the determination of the sulfur K-shell photoionization cross section, also equation (1) is being used.
Here, the averaged sulfur K-shell fluorescence yield as presented in section 3.2 is used to calculate the sulfur
K-shell photoionization cross section from the experimentally determined FPCSs. For the information on
the used sample’s areal mass of sulfur, see section 3.3. Of course, also the uncertainties of these cross sections
could be lowered if the sulfur areal mass is determined with lower uncertainties.

Nevertheless, a comparison of our determined K-shell photoionization cross section to existing literature
data from X-raylib [24] as well as theoretically calculated data by Scofield [46], Trzhaskovskaya [47, 48] and
Sabbatucci and Salvat [49] (without and with the screening normalisation correction included) is shown in
figure 6. All datasets agree very well with our results except for the very low photon energies in the vicinity of
the sulfur K-edge, where chemical species dependent x-ray absorption fine structure may be present in our
data. The ratio plots in the lower panel indicate small differences between the datasets and the most recent
calculations by Trzhaskovskaya and Yarzhemsky [48] also reproduce the present absolute values very well.
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4, Conclusion

The novel holistic approach for the experimental determination of atomic fundamental parameters was
applied to sulfur K-shell parameters. The S K-shell fluorescence yield, the transition probabilities of the main
K-shell fluorescence lines as well as the FPCSs and the S K-shell photoionization cross sections have been
determined in this work. All results are also downloadable from Zenodo as plain text [21].

In contrast to our recent works on L-subshell fundamental parameter determinations [19, 20], the
application of the holistic approach does not yield significant uncertainty reduction as compared to the
former experimental approach [50] in the case of K-shell parameters. But this is more due to the fact, that
the achieveable uncertainties for e.g. the K-shell fluorescence yield were already quite low also with the classic
experimental determination scheme. As there are no Coster-Kronig factors and only one absorption edge,
the whole FP determination procedure is much less complex at the K-shell as compared to the L-subshells.
However, the achieved uncertainty is lower than the Krause estimates [10], especially for lighter elements and
the application of the holistic approach enables the determination of the fluorescence production—and the
K-shell photoionization cross sections in a broad photon energy regime.

In general, a good agreement between fundamental parameter data from the X-raylib compilation [24]
and our results for the whole set of determined parameters was found. This aligns with earlier findings for
other elements and shells, demonstrating the quality of the X-raylib table. Nevertheless, the present result
allow for a more solid assessment of the uncertainties of the tabulated data. Especially the FPCS agrees very
well with our result and thus the uncertainty of X-raylib data can be assumed to be rather low. This will allow
to reduce also the quantification uncertainties when using this data for FP-based quantification algorithms,
e.g. for the already mentioned quantitative operando LiS battery studies.

Data availability statement

The data that support the findings of this study are openly available at the following URL/DOI: https://
zenodo.org/records/12622658.
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