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Tender x-ray emission spectroscopy (XES) is a powerful, element-specific, atomically local probe 

of chemical and electronic structure.  Taking advantage of advances in every component of 

spectrometer systems including crystal analyzers, color x-ray cameras, and bremsstrahlung x-ray 

tubes, I designed, built, and demonstrated a new, laboratory-based tender x-ray emission 

spectrometer.  This apparatus creates an opportunity for more widespread access to tender XES 

measurements, which in recent years have been largely restricted to a limited number of beamlines 

at synchrotron facilities.  Using the developed spectrometer, I performed lab-based XES studies 

on phosphorus and sulfur, whose emission lines lie in the energy range of optimal performance, 

and are of significant experimental value due to their chemical sensitivity and the ubiquity of 

phosphorus and sulfur in environmental, material, and fundamental science.  I conducted analytical 



applications, demonstrating the speciation of phosphorus in indium phosphide quantum dots and 

the speciation of sulfur in biochars at low concentration.  These studies illustrate the strength of P 

Kα XES as an alternative to solid-state nuclear magnetic resonance (SSNMR), and the ability for 

S Kα XES to yield information comparable and complementary to synchrotron x-ray absorption 

near edge structure (XANES).  Supplementing these new experimental capabilities, I utilized 

linear-response time-dependent density functional theory (LR-TDDFT) for theoretical prediction 

and analysis of Kα core-to-core and Kβ valence-to-core emission lines of sulfur.  The strong 

quantitative agreement between this theoretical approach and the observed results supports future 

applications in both analytical and theoretical investigations.  With the establishment of these 

experimental and theoretical capabilities by the work in this thesis, tender XES is primed to grow 

into a powerful and routine analytical tool in both academia and industry. 
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CHAPTER 1 INTRODUCTION TO X-RAY EMISSION 

SPECTROSCOPY 

1.1 WHAT IS X-RAY EMISSION SPECTROSCOPY? 

X-ray emission spectroscopy (XES) is a term used to describe x-ray fluorescence 

spectroscopy studied with a very high energy resolution, i.e., comparable to the intrinsic linewidths 

of the features being measured. Atoms in a sample of interest are excited with some type of 

radiation source (e.g. incident x-rays from a bremsstrahlung x-ray tube or synchrotron) and the 

resulting fluorescence x-rays are detected and interpreted. 

Whereas traditional x-ray fluorescence spectroscopy (XRF) has a resolution typically >100 

eV, XES commonly achieves <1 eV resolution or better. The change in terminology is justified by 

the vastly increased amount of information attainable.  The most common application of XRF is 

in elemental analysis.  With the lower resolution, there is typically enough discrimination between 

emission lines of different elements that the relative proportion of each element in a given sample 

can be quantified using proper calibration with reference standards. 

In contrast, whereas XRF only gives information about elemental presence, XES instead 

interrogates chemical changes of a single elemental species out of a complex mixture, including 

information about oxidation state, bonding configurations, symmetry, and coordination.  This 

increased information content has led to the use of XES in many high profile applications, 

including the identification of carbon as the central atom in the nitrogenase iron-molybdenum 

cofactor,1 the investigation of Fe-O2 bonding in myoglobin/hemoglobin,2,3 the study of density 

fluctuations in water,4,5 identification of spin transition of iron at pressures comparable to the 
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earth’s mantle,6 as well as numerous studies of catalysis,7 and electrical energy storage,8,9 to name 

a few prominent examples. 

An illustrative comparison of the difference in information accessible by these techniques 

is given in Figure 1.1.  While the typical XRF measurement might be used to identify the nature 

of the material (Figure 1.1 left, a simulated spectrum of InP quantum dots), the additional 

sensitivity of XES allows for the discrimination of different phosphorus species within the InP 

quantum dots (Figure 1.1 right, actual XES data from InP quantum dots from the study reported 

in chapter 9).  In this case, in addition to the reduced phosphorus species in the core of the quantum 

dot (P bonded to In is in the reduced, nominally -2 oxidation state), we see a fraction of phosphorus 

atoms in an oxidized environment.  This oxidized phosphorus is a signature of P – O bonding 

impurities developing on the surface of the InP quantum dots during synthesis.  This capability 

was used in an extensive study of phosphorus surface oxidation defects in InP quantum dots for a 

range of synthetic procedures, discussed in detail in chapter 9. 

 

Figure 1.1: (Left) Simulated typical x-ray fluorescence (XRF) of InP sample with resolution 150 

eV FWHM. (Right) Actual XES data of InP quantum dots with resolution < 1 eV showing the 

ability to distinguish oxidation state distribution, from chapter 9.  Measurements were taken with 

the spectrometer reported in chapter 5. 
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In addition to the information content available with the increased energy resolution, there 

are a few key features that make XES a powerful experimental and analytical tool: 

• Element-specificity: As with other x-ray spectroscopies, XES probes characteristic 

transitions of the elements.  The energies of these transitions are well separated compared 

to experimental resolutions, and therefore by tuning to an energy of a specific transition, 

an element-specific measurement can be made. 

• Bulk sensitivity and penetrating capability: In the tender x-ray energy range, penetration 

depths of x-rays in common materials are on the order of 1–100 μm.  XES measurements 

therefore represent a bulk average over these length scales.  Though the penetration lengths 

are shorter for tender x-rays than for hard x-rays, with some care in sample cell design this 

bulk averaging capability can be utilized for in-situ and in-operando measurements.  For 

example, Kavčič et al.8 made in-operando measurements of sulfur in a Li–S battery using 

an cell with a thin aluminized mylar window. 

• Atomically local: XES is an atomically local probe of the electronic structure.  In other 

words, the measurements depend only on the element being measured and its immediate 

environment.  Thus, there is no restriction on sample phase or order/crystallinity, as would 

be the case in x-ray diffraction (XRD).  XES measurements can be performed on solutions, 

liquids, gases, plasmas, and solids. 

1.2 HISTORICAL CONTEXT FOR XES 

With the development of bremsstrahlung x-rays in 1895,10 it was not long until Charles G. 

Barkla found a connection between x-rays radiating from a sample and its atomic weight.11 Soon 

after in 1913, Henry G. J. Moseley observed that the K-line transitions in an x-ray spectrum moved 
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the same amount with subsequent increases in atomic number; Moseley used this discovery to 

number the elements, and he is credited with revising the periodic table to be based on atomic 

number instead of atomic weight.11 This historical development was the birth of XRF techniques, 

including modern XES. 

Amazingly, by 1932, the development of a double-crystal vacuum spectrometer12 by 

Lyman G. Parratt allowed spectra to be measured with a resolution near enough to the intrinsic 

natural linewidth to properly be called x-ray emission spectroscopy, though the term was not used 

until much later.  Parratt used the spectrometer to make possibly the first tender x-ray emission 

measurement of sulfur,13 and even identified the chemical shift of the sulfur Kα emission line with 

change in oxidation state. 

Application of the technique, particularly in the tender x-ray regime (1–5 keV), was 

somewhat sparse in the mid-1900s, though a large effort was made by Sugiura,14 Yasuda,15 and 

others in Japan16,17 in the 1970s and 1980s with double-crystal spectrometers working on the same 

principle as Parratt. 

The 1970s also brought the development of what would become modern synchrotron x-ray 

radiation light-sources.  With an extremely brilliant source of x-rays, an appropriately designed 

monochromator selects a narrow slice of energy and, by tuning this incident energy, it became 

easy to quickly measure x-ray absorption fine-structure (XAFS) spectra with higher fidelity and 

sensitivity than had been available in lab-based instruments of that era.18  The rapid development 

of synchrotrons and the relative ease with which XAFS spectra could be obtained became an 

extremely powerful tool and launched a broad use of XAFS, resulting in more than 100 

synchrotron endstations worldwide that now regularly offer this technique.  With these 

capabilities, XAFS use at synchrotron facilities became considerably more widespread, while 
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laboratory spectrometers saw some continued interest but, on the whole, a great decrease in their 

use, in part because the synchrotron work showed that lab-based instruments of this era frequently 

had uncontrolled systematic errors, such as from harmonic contamination. 

At synchrotron endstations, in addition to XAFS, XES can also be performed, though it 

requires an additional crystal analyzer or grating to disperse the fluorescence from the sample, 

making XES measurements both more instrumentally complex and less efficient.  Even so, 

synchrotron-based XES has had high impact, discussed above, and in parallel there has been strong 

progress made with the technique itself and the underlying theoretical framework. 

Presently (2019), XES is having somewhat of a renaissance with the advent of modern 

laboratory-based x-ray spectrometers.  One of these spectrometers, tuned to work especially well 

in the tender x-ray regime, is the foundation of this thesis.  This “renaissance” is fueled by the 

recognition that modern bremsstrahlung x-ray tubes, modern solid-state detectors, and the 

availability of high quality x-ray crystal analyzers allow XES to be performed in laboratory 

facilities with count rates comparable to synchrotron sources and with instrumental energy 

resolution that is the same as what is achieved at synchrotron facilities. 

1.3 THE MODERN CASE FOR LABORATORY XES 

1.3.1 Laboratory spectrometers in 1932 and 2017 

To understand the modern case for laboratory XES systems, it helps to briefly consider the 

spectrometer used by Parratt for his pioneering measurements of sulfur x-ray emission.12,13  The 

resolution of Parratt’s original measurements is quite comparable with modern capabilities and is 

sufficiently close to the natural linewidth of the sulfur emission lines that his measurements can 

rightly be called XES.  A diagram and photograph of Parratt’s original spectrometer are shown in 

Figure 1.2. 
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Figure 1.2: (Left) Diagram of the double-crystal spectrometer used by Parratt. Additional text 

annotations and the red beampath have been added for clarity. (Right) Original photograph of the 

spectrometer setup.12 

The original setup used an x-ray tube in which the x-ray fluorescence of a target was 

generated by direct electron excitation.  High-voltage electrons from the filament of the tube 

directly struck the target stimulating it to emit x-rays.  The emitted x-rays were collimated by two 

slits (both labelled S in Figure 1.2 left), which were then analyzed by two calcite crystals and 

captured by the ionization chamber detector.  The entire setup was operated inside of a vacuum 

chamber. 

In comparison, the modern tender x-ray emission spectrometer (reported in chapter 5) is 

shown in Figure 1.3.  A small vacuum (or helium back-filled) chamber contains a sample mounted 

above the nozzle of a low-powered, large beamspot x-ray tube.  X-rays from the tube stimulate 

fluorescence in the sample.  Using a dispersive refocusing Rowland (DRR) geometry, these 

fluorescence rays travel to a cylindrically bent silicon crystal analyzer and are analyzed and 

refocused onto the detector, which is an energy-resolving position-sensitive CMOS-based x-ray 

camera.  
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Figure 1.3: (Left) Labelled CAD rendering of the modern x-ray spectrometer reported in Chapter 

5.  (Right) Picture of the x-ray spectrometer with sample holder removed. 

1.3.2 Advances in spectrometer components 

The advances made between the original double crystal x-ray spectrometer and the modern 

dispersive refocusing Rowland spectrometer come from improved technology of nearly every 

component of the system.  With the widespread use of traditional XRF systems, modern x-ray 

tubes and high voltage power supplies have become inexpensive, reliable, and extremely efficient.  

Improvements in the anode geometries and proper selection of anode material (e.g. Pd-anode x-

ray tubes generate strong Pd fluorescence at 2.84 keV, an energy close to P and S K-edges, which 

generates strong fluorescence) allow very efficient stimulation of fluorescence in the samples.  

Combined with the DRR geometry to allow for efficient collection of the large beamspot on the 

sample, efficient measurements can be taken with relatively low incident flux, limiting possible 

radiation damage to sample (which was an issue observed by Parratt in his original 

measurements13). 

Crystal analyzers have also seen enormous improvements.  Modern x-ray crystal analyzers 

are commonly made from curved silicon crystal wafers of different Miller indices.  The first single 

crystals of silicon were grown by crucible pulling in 1950,19 just two years after the invention of 

the transistor.  The huge demand for silicon wafer-based electronic devices has made 
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monocrystalline silicon commonplace and inexpensive.  With the ability to produce thin wafers, 

silicon has become a choice material for bent crystal analyzers.  Cylindrically bent and spherically 

bent crystal analyzers were heavily developed and improved during the growth of synchrotron x-

ray science.  Now such analyzers are commercially available, and modern laboratory-based 

spectrometers can take advantage of these incredible advances and perform XES measurements 

with resolutions identical to what is achievable at synchrotron beamlines. 

Advances in x-ray detectors have also greatly contributed to the performance of modern 

spectrometers. The ionization chamber detectors used in the double-crystal spectrometer designs 

had little to no energy resolving capabilities.  As such, they required low background signals in 

order to achieve good signal-to-noise measurements.  Fortunately, to achieve high resolution, the 

double-crystal design required collimating slits and two crystal diffractions, which inherently 

reduced the background signals reaching the detector.  The focusing, curved analyzers in the 

modern XES system have the advantage of being much more efficient, but does not necessarily 

have the intrinsically low background signals of the double-crystal design. 

The detector used in the modern DRR design is an x-ray camera based on a complementary 

metal-oxide-semiconductor (CMOS) camera sensor.  Full details of the x-ray camera are covered 

in chapter 6.  The sensor is a visible light sensor adapted to work with x-rays be removal of the 

protective glass covering.  The camera detects both the position of the x-rays striking the sensor 

(with high position resolution from the small 2.9 μm pixels) and the energies with relatively high 

resolution (~ 86 eV FWHM for photons at 2014 eV, near the Fano noise limit).  With the DRR 

design being dispersive, the energy spectrum is captured in the spatial pattern of the image.  Using 

the energy-resolving capabilities of the camera, only photons in the energy region of interest are 

captured into the final image, vastly reducing backgrounds. The other advantage of the dispersive 
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spectrometer and position-sensitive detector is that the entire energy range is captured 

simultaneously with no moving parts.  This is a great simplification compared to the double-crystal 

spectrometers which required complicated mechanical scanning mechanisms. 

1.3.3 Relation to synchrotron XES 

Most of the high-profile applications of XES in modern science have been done at 

spectrometers at synchrotron beamlines.  In a sense, this is in line with the synchrotron access 

model.  Synchrotron x-ray beamlines are truly marvels of modern science, using electron storage 

rings hundreds of meters in diameter to send high energy electrons through series of alternating 

magnets, producing the most brilliant x-rays available to experimenters.  They’re capabilities are 

truly astounding and are often at the forefront of scientific discovery in a wide variety of fields.  

With that level of capability, however, comes expense and complexity.  There are currently 

only five synchrotron facilities in the United States that have beamlines available to experimenters, 

and around fifty worldwide.  Thus, access to experiments at synchrotron beamlines is a limited, 

finite resource.  In order to perform experiments at beamlines, researchers must submit proposals 

for their experiments, wait for them to be reviewed, and then wait for their experimental time to 

be allocated in the schedule.  We refer to this as the “synchrotron access model,” and it is a natural 

result that studies with high potential impact are often favored. 

As discussed in section 1.2, there was rapid growth in synchrotron technology since the 

1970s, which also fueled the development of x-ray spectrometer technology, such as the crystal 

analyzers and detectors necessary for XES measurements.  XES technology thus increased in step 

with synchrotron development, and this has led to many of the high-profile XES studies mentioned 

previously. 
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From this historical development, XES as a technique has been available to experimenters 

predominantly at synchrotron facilities.  With increasing knowledge of the technique, it has 

become apparent that there are many possible applications of XES that do not fit the synchrotron 

access model and which could be better served by laboratory-based XES instruments.  A few 

examples include routine characterization of materials, such as our recent study of InP quantum 

dots (QDs)(see chapter 9) in which several different synthetic procedures were measured to 

address the presence of oxygen surface impurities.  After some measurements, we were able to 

synthesize new batches or adjust the synthetic procedure and repeat the measurement.  Such a 

follow-up study at a synchrotron facility would require submitting an additional proposal, and may 

be difficult to justify.  Another example of an application outside of the synchrotron access model 

is the possibility of environmental or industrial process monitoring.  A recent publication by our 

group demonstrates the ability to use laboratory XES to determine hexavalent chromium 

speciation.20  With a laboratory XES spectrometer, hexavalent chromium could be monitored at 

environmental sites or in the factory where chromium-containing products are produced. 

While synchrotron XES has capabilities beyond what is possible in a laboratory instrument 

(e.g. resonant studies, microscopy, see section 3.3.2), for samples that do not require a focused 

beam, it turns out that laboratory-based instruments can achieve comparable count rates with 

equally high resolution.  As discussed in section 1.3.2, the achievable resolution is the same 

because laboratory spectrometers make use of the same crystal analyzers as at the synchrotron.  To 

achieve comparable count rates, however, is at first glance not as straightforward given that 

synchrotrons have much higher brilliance than the x-ray tube of laboratory instruments.  

Synchrotron beamlines have very high incident flux in a very narrow bandwidth, while 

bremsstrahlung x-ray tubes have a relatively high flux over a broad range of energies along with 
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characteristic fluorescence lines from the x-ray tube anode material.  This comparison is illustrated 

schematically in Figure 1.4.  The key realization is that, for an XES measurement, all energies of 

x-rays above the absorption edge of the atom being studied are capable of generating a core hole 

and thus causing fluorescence.  Thus, for an x-ray tube in a laboratory instrument, despite having 

much less peak flux than a synchrotron beamline, the integrated flux of the bremsstrahlung and 

anode fluorescence lines of an x-ray tube is capable of a similar core-hole generation rate, and thus 

a similar amount of fluorescence.   

 

Figure 1.4: Schematic illustration of useful flux for non-resonant XES of a bremsstrahlung x-ray 

tube compared to a typical insertion-device synchrotron beamline.  Indicated values are only 

approximate for purposes of illustration. 

1.4 OVERVIEW OF RECENT LABORATORY XES INSTRUMENTS AND APPLICATIONS 

In the last decade, a large variety of effort has been made developing and applying 

laboratory based XES systems.  Here, we give a brief review of our efforts at the University of 

Washington and of the instruments and applications of other research groups. 

The main spectrometer developed and used in this thesis, described in detail in chapter 5, 

is a dispersive refocusing Rowland spectrometer that works best in the 2–5 keV energy range.  The 

primary applications of this spectrometer have been for measuring XES of phosphorus and sulfur 

compounds.  In Chapter 7, XES is applied to the question of speciation of sulfur in biochars, which 
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has an effect on potential bioavailability of sulfur.  In Chapter 9, phosphorus XES is used to address 

the role of speciation of P in InP quantum dots with the aim of understanding the effect of different 

shelling procedures used to improve quantum yields for use in emissive applications, e.g. display 

technologies.  In Chapter 10, sulfur valence-to-core XES (VtC-XES) of a wide array of compounds 

is investigated using linear-response time-dependent density functional theory. 

Our group at the University of Washington also developed a laboratory spectrometer 

capable of performing XES (as well as transmission-mode XAFS) at higher energies (5–12 keV 

and above).21,22  This spectrometer is based on a 1-meter Johann-type spectrometer using an x-ray 

tube, spherically bent crystal analyzer, and silicon drift diode detector.  Some applications include 

measurement of hexavalent chromium in plastics,20 measurement of nickel XES in nickel- 

manganese- cobalt- (NMC) oxide battery cathode laminates,22 measurement of arsenic Kα XES of 

trivalent and pentavalent arsenic oxide,22 as well as measurements of valence-to-core XES of 

vanadium in vanadyl phosphate-based battery materials.23 

In the past few decades, other groups around the world have also developed a number of 

laboratory XES spectrometers.  The majority of these have been based on the von Hamos geometry 

(discussed in section 3.7.2).24-29  These have been used in applications such as studying the role of 

iron in nitrogenase model systems30 as well as spin crossover complexes.31  The energy ranges of 

these spectrometers vary and are typically in the hard x-ray range (>5 keV), though some24 have 

been used for applications in the tender x-ray range as well, such as measurements of sulfur 

valence-to-core.32  A different instrument using a Laue-type DuMond spectrometer33 has 

demonstrated XES measurements as high in energy as the Au K-edge (78 keV). 

Based on the efforts demonstrated in this thesis, from our group at the University of 

Washington, and the developments of other systems from labs around the world, the future is 
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promising for laboratory based XES instrumentation and their application to a wide range of 

problems from fundamental physics to routine analysis and characterization of materials.  Indeed, 

with the growing number of instruments and ongoing commercialization of the technology, it’s 

clear that the use and prevalence of laboratory XES will continue to increase, and it is likely only 

a matter of time before XES capabilities are a mainstay of analytical laboratories in universities 

and industries around the world. 
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CHAPTER 2 TENDER X-RAY SPECTROSCOPY 

2.1 INTERACTION OF PHOTONS WITH MATTER 

In the tender x-ray energy range (1–5 keV), the dominant mechanism for the interaction of 

photons with matter is the photoelectric effect, in which the entire energy of a photon is absorbed 

by an electron in an atom causing the electron to be ejected.  Figure 2.1 shows the total interaction 

cross section of photons with matter for carbon.  Below the photoelectric effect, at 3-4 orders of 

magnitude lower intensity are the coherent (elastic) scattering and incoherent (inelastic) scattering 

processes.  At photon energies much higher than are relevant here and with even lower cross-

section, other processes such as pair production and nuclear photoabsorption become possible. 

Thus, the anatomy of a tender x-ray experiment is remarkably dependent on essentially one 

interaction: the photoelectric effect and subsequent decay of the photoexcited atom.  In the next 

sections, some details of this interaction are discussed.    
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Figure 2.1: Contributions of different scattering mechanisms to the total interaction cross section 

of electromagnetic radiation with carbon.  The scattering mechanisms are the photoelectric effect 

(τ), coherent scattering (σCOH), incoherent scattering (σINCOH), nuclear-field pair production (κn), 

electron-field pair production (κe), and nuclear photoabsorption (σPH.N.). Figure from Hubbell et 

al.1 

2.1.1 Interaction Hamiltonian with electromagnetic field 

In a nonrelativistic approach, the interaction of electromagnetic radiation with matter can 

be obtained by considering the electronic and electromagnetic contributions to the Hamiltonian, 

along with the interaction between them.  A standard approach to including the interaction of 

charged particles with the electromagnetic field is through modifying the momentum and energy 

of the particle as: 

 p → p −  q A,      E  → E  −  q ϕ (1) 

Where A is the vector potential, ϕ is the scalar potential, q is the charge of the particle and c is the 

speed of light.  With this replacement, the nonrelativistic Hamiltonian becomes: 
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 H =
1

2m
(p −  q A)2 + V(r) + q ϕ (2) 

Now expanding the square and adding in the contribution of the electromagnetic field to the 

Hamiltonian, Hphotons: 

 H =
p2

2m
+ V(r)  −  

q

2m
(p ⋅ A + A ⋅ p) +

q2A2

2m
+ q ϕ + Hphotons (3) 

Choosing the gauge of the electromagnetic field such that ∇ ⋅ A = 0 and ϕ = 0, this implies that 

p ⋅ A = A ⋅ p, which yields: 

 H =
p2

2m
+ V(r)  −  

q

m
(A ⋅ p) +

q2A2

2m
+ Hphotons (4) 

Separating the Hamiltonian into two pieces, a ground state Hamiltonian H0 and a perturbing (i.e. 

interaction) Hamiltonian H1 gives: 

 H = H0 + H1 (5) 

 H0 =
p2

2m
+ V(r) + Hphotons (6) 

 H1 = −
q

m
(A ⋅ p) +

q2A2

2m
 (7) 

The interaction contains two terms, one linear in the vector potential, and one quadratic.  In first 

order perturbation theory, the linear term gives rise to absorption and emission of photons, while 

the quadratic term gives rise to scattering.2  One way to see this is to examine the vector potential 

A in a quantized picture of the electromagnetic field, as follows: 

 A(r, t) = √
ℏ

2Vϵ0
∑

1

√ωk

[ϵ̂kαakα(t)eik⋅r + ϵ̂kα
† akα

† (t)e−ik⋅r]

k,α

 (8) 

where V is the volume of the box over which quantization is considered, k is the wavevector, α is 

the polarization index, ϵ̂kα is the unit vector representing the polarization direction, and ωk = c|k| 
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is the angular frequency.  In the quantized framework, akα
†

 is the creation operator that creates a 

photon with polarization α with wavevector k, and akα is the annihilation operator that annihilates 

a photon with polarization α with wavevector k.  They obey the commutation relations: 

 [akα, ak'α'] = 0 (9) 

 [akα
†  , ak'α'

†  ] = 0 (10) 

 [akα, ak'α'
† ] = δk,k'δαα' (11) 

Such that the contribution of the electromagnetic field to the Hamiltonian is: 

 Hphotons = ∑ ℏωk (akα
† akα +

1

2
)

k,α

 (12) 

With this framework in mind, the two terms in the interaction Hamiltonian H1 can be 

interpreted.  The first term is linear in A and therefore is capable of connecting two states with 

photon number different by one in first-order perturbation theory, i.e. connecting a state where a 

single photon is either created or destroyed.  These two processes are emission and absorption of 

a photon.  The second term in H1 is quadratic in A even in first-order perturbation theory, and 

therefore always contains terms quadratic in the annihilation and creation operators, i.e. the second 

term can connect initial and final states whose number of photons differs by zero or two.  This 

does not represent single photon absorption or emission processes, but rather other processes such 

as elastic Thomson scattering. 

The final piece needed to derive the expressions for rates of absorption and emission is 

Fermi’s golden rule.  Using the standard result of first-order time-dependent perturbation theory, 

Fermi’s golden rule is:3 

 Γi→f =
2π

ℏ
|⟨f|H1|i⟩|2ρ(E)δ(Ef − Ei) (13) 
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Now substituting the perturbing Hamiltonian H1, keeping only the first term based on the 

arguments above: 

 Γi→f =
2π

ℏ
|⟨f |(−

q

m
(A ⋅ p))| i⟩|

2

ρ(E)δ(Ef − Ei) (14) 

Which, upon substituting the expression for A gives: 

Γi→f = (
q

m
)

2 π

Vϵ0ωk
|⟨f |(∑[ϵ̂kαakα(t)eik⋅r + ϵ̂kα

† akα
† (t)e−ik⋅r]

k,α

⋅ p)| i⟩|

2

ρ(E)δ(Ef − Ei) (15) 

 

This can be separated into two pieces: 

absorption: Γi→f = (
q

m
)

2 π

Vϵ0ωk

|⟨f |(∑ akα(t)eik⋅r

k,α

ϵ̂kα ⋅ p)| i⟩|

2

ρ(E)δ(Ef − Ei) (16) 

emission: Γi→f = (
q

m
)

2 π

Vϵ0ωk

|⟨f |(∑ akα
† (t)e−ik⋅r

k,α

ϵ̂kα
† ⋅ p)| i⟩|

2

ρ(E)δ(Ef − Ei) (17) 

The presence of the annihilation and creation operators (akα and akα
†

) connects initial and final 

states whose photon numbers differ by one.  This leads to expressions containing the matrix 

elements: 

 absorption: |⟨nkα − 1|akα|nkα⟩|2 = nkα (18) 

 emission: |⟨nkα + 1|akα
† |nkα⟩|

2
= nkα + 1 (19) 

Thus absorption depends on the number (i.e. intensity) of photons through nkα, and emission 

contains two pieces, one of which depends on the intensity (stimulated emission from the nkα 

term) and the other of which does not (spontaneous emission through the +1 term).   

Considering only the case of spontaneous emission from the +1 term in equation (19) and 

using that in equation (17) gives: 
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 Γi→f,kα = (
q

m
)

2 π

Vϵ0ωk

|⟨ψf|(e−i(k⋅r−ωkt) ϵ̂kα
† ⋅ p)|ψi⟩|

2
ρ(E)δ(Ef − Ei + ℏωk) (20) 

Where the substitution akα
† (t) = akα,0

† eiωt has been implicitly performed.  Also, Ef and Ei have been 

redefined as the energy of the initial and final states |ψi⟩ and |ψf⟩ with the +ℏωk to account for the emitted 

photon. 

In the dipole approximation, the replacement e−i k⋅r ≈ 1 is made, keeping only the lowest 

order term.  Next, the momentum operator p is replaced using the relation: 

 p =
im

ℏ
[H0, r] (21) 

Which gives: 

 ⟨ψf|ϵ̂kα
† ⋅ p|ψi⟩ =

im

ℏ
ϵ̂kα

† ⋅ ⟨ψf|[H0, r]|ψi⟩ = im
Ef − Ei

ℏ
ϵ̂kα

† ⋅ ⟨ψf|r|ψi⟩ (22) 

Defining ωk =
Ef−Ei

ℏ
 and substituting into (20) gives: 

 Γi→f,kα ≈
πωk

Vϵ0
|⟨ψf|ϵ̂kα

† ⋅ d|ψi⟩|
2

ρ(E)δ(Ef − Ei + ℏωk) (23) 

With the definition of the dipole operator, d = q ⋅ r.  Next, integrating the transition rate associated 

with a small solid angle dΩ in direction k: 

 dΓi→f,α = ∑ Γi→f,kα

k∈dΩ

= dΩ
V

(2π)3
∫ Γi→f,kα k2 dk (24) 

Where the standard result for the density of photon states in a box of volume V has been used.  

Using the dispersion relationship ωk = c|k| yields: 

 
dΓi→f,α

dΩ
=

ωk

8π2c3ϵ0
∫|⟨ψf|ϵ̂kα

† ⋅ d|ψi⟩|
2

 δ(Ef − Ei + ℏωk)ωk
2 dωk (25) 

 
dΓi→f,α

dΩ
=

ωk
3

8π2c3ϵ0ℏ
|⟨ψf|ϵ̂kα

† ⋅ d|ψi⟩|
2
 (26) 
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The ℏ in the denominator appears from the evaluation of the integral with the delta function.  

Equation (26) is the defining equation of the differential spontaneous emission rate.  Note that 

separate rates occur for each polarization α, such that the total is the sum over two independent 

polarizations. 

 To find the total transition rate, the differential rate can be summed over polarizations and 

integrated over emission direction.  Using the relationship between emission direction and 

polarization directions (see Sakurai Advanced QM,4 page 43): 

∑ ∫|⟨ψf|ϵ̂kα
† ⋅ d|ψi⟩|

2
dΩ

a

= ∫(ϵ̂k1
† ⋅ |⟨ψf|d|ψi⟩|2 + ϵ̂k2

† ⋅ |⟨ψf|d|ψi⟩|2)dΩ 

= ∫|⟨ψf|d|ψi⟩|2 sin2 θ dΩ 

=
8π

3
|⟨ψf|d|ψi⟩|2 

(27) 

Which gives the total integrated transition rate for spontaneous emission to be: 

 Γi→f = ∑ ∫
dΓi→f,α

dΩ
dΩ

a

=
ωk

3

3πc3ϵ0ℏ
|⟨ψf|d|ψi⟩|2 (28) 

The rightmost term is commonly defined as the transition dipole moment μif: 

 μif = ⟨ψf|d|ψi⟩ = ⟨ψf|q r|ψi⟩ (29) 

Sometimes, the transition rate is rewritten in terms of the oscillator strength f12 defined as:5 

 f12 =
2mω12

3ℏq2
|⟨ψf|d|ψi⟩|2 =

2mω12

3ℏ
|⟨ψf|r|ψi⟩|2 (30) 

2.1.2 Photoelectric absorption process 

Photoelectric absorption is the process by which a photon is absorbed by an atom, resulting 

in the ejection of an electron, leaving the atom in an ionized state.  The strength of the absorption 

of photons by an atom is characterized by the absorption cross section σa.  The absorption cross 
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section of matter has two strong and important dependencies: the cross section increases with 

atomic number approximately as Z4, and the cross section decreases with energy approximately as 

E-3.  The absorption cross section of various atoms is shown in Figure 2.2, in which the cross 

sections have been scaled by their approximate dependencies.  

 

Figure 2.2: Scaled absorption cross section of various elements as a function of photon energy.  

The absorption cross section has been scaled by the approximate dependencies, namely, dividing 

by the ~Z4 dependence on atomic number, and dividing by the ~E-3 dependence on energy.  

Figure reproduced from Als-Nielsen and McMorrow.2 

As seen in the figure, the atoms (other than Pb) share an upper plateau, in which the cross 

section, after scaling by Z4 and E-3, is nearly constant. Moreover, by around 25 keV, the atoms 

depicted (except Pb) converge on nearly the same value of the scaled absorption cross section.  In 

addition, another plateau is seen approximately one decade less in intensity.  Taking Fe as an 

example, the transition in absorption from the higher to lower plateaus is seen to occur at ~7110 

eV, the binding energy of the K-shell (1s) electrons.  This discontinuous jump in absorption is 

referred to as an absorption edge and will be discussed in more detail in section 2.7. 
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A quantum mechanical description of photoelectric absorption was laid out in section 2.1.1.  

Similar to the derivation for emission, for the case of absorption, combining equations (16) and 

(18), the resulting expression is: 

 Γi→f,kα = (
q

m
)

2 πnkα

Vϵ0ωk

|⟨ψ
f
|eik⋅rϵ̂kα ⋅ p|ψ

i
⟩|

2
ρ(E)δ(Ef − Ei − ℏωk) (31) 

Where it is observed that the absorption transition rate depends on nkα, the number of photons 

with wavevector k and polarization α.  Making the dipole approximation and changing the 

momentum operator to position operator (equation (21)) yields: 

 Γi→f,kα ≈
πωk

Vϵ0
nkα|⟨ψf|ϵ̂kα ⋅ d|ψi⟩|2ρ(E)δ(Ef − Ei − ℏωk) (32) 

This is the primary result for the absorption transition rate.  It remains, of course, to 

evaluate the matrix element ⟨ψf|ϵ̂kα ⋅ d|ψi⟩ to obtain the cross section.  Various levels of 

approximation yield different approximate results, and such computations are often approximated 

using quantum chemical calculations such as density functional theory.  For the simplified case of 

approximating the initial state |i⟩ as either a free electron or the hydrogenic 1s wavefunction, a 

detailed discussion is presented in Als-Nielsen and McMorrow2.  

2.1.3 Relaxation after creation of core-hole 

After a photoelectric absorption event, the atom is left in an unstable state with a hole in 

the orbital from which the electron was ejected.  This unstable state is rapidly filled, with decay 

lifetimes for K shell core holes on the order of femtoseconds.  For a K shell core-hole, there are 

only two decay channels: x-ray fluorescence and Auger emission.6  These are illustrated in Figure 

2.3.  In both cases, an electron from a higher shell decays to fill the core hole; in x-ray fluorescence, 

the energy of the falling electron is radiated as a photon (termed radiative emission), and in Auger 
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emission, the energy is instead transferred to another electron which is ejected from the atom 

(termed non-radiative emission).  

 

Figure 2.3: (Left) Schematic of fluorescence decay of the K-shell core hole excited state. (Right) 

Schematic of Auger decay of the K-shell core hole excited state.  Figure from Newville.7 

These two decay processes are competing, and the probability of either process depends on 

atomic number.  The fraction of core hole events that result in radiative emission (x-ray 

fluorescence) is referred to as the fluorescence yield.  The fluorescence yields of K and L shell 

core holes and the atomic number dependence is shown in Figure 2.4.  In the context of tender x-

ray emission spectroscopy, the elements that have K-shell fluorescence energies in the 1 – 5 keV 

range have atomic numbers 11 – 23 (Na – V), and thus have fluorescence yields from 3 – 25 %. 



26 

 

 

Figure 2.4: Dependence of the fluorescence yield (probability of radiative emission) on atomic 

number for K shell and L shell core holes.  The L shell curve is the average of L1, L2, and L3 core 

holes.  Figure from x-ray data booklet, section 1.3,8 using experimental data compiled by 

Krause.6 

2.1.4 X-ray fluorescence process 

X-ray fluorescence occurs when the core hole left behind in a photoexcited atom is filled 

by an electron from a higher shell with concomitant emission of a photon.  Relaxation of the 

photoexcited atom occurs spontaneously, and thus x-ray fluorescence is a case of spontaneous 

emission and can be understood in the context of typical quantum mechanics approaches for 

calculation spontaneous emission rates, as was derived in section 2.1.1.  The expression for the 

spontaneous emission rate, summed over polarizations is given in equation (28).  From the 

expression, the primary dependence of the transition rate is on the dipole matrix element ⟨ψf|d|ψi⟩.  

Thus, calculating this matrix element is the task of computational approaches when modelling 

XES spectra.  In chapter 10, linear response time-dependent density functional theory (LR-
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TDDFT) computations are used to calculate these matrix elements for molecules to simulate the 

XES spectra. 

This transition rate is related to the lifetime of the transition, and therefore also to the 

natural linewidth.  From Fermi’s golden rule, Γi→f is the constant transition rate, leading to 

exponential decay of the population of the excited state over time with radiative lifetime τ =

1 / Γi→f.  In energy space, this translates to a Lorentzian distribution in energy, with a full-width 

half-maximum of ℏΓi→f. 

2.2 X-RAY EMISSION SPECTROSCOPY (XES) OVERVIEW 

X-ray emission spectroscopy (XES) is the measurement of the x-ray fluorescence energy 

spectrum with an energy resolution comparable to the natural linewidths of the transitions being 

measured.  As discussed in section 2.1.4, the natural linewidth of XES features is related to their 

radiative decay rates, as understood in the context of Fermi’s golden rule and time-dependent 

perturbation theory.  For phosphorus and sulfur K-shell emission in the tender x-ray range, the K-

shell lifetimes are on the order of ~ 1 femtosecond, corresponding to linewidths of ~0.5 eV.  Thus, 

for XES measurements on these elements, high resolution and therefore high resolving power 

instruments are required: e.g. for P Kα fluorescence, the resolving power (E/ΔE) is 2014 eV / 0.5 

eV ≈ 4000. 
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Figure 2.5: Kα and valence-to-core Kβ XES of sulfur in various compounds on an energy scale 

relative to the spectral positions of Na2SO4.  Figure from chapter 10. 

Representative spectra are shown in Figure 2.5 for Kα and Kβ XES of some sulfur 

compounds.  From the energy scale, it is apparent that a high resolution is needed to discern the 

changes between the compounds for both emission lines. 

The later chapters of this thesis explore the use of tender XES primarily on phosphorus and 

sulfur compounds, though the behavior of the emission lines is also similar for nearby third-row 

elements on the periodic table.  Therefore, the following sections focus discussion on Kα and Kβ 

XES of phosphorus and sulfur, with some indications to references where similar effects have been 

demonstrated for other elements, such as chlorine, silicon and aluminum. 

2.3 Kα XES OF PHOSPHORUS, SULFUR, AND NEARBY ELEMENTS 

2.3.1 Kα Overview 

When a 1s core hole (K-shell) is filled by an electron from the 2p shell, the fluorescence 

photon emitted is referred to as Kα emission.  The Kα emission energies for different elements are 
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well separated in energy and have a nearly quadratic dependence on atomic number.  The energies 

are well approximated by the formula:2 

EKα
[keV] ≈ 1.017 × 10-2(Z-1)2 

where Z is the atomic number of the element.   

High resolution XES measurements of P Kα radiation of several compounds is shown in 

Figure 2.6.  The Kα spectra in the figure is observed to consist of two main peaks, labelled Kα1 

and Kα2, separated by ~0.86 eV in energy.  These peaks are split by the spin-orbit interaction, and 

correspond to emission from the 2p3/2 and 2p1/2 levels with total angular momentum J of 3/2 and 

1/2, respectively.  The degeneracy of the levels is given by 2J + 1, and is thus in the ratio of 4:2 

for the levels 2p3/2:2p1/2.  Thus, as seen in Figure 2.6, the Kα1 and Kα2 components are in the 

approximate ratio of 2:1 in intensity.  Though there are some deviations from the ideal 2:1 ratio, 

as noted in Mori et al. for the case of sulfur,9 the cause of these deviations is not fully understood, 

but may be due to additional multiplet effects10 or otherwise due to the presence of satellite features 

buried under the main Kα1,2 peaks arising from 3d spectator holes or radiative Auger emission 

processes.11 
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Figure 2.6: Kα XES measurements of phosphorus in a variety of compounds.  The numerical 

labels at the top indicate formal oxidation states of P in the different compounds.  These spectra 

are from the study described in detail in chapter 9. 

2.3.2 Kα chemical shifts and sensitivity to oxidation state 

For third-row elements, the 2p shell is a core shell, and the Kα emission is a core-to-core 

transition.  Thus, changes in the chemical environment of the emitting atoms have only indirect 

effects on the Kα spectra.  Indeed, despite the three phosphorus compounds of Figure 2.6 having 

drastically different bonding environments, covalencies, and formal oxidation states, the shape of 

the Kα spectra is seen to be unchanged.  One effect that is clear, however, is a shift towards higher 

energies with increasing oxidation state.  This can be qualitatively understood as changes in the 

amount of screening of the nuclear charge with changes in the valence population.   

As illustrated in Figure 2.7, the 3p valence electrons of phosphorus have a finite probability 

of being found at distances between the nucleus and the 2p electrons (and the 1s electrons).  This 

finite probability corresponds to some electronic repulsion which can slightly counteract the 

nuclear charge being experienced by the 2p electrons.  Since oxidation state is an indication of the 

amount of charge in the valence shell localized around an atom, a higher oxidation state represents 

an atom with a reduced charge in the valence population.  This reduced valence population reduces 
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the screening of the nuclear charge and increases the binding energy of the 2p and 1s shells.  Since 

Kα emission corresponds to 2p → 1s transitions, the shift in the Kα energy represents the 

difference in the shifts of the 2p and 1s shells.  For higher oxidation state, evidently the 1s shell 

shifts by a larger amount than the 2p shell, resulting in a shift of the Kα spectrum to higher energy.  

For phosphorus, the energy shift is ~0.8 eV between the oxidation state extremes of -3 and +5.  

The phosphorus Kα energy shift is very much related to the energy shift observed in 2p x-ray 

photoelectron spectroscopy (XPS, see section 2.8), though since XPS directly measures the 

effective binding energy of the 2p electrons (and not the 2p – 1s energy difference), a larger shift 

of ~ 8 eV is observed. 

 

Figure 2.7: Radial probabilities of the hydrogen wavefunctions.  Figure from Hyperphysics by 

Carl Nave.12 

Though the above considerations were made in the context of phosphorus Kα XES, they 

hold equally well in the case of sulfur and chlorine, as summarized well by the results of Petric 

and Kavčič13 shown in Figure 2.8.  Similar effects have also been observed for silicon,14,15 

aluminum16,17 and magnesium.17,18  
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Figure 2.8: Proton-induced Kα XES of (left) phosphorus, (center) sulfur, and (right) chlorine, 

showing the energy shift towards higher energy between compounds of reduced and oxidized 

species of each element.  Figure from Petric and Kavčič.13 

The discussion above is made more concrete by comparing Kα energy shifts with 

theoretical calculations of valence electron populations.  Petric et al.19 have compared the Kα shifts 

of a number of phosphorus compounds with valence electronic configurations calculated by DFT, 

and observed strong correlation.  Mori et al.9 performed a similar comparison for Kα energy shifts 

of sulfur compounds, and found similar good agreement with DFT calculated valence populations.  

In chapter 10, we compare Kα energy shifts of a wide range of sulfur compounds with theoretical 

calculations made using linear response time-dependent density functional theory (LR-TDDFT), 

and find stronger agreement with the magnitude of energy shifts made by LR-TDDFT compared 

to a ground-state DFT approach. 

With the clear Kα energy dependence on oxidation state, one opportunity presents itself 

immediately.  If a sample contains a population of mixed oxidation states, a measurement of the 

Kα spectrum can be used to quantitatively measure the proportion of each component.  Such a 

measurement of P Kα on a sample of ZnS-shelled InP quantum dots is illustrated in Figure 2.9, 

from the study described in chapter 9.  The spectrum shows clearly three peaks which can be fit 

by two shifted Kα lineshapes, one representing phosphorus in a reduced oxidation state and one 
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representing oxidized phosphorus.  By this fitting procedure, the relative components are measured 

quantitatively, and in this case matched well with measurements made by 31P SSNMR. 

 

Figure 2.9: Phosphorus Kα XES of a ZnS-shelled InP quantum dot sample, illustrating the 

quantitative decomposition into reduced and oxidized components.  Figure from chapter 9. 

2.3.3 Kα satellite features 

In addition to the main doublet Kα1,2 spectrum, satellite features exist at higher energy that 

are several times less intense.  These features include the Kα’, Kα3 and Kα4 shown in Figure 2.10, 

and are a result of multiple ionization events in which additional electrons are ejected along with 

the ejection of a 1s electron.  It should be noted that the probability of two independent x-ray 

photons ejecting two electrons within the lifetime of the excited state (~1 fs) is vanishingly small 

for typical x-ray fluxes (though these nonlinear effects may be possible with x-ray free electron 

lasers20), thus these events occur when a single photon (or incident charged particle) ejects two 

core electrons.  This implies that the photon energy required for such events is the sum of the two 

binding energies of the electrons, and for incident photons below this threshold, these satellite 

features would not be observed.21,22  The relative intensities of these features are discussed in detail 

by Graeffe et al.14 in the context of silicon Kα satellites.  Additional Kα satellites beyond those 

shown in Figure 2.10 have been measured by Heirwegh et al.23 for magnesium, aluminum, and 
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silicon using proton-induced XES, and shows features from triple and quadruple ionization events.  

There is some conjecture that these satellite features could have increased chemical sensitivity, 

though Yasuda and Kakiyama24 in their observations of satellite features in S Kα were unable to 

observe significant effects. 

 

Figure 2.10: ZnS S Kα spectrum showing satellite features at energies above the main Kα1,2 

transitions.  Figure from chapter 5. 

2.4 Kβ VALENCE-TO-CORE XES OF PHOSPHORUS, SULFUR, AND NEARBY 

ELEMENTS 

In addition to the Kα 2p→1s transition, the next strongest emission that is possible for a 

core-hole in the K-shell (1s) is the dipole-allowed 3p→1s transition, referred to as Kβ.  For the 

elements Al – Cl, this transition is of particular interest because the 3p shell is the valence shell, 

so that the transitions that make up the Kβ emission come from the valence electrons involved in 

bonding and chemical interactions.   

The following discussion focuses on Kβ XES features of third-row elements, in particular 

phosphorus and sulfur, as those elements are the focus of later chapters of this thesis.  The Kβ XES 

features of nearby third-row elements have also been shown to have significant similarity, 

especially in the work by Takahashi18 for silicon and aluminum, and the work by Taniguchi25 in 

the case of chlorine.  For these elements, the 3p shell corresponds to valence electrons, and 
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therefore the Kβ spectrum corresponding to 3p →1s transitions directly probes the valence 

electronic states.   

As discussed in section 2.1.4, the transition rates can be expressed in the context of Fermi’s 

golden rule as Γ ∝ ∑ |⟨f|r|i⟩|2
i,f .  In a single-particle picture, the transitions can be thought of as 

electrons initially in a valence state transitioning to the available 1s state of the core-hole.  Thus, 

in principle, if the wave-functions of all initially occupied valence states were known, the transition 

rate from each could simply be calculated by evaluating the coordinate operator r against the wave-

function overlaps with the atomic-like 1s state.  The relative energies of the initial valence states 

and the strength of the wave-function overlap matrix elements would yield the shape of the spectral 

transitions and combined with broadening effects from the finite lifetime of the 1s state, the Kβ 

spectrum would be completely predicted.   

The challenge then lies in the knowledge of the initial valence states.  For molecules or 

compounds with more than a few atoms, exact quantum mechanical calculations are infeasible, 

and exact structure of valence states is thus not known.  This is a core problem in chemistry and is 

the subject of much effort in the field of computational quantum chemistry.  There are many 

approaches used to model electronic structure, and several of these have been applied in the 

computation of valence-to-core XES spectra, including molecular orbital calculations,26 ab initio 

multiple scattering calculations FEFF27-29 ground-state density-functional theory (DFT) 

methods,30-32 and linear-response time-dependent density functional theory29,33,34 (LR-TDDFT) 

techniques.  A full analysis of these techniques is beyond the scope of this work, but useful 

discussions can be found in the works of Rehr et al.27 (FEFF), Lee et al.30 (DFT), and Zhang et 

al.33 (LR-TDDFT). 
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The following sections focus on a phenomenological description of spectral features in the 

Kβ emission.  Detailed discussion of theoretical results using LR-TDDFT and a comparison with 

experimental spectra in the case of the sulfur is the subject of chapter 10. 

2.4.1 Kβ intensity relative to Kα 

The Kβ emission is lower in intensity than the Kα transition.  The ratio of intensities of Kβ/ 

Kα has a complicated dependence on atomic number Z, as shown in Figure 2.11.  For the elements 

Al – Cl the intensity increases from ~ 2 – 10 % as the number of 3p electrons increases.  The 

intensity ratio is relatively constant throughout the transition metals, then continues to increase. 

 

Figure 2.11: Ratio of intensities of x-ray emission lines, Kβ/ Kα, plotted with dependence on 

atomic number.  Figure from Salem et al.35 

The reason for the lower intensity of Kβ relative to Kα has a simple explanation.  From the 

discussion in section 2.1.4 of x-ray emission in first-order time-dependent perturbation theory, 

recall that the transition rate is proportional to the square of matrix elements of the form ⟨f|r|i⟩, for 

initial and final states i and f.  Expanding in a coordinate basis, the expression becomes: 

⟨f|r|i⟩ → ∫ r⟨f|r⟩⟨r|i⟩ d3r → ∫ r Ψf(r)Ψi(r) d3r 
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where Ψi (Ψf) is the initial (final) wave function.  Thus the transition rate depends on the dipole 

character of spatial overlap of the initial and final state wave functions.  This overlap is smaller for 

wave functions that have larger differences in principal quantum number. 

 A calculation in terms of hydrogenic wave functions gives a reasonable first estimate: 

∫ z Ψ100(r)Ψ210(r) d3r ≈ 0.37 

∫ z Ψ100(r)Ψ310(r) d3r ≈ 0.15 

0.152

0.372
≈ 0.16 

which is seen to be a reasonable estimate of the Kβ/Kα intensity ratio for elements with filled 3p 

shells. 

 Though the behavior can be approximately understood with a simplified description, the 

precise nature of the Kβ/Kα intensity ratio depends on the details of the initial and final states, and 

several authors have attempted to use small changes in Kβ/Kα intensity ratios as signatures for 

information regarding the chemical state of the element in question.36-39 

2.4.2 Kβ XES spectral features and sensitivities 

Sulfur Kβ spectra of a variety of compounds are shown in Figure 2.12.  As already seen 

with these few examples, the spectral features and range of energies are very different than the Kα 

spectrum.  In contrast to S Kα XES, where the spectra had identical shapes shifted in energy, in 

the Kβ spectrum a variety of features emerge between compounds.  The energy span of the spectral 

features is also much larger. In the case of S Kα, spectra of a single oxidation state were around 2 

eV wide and the spectra shifted by around 1.4 eV going from -2 to +6 oxidation state.  As seen in 

the case of the Kβ spectrum of Na2SO3 (Figure 2.12, middle-bottom), between the highest and 

lowest energy features is a span of around 20 eV.  It should be noted that these features are not 

multiple-ionization satellites such as those observed in section 2.3.3 for S Kα.  As will be 
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elaborated further below, these features in the Kβ spectrum originate from the valence electronic 

structure.  Thus, the information about chemical state, and in particular the valence electronic 

configuration, is much more direct in the case of Kβ spectra as compared with Kα. 

 

Figure 2.12: Sulfur valence-to-core Kβ spectrum of a number of compounds. Figure from Kavčič 

et al.40 

As observed in Figure 2.12, the sulfur Kβ spectrum generally consists of a dominant feature 

known as Kβ1,3 near 2464 eV, with some compounds showing isolated satellites lower in energy 

known as Kβ’, and some compounds with a high energy satellite feature referred to as Kβ’’.  The 

main Kβ1,3 feature can have a variety of additional structure, including shoulders (e.g. FeS, Figure 

2.12 top) and separate, clearly defined peaks (e.g. S, Figure 2.12 middle-top). 
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For sulfur in organic compounds, the Kβ spectra contain a rich variety of spectral features.  

Figure 2.13 show Kβ experimental and theoretically calculated spectra for a variety of 

organosulfur compounds.  The data shown is a subset from the study discussed in detail in chapter 

10.  For these compounds, it’s evident that the changes in the valence electronic structure produce 

a variety of transitions and spectral features.  The spectra are observed to be sensitive to the valence 

electronic structure, and thus the detailed bonding environment of the sulfur being measured.  For 

example, comparing the spectra for dibenzothiophene and thianthrene, despite the sulfur being 

bonded directly to two phenyl groups in both cases, the change in bonding structure of the rings 

causes a different electronic structure, which produces clear changes in the spectra, including the 

width of the main feature and the energy separation of the high-energy shoulder.  Similarly, 

comparing dimethyl sulfone and diphenyl sulfone, despite identical nearest bonding neighbors of 

the sulfur, the spectra vary in the relative intensities of peaks and the shoulders of the main feature.  

For 2-mercaptopyridine and 4-mercaptopyridine, the spectra seem to be driven mostly by the 

sulfur-carbon double bond, producing nearly identical spectra. 
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Figure 2.13: Sulfur valence-to-core Kβ spectrum of organosulfur compounds. Experimental 

spectra (red and blue) are compared with theoretical calculations with LR-TDDFT (black sticks 

are individual transitions, Lorentzian-broadened spectra in orange).  These figures are a subset of 

data from the study in chapter 10. 

Figure 2.13 also compares the experimentally observed spectra with theoretical 

calculations using linear-response time-dependent density functional theory (LR-TDDFT).  As 

apparent in the figure, the theoretical predictions agree very well with the observed spectra.  The 

theoretical calculations allow finer interpretation of the variety of spectral features observed and 

their differing origins.  The subject of the interpretation of the calculations and a further analysis 

of the spectra is given in detail in chapter 10. 

Alonso-Mori et al.31 measured a number of inorganic sulfide compounds and observed a 

variety of fine structure, as seen in their spectra shown in Figure 2.14.  Similar to the organic 

compounds discussed above, the fine details of the spectra depend on the details of the electronic 

structure.  They observe some clear trends in spectral features, including in particular the very 
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similar spectra of ZnS, CdS (not included in Figure 2.14, see original work31), and HgS which all 

have filled valence d-shells: Zn 3d10, Cd 4d10, and Hg 5d10, suggesting a similar valence electronic 

structure even with different cations and despite different local symmetries (Td for ZnS and CdS; 

distorted Oh for HgS).  Among the five Cu/Fe containing sulfides, similar spectral features are also 

observed, for example the high-energy shoulder feature D that is not well-separated in the sulfides 

that do not contain Cu/Fe.  Interestingly, they note that the among the Cu/Fe sulfides, only 

(Cu,Fe)12Sb4S13 shows the low-energy feature labelled A.  Since (Cu,Fe)12Sb4S13 is the only Cu/Fe 

compound that contains a full d-orbital provided by the Sb atoms, and the same A feature is 

observed among the filled d-shell compounds ZdS, CdS, and HgS, it seems apparent that feature 

A is likely related to the presence of a filled d-orbital. 

 

Figure 2.14: Sulfur valence-to-core Kβ spectrum of inorganic sulfide compounds. Figure from 

Alonso-Mori et al.31 

To further investigate the valence structure, Alonso-Mori et al. also performed calculations 

using a ground-state DFT approach, shown in Figure 2.14 right.  Their computations reproduce 
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the experimental spectra well and, as seen in the atomic basis character of the transitions in the 

bottom of the figure, their computations are consistent with their observations about the relation 

of the feature A with the cation d-shell electrons.  Of the compounds in Figure 2.14, those authors 

were only able to achieve convergence for the ZnS system, and they remark upon the difficulty of 

modelling the sulfide compounds in their approach.  In chapter 10, theoretical modelling is 

performed for additional sulfide compounds using the LR-TDDFT approach applied above to the 

organosulfur compounds. 

Though a complete understanding of fine spectral details generally requires quantum 

chemical calculations, there are a few general features of Kβ spectra of third-row elements that 

serve as signatures of the atomic environment of the emitting atoms.  Perhaps the most apparent 

and well-known is the Kβ’ peak which appears as an isolated feature around ~15 eV lower than 

the main Kβ1,3 peak.  This feature appears in particular in compounds with oxygen bonds to third 

row elements.  Spectra of XO4 and XO3 (X = P, S, Cl) compounds are shown in Figure 2.15.  

Comparing the spectra of the P, S, and Cl compounds also shows the similarity of spectral shapes 

for similar chemical environments for the different third-row elements.  Similar spectra for oxide 

compounds of Si and Al are reported by Takahashi.18   The XO4 compounds with Td symmetry 

show a main Kβ1,3 peak with weak low- and high-energy shoulders, along with the well-separated 

Kβ’ peak.  The XO3 compounds with C3v symmetry show those same features, with an additional 

high energy feature labelled Kβxx for S and Cl, though not for P. 
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Figure 2.15: Valence-to-core Kβ spectrum of oxide anions of P, S, and Cl.  Figure adapted from 

Petric et al.32 

 Supported by DFT calculations, the Kβ’ feature of the oxide compounds is observed to 

originate due to hybridization of the oxygen 2s orbitals with the phosphorus 3p valence.  One 

question that arises is whether other bonded atoms can similarly hybridize and demonstrate 

isolated features in the Kβ spectrum.  Indeed, such features occur, as shown in Figure 2.16 for the 

case of phosphorus compounds containing P–N, P–O, and P–F bonds. 
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Figure 2.16: Phosphorus valence-to-core Kβ spectrum of compounds with P–N, P–O, and P–F 

bonds.  Spectra of aminotris-(dimethylamino)phosphonium chloride (C6H20ClN4P) and Na2HPO4 

were measured on the spectrometer of chapter 5.  The KPF6 spectra was digitized from the data 

of Sugiura et al.41  The note in the figure indicates that the energy scale between the 

measurement of Sugiura et al. and the other measurements were not rigorously aligned.  The 

energy scale of Sugiura et al. is from the digitized figure, and the other measurements were 

aligned using the reported energy positions of Na2HPO4 by Petric et al.19 

Figure 2.17 shows the Kβ spectra from compounds of silicon, aluminum, and sulfur.  The 

similarity across these spectra shows the similar sensitivities of the spectra for different third-row 

elements, as well as the similar effect of the spectra from changes in bonding neighbors.  The 

spectra are reversed because the x-axis is given as wavelength, so the Kβ’ features appears as a 

peak on the right-hand side of the spectra.  Similar to Figure 2.16, the Kβ’ peak shifts in energy 

for different bonding atom such as oxygen, chlorine, and fluorine. 
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Figure 2.17: Valence-to-core Kβ spectrum of Si, Al, and S compounds.  Similar spectral features 

are seen among the different emitting elements, along with similar sensitivities of the Kβ’ 

satellite (labelled A).  Figures from Takahashi.18 

In addition to the Kβ’ feature which can give information about the identity of bonded 

neighbors, the Kβ spectrum is also sensitive to the symmetry of compounds relative to the emitting 

atom.  One example of this manifests in the spectra shown in Figure 2.15 between the Td symmetry 

of XO4 ions and the C3v symmetry of XO3 ions (X = P, S, Cl).  For sulfur and chlorine, the C3v 

symmetric SO3
2- and ClO3

1- ions both exhibit a Kβxx peak on the high energy side of the spectrum.  

Petric et al.32 show that this peak arises from a π-antibonding MO, which is created from the X 3pz 

and O 2pz atomic orbitals in a way which is allowed by the C3v symmetry but does not occur in the 

Td case.  The Kβxx peak does not arise in the Na2HPO3 spectra, which the authors demonstrate is 

due to the hydrogen being bonded directly to the P atom in the HPO3
2- ion, modifying the electronic 

structure in a way that the Kβxx disappears despite the C3v symmetry.  It may be the case that the 

spectrum of a compound such as P(OCH3)3, in which the P is bonded directly only to three oxygen 

atoms without the perturbing hydrogen, could show the Kβxx peak as well. 
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Another demonstration of symmetry effects is shown in the Kβ spectra of sulfuric acid in 

the study of Niskanen et al.42  They found that shoulders on the low energy side (named Kβx) and 

on the high energy side (named Kβ’’) of the main Kβ1,3 change intensity with changes in 

concentration of the sulfuric acid.  Their measured spectra are shown in Figure 2.18, along with 

calculations of the spectrum using DFT of sulfuric acid at different concentrations based on ab 

initio molecular dynamics simulations.  In particular, Niskanen et al. reported that the lowest 

energy portion of the Kβx shoulder is present in H2SO4 system but not in the purely symmetric 

SO4
2- ion.  They showed that the Kβx peak in H2SO4 arises from a molecular orbital that is 

spherically symmetric in the case of the SO4
2- ion and therefore dipole-forbidden, whereas the 

addition of the two protons in H2SO4 breaks the symmetry of the molecular orbital and allows a 

dipole transition. 

  

Figure 2.18: (left) Sulfur Kβ experimental spectra of sulfuric acid at different concentrations.  

(right) DFT calculated S Kβ spectra of sulfuric acid based on ab initio molecular dynamics 

simulations. 
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2.4.3 Polarization effects and anisotropic emission 

In most valence-to-core XES measurements, the samples being measured are unoriented 

and thus the resulting fluorescence is isotropic.  However, in oriented samples such as single 

crystals, anisotropic emission can occur.  Such an example is shown in Figure 2.19 for the case of 

Fe emission in a single crystal of [Rh(En)3][Mn(N)(CN)5]⋅H2O measured by Bergmann et al.43  

As the emission angle of the detector relative to the symmetry axis of the crystal is changed, the 

spectra changes, most distinctly in the ‘cross-over’ Kβ’’ satellite peak, which is known to be due 

to mixing of the ligand 2s (in this case N) with the metal.  In the bottom of Figure 2.19, the intensity 

of the Kβ’’ feature is observed to follow a sin2θ dependence for angle θ between emission 

direction and direction of the Fe–N bond, i.e. the pattern of a linearly polarized dipole transition. 

 

Figure 2.19: (top) Anisotropic valence-to-core XES of Fe in a single crystal of 

[Rh(En)3][Mn(N)(CN)5]⋅H2O.  Emission angles relative to the C6
 axis of the crystal for the 
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above spectra are, top-to-bottom: 90°, 72°, 56°, 39°, 26°, 8°.  (bottom) Integrated intensity of the 

Kβ’’ satellite feature relative to emission angle.  Figure from Bergmann et al.43 

From the above example, it’s clear that additional information can be obtained about the 

valence electronic states by analyzing the polarization of valence emission features, sometimes 

referred to as polarized XES (PXES).  Such observations have been reported by several authors,44-

49 including the notable review by Dräger and Brümmer.50 

In the tender x-ray energy range, PXES has been performed on single crystal black 

phosphorus by Hayasi et al.49  Figure 2.20 shows the PXES spectra of single crystal black 

phosphorus measured with polarizations along the symmetry axes of the black phosphorus layered 

crystal structure.  Hayasi et al. also compared their results to theoretical calculations based on self-

consistent pseudopotential methods and found good qualitative agreement.  In particular, the 

strong polarization of the highest energy peak (~2141.5 eV) along the z-axis direction which is 

almost absent along the y-axis direction was well reproduced. 

 

Figure 2.20: Valence-to-core polarized XES measurement of P in single crystal black 

phosphorus.  The x, y, and z axes are relative to the crystal axes of black phosphorus; for an 
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illustration of these orientations relative to the crystal structure, see the original work.  Figure 

produced from digitized data from Hayasi et al.49 

With the LR-TDDFT theoretical approach to calculating XES spectra employed in chapter 

10, it is possible to extract information about the transition dipole moment vector directions which 

in principle contain information about the polarization of spectral features.  In chapter 10, figures 

are produced projecting these directions onto coordinate axes which may correspond to such a 

PXES measurement.  That being said, an interesting open question remains.  The projection 

procedure in chapter 10 implicitly assumes that each feature acts as a linear polarized dipole 

oscillator with sin2θ dependence on the emission direction.  However, in pure atomic transitions, 

dipole emission can occur with linear polarization (Δm = 0) or circular polarization (Δm = ±1).  

These different cases produce anisotropic emissions with distinct patterns illustrated in Figure 

2.21.  At present, no distinction is made between these possibilities in the calculations of chapter 

10.  Such a distinction is also not clearly made in the literature, for example the work by Bergmann 

et al.43 tacitly assumes the sin2θ dependence.  Recent work by Maganas et al.51 briefly mentions 

the effect of the phase of the transition dipole moment relative to z and xy directions of molecules 

in their study, but the connection to nonresonant PXES is not directly addressed.  Thus, additional 

theoretical interpretation and experimental measurement of PXES and the associated anisotropies 

may be required to fully understand this issue. 



50 

 

 

Figure 2.21: Polar plot of emission intensity for dipole transitions that are (left) linear polarized 

along the z-axis and (right) circularly polarized with rotation in the xy-plane.  In both plots, the 

emission angle is the polar angle relative to the z-axis, and the patterns are azimuthally 

symmetric. 

2.4.4 Kβ satellites 

In analogy to the Kα satellites discussed in section 2.3.3, multiple-ionization satellites can 

also occur in the Kβ spectrum.  These Kβ satellites are significantly weaker than the Kβ main 

spectral features, and therefore difficult to observe.  Despite their low intensity, measurements 

have been reported for multiple-ionization Kβ satellites for sulfur by several authors.11,52 
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Figure 2.22: Kβ spectra of sulfur in ZnS and CaSO4 measured using a spectrometer coupled to a 

scanning electron microscope.  The KβIII and KβIV lines are multiple-ionization satellites from 

double vacancies.  Figure from Sánchez et al.11 

2.5 NON-RESONANT VS. RESONANT (XES, RXES, & RIXS) 

The discussion of XES in this thesis is focused on non-resonant XES; that is, XES 

measurements of atoms that are excited with broadband incident x-rays or x-rays that are tuned far 

above the absorption edge.  If the incident x-rays used to stimulate the fluorescence are 

monochromatic (e.g. synchrotron beamline radiation) and tuned very close to the absorption edge 

of an atom, resonant effects can be observed. 

One example of this is resonant XES measurements (RXES) of lithium sulfur battery 

materials by Kavčič et al.53  Shown in Figure 2.23 are RXES measurements of elemental sulfur 
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and Li2S4 made at two different excitation energies centered at 2470.7 eV and 2473.0 eV.  The 

incident excitation energies are of course not perfectly monochromatic, and in this case have a 

width of ~0.36 eV.  The measurements were made at beamline ID26 at the European Synchrotron 

Radiation Facility (ESRF), using a beamline with a cryogenically cooled Si(111) double crystal 

monochromator with energy resolution of 0.36 eV  at the sulfur K-edge energy (2472 eV). 

 

  

Figure 2.23: Resonant-XES (RXES) of elemental sulfur and lithium sulfide materials relevant to 

lithium-sulfur battery research.  Figure from Kavčič et al.53 

As seen in Figure 2.23 (right), at an excitation energy of 2473.0 eV, the elemental sulfur 

and Li2S4 RXES spectra are nearly indistinguishable, whereas at an excitation energy of 2470.7 

eV (left), there is a pronounced change in both spectra, allowing them to be distinguished.  This 

change in response allowed Kavčič et al. to monitor the transformation of sulfur in an operando 

study of lithium-sulfur batteries.  Using these two energies, they were able to monitor the formation 

of lithium polysulfide (Li2SX) from sulfur at energy 2470.7 eV, as well as specifically monitoring 

the formation of Li2S compared to Li2SX using the shift in energy between the spectra at 2473.0 

eV. 
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 If RXES spectra are taken in energy steps over the whole range of energies around an 

absorption edge, a 2D dataset is obtained, as shown in Figure 2.24 for the measurement of Li2S4 

by Kavčič et al.53  This type of measurement is referred to as resonant inelastic x-ray scattering 

(RIXS), and the plot is termed the “RIXS plane.”  With simultaneous control of both the exciting 

and emitting energies, both the energy and the momentum of the scattered photons is measured, 

yielding information about a range of excitations and their momentum dependence, including 

charge-transfer excitations, plasmons, dd excitations, magnons and phonons.  Detailed discussions 

of RIXS experimental setups and the information available in such measurements are given in the 

review articles by Ament et al.54 and Glatzel and Bergmann.55 It should be noted that RIXS plane 

measurements are costly, as they require full integration of emission spectra at a full range of 

incident energies, and are thus a “photon-hungry” experiment that is limited by the availability of 

incident flux.  That being said, upgrades of many existing synchrotron beamlines are seeing large 

increases in flux available that increase the accessibility of these techniques. 
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Figure 2.24: Resonant inelastic x-ray scattering (RIXS) measurement of Li2S4.  The vertical axis 

represents the emission energy being measured, tuned to the energy of sulfur Kα emission.  The 

horizontal axis corresponds to the incident excitation energy which is scanned through the sulfur 

K-edge absorption energy.  When the full range of energies for both emission and excitation is 

measured, the resultant figure is commonly referred to as the “RIXS plane.” Figure from Kavčič 

et al.53 

Given a complete RIXS plane or, alternatively a direct measurement of the emission 

intensity at one fluorescence energy as a function of incident photon energy, it is possible to obtain 

an enhanced absorption spectrum, a technique referred to as high energy resolution fluorescence 

detected (HERFD) XAS.  In a typical XANES measurement, the resolution of observed features 

is limited by the natural linewidth (i.e. finite lifetime) of the core-hole created in the excitation.  

Because of the effects of resonant excitation in the RIXS measurement, it is possible to reduce the 

lifetime broadening by taking a slice through the RIXS plane.  For example, taking a horizontal 

slice through Figure 2.24 yields the HERFD spectrum for Li2S4 shown in Figure 2.25.  A 

discussion of this reduction in broadening from lifetime effects is given in Glatzel and Bergmann,55 

and details of the HERFD technique are discussed by several authors.56-58 
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Figure 2.25: XANES and HERFD measurements of elemental sulfur and lithium sulfide 

materials relevant to lithium-sulfur battery research. Vertical lines have been added at the 

excitation energies (2470.7 eV and 2473.0 eV) of the two RXES spectra of Figure 2.23. Figure 

from Kavčič et al.53 

2.6 XES OF OTHER ELEMENTS AND OTHER EMISSION LINES 

The previous sections discuss Kα and Kβ emission lines with a focus on third-row 

elements, where chemical effects in the spectra are very similar.  It should be noted that K-shell 

emission lines are only a subset of possible x-ray emissions.  For phosphorus and sulfur, L-shell 

(2p core-hole) x-ray emission is also possible and occurs at lower energy (~160 eV for sulfur).  

These emission have been measured, for example by Taniguchi.59   
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For other elements, the chemical sensitivities of emission lines can vary quite dramatically, 

and in many cases depend on the specific element being measured.  Moreover, not all elements 

and emission lines have been systematically measured at high energy resolution to investigate what 

sensitivities they may possess, so there are many open questions about other possible utilities of 

XES measurements. 

The elements which have been most commonly studied by XES are the fourth-row (3d) 

transition metals.  This includes the most highly cited XES papers such as the identification of 

carbon as the central atom in the nitrogenase iron-molybdenum cofactor,60 the identification of 

spin transition of iron at pressures comparable to the earth’s mantle,61 and the investigation of Mn 

in the oxygen-evolving complex of photosystem II.62  Figure 2.26 shows the three main regions of 

interest in 3d transition metal XES measurements.  Generally, the Kα emission may contain 

information about the valence shell spin state with low sensitivity, the Kβ main line emission has 

much higher sensitivity to the metal spin state, and the Kβ satellite emission lines probe the valence 

electrons directly and can have increased sensitivity to spin state, ligand identity, and symmetry.  

Extensive reviews of transition metal XES include the works of Glatzel and Bergmann55,63 and 

Kowalska and DeBeer.64 
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Figure 2.26: K-shell x-ray emission lines of Mn in MnO.  For the fourth-row transition metals 

there are three main regions of interest: Kα, Kβ main lines, and the valence-to-core Kβ satellites.  

Figure from Glatzel and Bergmann.55 

2.7 X-RAY ABSORPTION SPECTROSCOPIES 

 Photoelectric absorption is the dominant interaction between x-rays and matter in the 

tender x-ray energy range (see Figure 2.1).  While the general behavior of the x-ray photoelectric 

cross-section is discussed in section 2.1.2, here we focus on the spectroscopies that arise from a 

more detailed analysis of changes in absorption.  The general name for spectroscopies making use 

of x-ray absorption is x-ray absorption fine structure (XAFS).  
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Figure 2.27: (left) X-ray absorption cross section versus photon energy over a wide energy range 

for different elements.  (right)  A close-up view of one of the discontinuous jumps in absorption 

(S K-edge), showing the fine structure of the absorption edge. Data adapted from Aquilanti et 

al.65 

Figure 2.27 (left) shows the absorption cross section of several elements over a wide energy 

range.  The first feature of importance are the discontinuous jumps in photoelectric absorption 

cross section that occur at energies equal to the binding energies of electrons of each atom.  Similar 

to emission lines in XES, these discontinuities vary greatly in energy between elements, and thus 

can be used to fingerprint individual elements in a complex mixture.  Figure 2.27 (right) shows an 

enlarged view of one of these absorption discontinuities, revealing that it is not a simple 

discontinuity but instead has an additional fine structure that is only revealed when measured at 

high resolution.  As indicated in the figure, there are two main regions of interest that give rise to 

two different types of measurement: x-ray absorption near-edge spectroscopy (XANES) which is 

measured within around 50 eV of the absorption edge, and extended x-ray absorption fine structure 

(EXAFS) which typically extends several hundred eV above the absorption edge. 

2.7.1 X-ray absorption near-edge spectroscopy (XANES) 

XANES measurements reveal fine structure in the amount of absorption of x-rays for 

energies within ~50 eV of the absorption edge and often have similar as well as complementary 
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information relative to XES.  For present purposes, there are two main differences between XES 

and XANES. First, whereas XES measures electronic transitions from occupied states to the core-

hole, XANES measures the transitions of electrons from core shells to unoccupied bound or 

(relatively) near-Fermi-level continuum states. Second, while the final state rule tells us that the 

core hole can largely be ignored and ground-state calculations suffice for much of XES, the same 

is not true for XANES, and correct treatment of the core-hole effect is a major topic of theoretical 

effort for XANES.  For simplicity of presentation in this survey, in the remainder of this section 

the excited state effects on the XANES are not addressed.  To frame the discussion and highlight 

the similarities and differences between XANES and XES, the information content of K-edge 

XANES in the context of sulfur is briefly reviewed.  The case is similar for K-edge XANES of 

other third-row elements, and much of the general discussion hold for XANES of transition metals 

as well. 

In Figure 2.28, sulfur XANES spectra are shown for compounds with varying oxidation 

states.  The most apparent feature of the spectra is the shift in energy of the absorption edge 

between the compounds, with shifts towards higher energy for increasing oxidation state.  This 

shift in the XANES spectra is complementary to the energy shift that occurs in the Kα XES (see 

Figure 2.6).  The physical origin of these two effects is the same: for increasing oxidation state of 

the sulfur atom, the local electronic density decreases and therefore the screening of the nuclear 

charge decreases.  In XANES, this causes the 1s shell to have a larger binding energy and therefore 

the absorption edge occurs at higher energy.  That contrasts with the Kα XES, which measures the 

relative change in the 2p and 1s binding energies, though the effect on the spectra is qualitatively 

the same, causing an increase in Kα energy. 
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Figure 2.28: Sulfur XANES spectra of compounds with varying sulfur oxidation state.  Figure 

from Craddock et al.66 

Aside from the shift in edge position, the varying compounds of Figure 2.28 show a variety 

of additional spectral features.  These features reflect the unoccupied electronic structure of the 

systems being measured, i.e. the unoccupied density of states near the valence level.  Thus, the 

additional information carried by the fine structure of these features is complementary to VtC-XES 

(Kβ for S, P) where the information encoded in the spectrum related to the occupied valence states.  

Therefore, the VtC-XES and XANES spectra share similar chemical sensitivities, such as encoding 

information about symmetry, covalency, and electronic state. 

As in VtC-XES, the complete details of the XANES spectra cannot be generally related to 

simple descriptors of the compounds being measured.  In order to capture the many physical 

phenomena that affect the XANES spectra, computational approaches are required.  Common 

approaches for simulating XANES spectra include ab initio multiple scattering calculations 
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(FEFF)27 and time-dependent density functional theory (TDDFT) methods.67-69  A comparison by 

Ray et al.68 of experimentally measured and theoretical spectra calculated by TDDFT is shown in 

Figure 2.29.  The computational approach aims to capture the peaks that make up the features 

XANES spectra, disregarding the smooth atomic background absorption, which shows up in the 

normalized spectra as a constant absorption level above the absorption edge (e.g. the nonzero 

absorption of the experimental spectra at 2473 eV and above).  In the study by Ray et al. shown in 

Figure 2.29, they were able to achieve excellent agreement between their calculations and 

experimental data.  

 

 

Figure 2.29: Experimental (bottom) and theoretical (top) sulfur K-edge XANES spectra of 

Bis(dithiolato) transition-metal complexes.  The theoretical spectrum was calculating using a 

TDDFT protocol.67  Figure from Ray et al.68 

Other than studying the electronic structure with comparison to theoretical calculations, 

XANES spectra have also been commonly applied for fingerprinting of chemical species within a 

complex mixture.  If suitable reference compounds that represent the possible forms of an element 

in a given material, the spectrum of a mixture can be analyzed by linear-combination fitting to 

mixtures of spectra of the reference compounds.70  Alternatively, analytic functions such as 
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Gaussian profiles and arctangents can be used to approximate XANES spectral features, and those 

can subsequently be used to fit a mixture in terms of components of the references.70  In the case 

of sulfur, these approaches have been used with K-edge XANES to characterize the forms of sulfur 

in coal,71 soil organic matter,72 petroleum,73,74 and basaltic glasses.75  One recent study by Robba 

et al. applied this approach to the study of sulfur in magnesium-sulfur batteries.76 Their linear-

combination fitting of sulfur XANES spectra is shown in Figure 2.30.  Using this technique, they 

were able to track the conversion of sulfur to MgS and polysulfides MgSx for different charge 

states in an operando battery.  While the study of Robba et al. shows fits with a high degree of 

agreement and confidence, it is well known that care must be taken in this approach.  In particular, 

for this approach to work well, there must be a proper selection of reference compounds that are 

representative of forms that may show up in the sample of interest.  Also, differences in 

crystallinity between reference and sample compounds, as well as possible self-absorption 

distortion effects of the XANES spectra must be taken into account.70,77 
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Figure 2.30: Linear combination fitting of sulfur K-edge XANES spectra measured at four 

different charge states of an operando magnesium-sulfur battery.  Figure from Robba et al.76 

 

2.7.2 Extended x-ray absorption fine structure (EXAFS) 

In contrast to XANES features which occur because of the detailed electronic structure of 

the unoccupied valence levels that participate in modulating absorption, the extended x-ray 

absorption fine structure (EXAFS) extends to photon energies up to several hundred electron-volts 

above the absorption edge.  At these higher energies, the outgoing photoelectron has appreciable 

kinetic energy (energy of absorbed photon minus binding edge energy), and thus is excited at levels 

significantly above the valence.  In this case, the details of the interaction do not depend on the 

valence electronic structure, but rather the local atomic structure around the absorbing atom.  A 
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detailed derivation of EXAFS effects is beyond the scope of this thesis.  For a more detailed 

discussion, see the introduction by Newville.7 

A heuristic explanation of the origin of EXAFS effects is shown in Figure 2.31.  When an 

x-ray of energy E is absorbed, an outgoing photoelectron with kinetic energy equal to the incident 

photon energy minus the binding energy (E-Ebinding) is created.  The wavefunction of the 

outgoing photoelectron is then λ~(E-Ebinding)
-1/2

 and depends on the energy of the incident 

photon.  The outgoing photoelectron is then scattered by neighboring atoms, and the scattered 

wavefunction modulates the amplitude of the wavefunction at the absorbing atom, thereby 

modulating the absorption probability.  This effect is summarized by Newville as: “The EXAFS 

is proportional to the amplitude of the scattered photo-electron at the absorbing atom.”7  The net 

effect is small changes (peaks and troughs) in the absorption spectrum extending far above the 

absorption edge. 
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Figure 2.31: Schematic illustration of the origin of EXAFS effects.  The photoelectron created by 

x-ray absorption has a wavefunction with wavelength dependent on the energy of the incoming 

photon.  The photo-electron wave-function is scattered by neighboring atoms which modulates 

the amplitude of the wavefunction at the absorbing atom, which modulates the absorption 

probability. Figure from Newville.7 

Though sulfur K-edge XANES is applied much more commonly than sulfur EXAFS, there 

are several studies making use of sulfur K-edge EXAFS,65,73,78-85 including studies such as 

operando measurements of sulfur in lithium-sulfur batteries.65,83  An example measurement of 

sulfur K-edge EXAFS is shown in Figure 2.32.  The raw spectrum in the top of the figure illustrates 

the wide energy range required in an EXAFS measurement.  Standard EXAFS data processing 

techniques serve to highlight the small changes in absorption (bottom-left of figure), and a Fourier 

transform of those oscillations (bottom-right of figure) in the analysis. 
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Figure 2.32: Example spectra of sulfur K-edge EXAFS.  (top) Full spectrum illustrating the wide 

energy range that is scanned in an EXAFS measurement.  (bottom)  Standard EXAFS analysis 

procedure showing the processed k-weighted oscillations (left) and the Fourier transform of the 

oscillations (right).  Figure from Aquilanti et al.65 

From the Fourier transform of the data, using EXAFS theory and fitting the spectra using 

computational models (typically based on FEFF27) allows the extraction of information about bond 

lengths and coordination number.  Such capabilities were used by Dominko et al.83 to measure the 

change in coordination number of S in an operando lithium-sulfur battery, as shown in Figure 

2.33. 
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Figure 2.33: Variation of average S coordination number extracted from sulfur EXAFS data 

measured on an operando lithium-sulfur battery.  Figure from Dominko et al.83 

2.8 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) 

X-ray photoelectron spectroscopy (XPS), or ultraviolet photoelectron spectroscopy (UPS) 

when used with ultraviolet light, is an x-ray spectroscopic technique in which x-rays incident upon 

a sample are absorbed generating photoexcited electron.  Some are able to leave the sample, and 

the energy of the emitted electrons is then measured using an electron energy analyzer to give the 

resulting XPS spectrum.  A diagram outlining an XPS measurement and the instrumental 

components is shown in Figure 2.34.  As indicated in the figure, the incident x-rays can come 

either from a synchrotron beamline or with a conventional x-ray tube.  In order for the photoexcited 

electrons to be able to reach the analyzer without being absorbed, measurements are typically 

performed in ultra-high vacuum to prevent the electrons from scattering from air molecules and 

thus changing their energy.  However, there has recently been a large growth in the availability of 

near-ambient pressure (<2500 Pa) XPS systems using differential pumping in which the sample is 
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at near-ambient pressure while the electrons escape a very short distance through the higher-

pressure region into an ultra-high vacuum electron energy analyzer.86 

 

Figure 2.34: Diagram outlining the components of an XPS instrument.  Figure from Saiht with 

annotations added.87 

For a proper measurement of the XPS spectrum, the energies that the electrons have while 

leaving the sample must be measured, i.e., if the electron undergoes any scattering or other 

interaction events before being measured by the analyzer, the electrons may not be captured by the 

detector or the measured spectrum will be distorted.  In addition to the vacuum requirements 

mentioned above, this also affects what portions of the sample can contribute to the measured 

signal.  The relevant parameter describing from what depth electrons can escape a sample without 

losing energy in a scattering event is the electron inelastic mean free path.  Figure 2.35 shows 

electron inelastic mean free paths at different kinetic energies for a range of different materials.  

Note from the figure that the elements presented span a wide range of atomic number, and therefore 

the dashed line represents the nearly universal trend of electron inelastic mean free paths in matter.  

From the y-axis of the figure, the inelastic mean free path is on the order of ~5–100 Å.  Therefore, 
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the sampling depths of XPS measurements is on the order of several nanometers depending on the 

electron energies being measured as well as the takeoff angle used in the experiment.  Thus, XPS 

is a very surface sensitive technique, in contrast with XES and XAFS measurements which are 

more bulk sensitive.  The surface sensitivity is often an advantage when surface measurements are 

desired.  In other cases the surface sensitivity can cause challenges, for example in the study in 

chapter 9 when XPS measurements were performed on shelled-InP quantum dots, the XPS signal 

could not see the InP core through the shells.  Often XPS surface-sensitive measurements can be 

combined with XES/XAFS bulk measurements to get contrasting information about the sample at 

different sampling depths. 

 

Figure 2.35: Electron inelastic mean free paths in various materials.  Note that the indicated 

elements span both low- and high-Z atoms, and the dashed line indicates the nearly universal 

curve that approximates the behavior for most materials.  Figure from Magnuson.88 

By measuring the energies of electrons excited with a fixed (relatively narrow) incident x-

ray energy, the binding energies of the electrons in the material can be determined as (Ebinding =

Eincident-Emeasured).  Thus, XPS probes the occupied electronic states in a sample, and therefore 

shares many similarities with XES.  This is most apparent in comparing sulfur 2p XPS and sulfur 
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Kα XES.  An example sulfur 2p XPS measurement is shown in Figure 2.36 for the measurement 

of sulfur in magnesium-sulfur batteries.89  In the top of the figure, two components of a doublet 

represent the binding energies of the spin-orbit split 2p1/2 and 2p3/2 levels for sulfur in a nominal 

oxidation state S0.  This doublet spectrum is in exact analogy of the spin-orbit split doublet Kα1 

and Kα2 components of the sulfur Kα XES spectrum (see Figure 2.10).  In the bottom of Figure 

2.36, a separate doublet at higher binding energy is labelled as SOx, representing the shifted 

electron binding energies from sulfur bonded to oxygen and therefore in a higher oxidation state.  

This energy shift with oxidation state is a key feature of XPS and is also analogous to the shift in 

energy with oxidation state observed in Kα XES (see Figure 2.6 and Figure 2.8).  However, in the 

case of XPS, the energy shift is about an order of magnitude larger than XES.  The reason for this 

was discussed in section 2.3.2, but briefly, XPS measures the change in the 2p binding energy 

directly, whereas XES measures the relative change in the 2p and 1s binding energies, which 

results in a weaker sensitivity to oxidation state because both the 2p and 1s levels shift in the same 

direction upon change in oxidation state. 
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Figure 2.36: Sulfur 2p XPS spectrum of magnesium-sulfur battery material before and after 

cycling.  Figure from Vinayan et al.89 

One major advantage that XPS has over XES at present is an established presence, both at 

universities and in industries.  With the availability of laboratory XPS instruments, XPS is 

performed very commonly in far-reaching branches of science.  One tool that aids in the 

widespread usage of XPS is the freely available NIST XPS database90 with compiled information 

on XPS line positions, chemical shifts, doublet splittings, and energy separations of photoelectron 

and Auger-electron lines.  With the similar information content of XES, such a database should be 

a goal in the near future for the XES community as well, in particular as the technique becomes 

more common with increasing presence of laboratory instruments such as the one in chapter 5. 
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Figure 2.37: Comparison of (top) valence photoelectron spectrum, (middle) S Kβ XES spectrum, 

and (bottom) S L2, 3 XES spectrum of FeS2.  Figure from Sugiura et al.91 

In addition to the 2p XPS of sulfur in Figure 2.36, it is also possible to use photoelectron 

spectroscopy to measure the valence electrons as well.  Since the valence binding energies are very 

low, the technique uses ultraviolet light instead of x-rays and thus is referred to as ultraviolet 

photoelectron spectroscopy (UPS).  An example of a valence UPS spectrum of FeS2 is shown in 

Figure 2.37 with comparisons to sulfur Kβ and L2,3 XES spectra.  Since UPS measures the valence 

electrons, it has similar sensitivity to the Kβ XES discussed in section 2.4.2 with one important 

distinction: sulfur Kβ XES measures transitions from valence orbitals to the sulfur 1s core-hole 
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and thus measures an element-specific view of the valence orbitals, whereas UPS measures all of 

the valence electrons present in the system.  In contrast to 2p XPS and Kα XES which have strong 

similarities, valence UPS and Kβ XES are drastically different.  Though both techniques yield 

views into the valence electronic structure, UPS probes all of the electrons whereas Kβ XES 

maintains element-specificity and only probes a specific atom’s (e.g. sulfur in Figure 2.37 middle) 

local view of the valence electronic structure. 
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CHAPTER 3 TENDER XES INSTRUMENTATION 

3.1 OVERVIEW 

Tender x-ray emission spectroscopy instruments come in a wide variety, but all approaches 

have a few common requirements.  Tender XES generally refers to the energy range of around  

1–5 keV fluorescence photons.  This range encompasses the Kα and Kβ fluorescence lines of 

period 3 elements and period 4 up to around titanium, as well as the L-edge fluorescence lines of 

second row transition metals and M-edge emission lines of actinides and many lanthanides.   

In contrast to hard x-rays (> 5 keV), the absorption length in air for the tender x-ray range 

is considerably reduced, around 1-2 cm in the energy range of phosphorus and sulfur XES.  This 

generally requires the use of vacuum chambers or helium-filled spaces for x-rays to travel through 

the spectrometer.  The requirements are not as severe as for soft x-rays (< 1 keV), however, and in 

the case of the tender XES spectrometer in chapter 5, a small (~2–5 mm) air gap is tolerated 

between the exit of the vacuum chamber and the surface of the x-ray camera sensor.   

 

 

Figure 3.1: Attenuation length in air of x-rays in the tender x-ray energy range. Data generated 

using CXRO online calculator.1 
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Working in this energy range also affects the types of samples that can be investigated.  

Whereas hard x-ray techniques are known for the penetrating capabilities and are therefore able to 

easily perform measurements through material extraneous to the sample (e.g. in situ battery 

studies, where transition metals are probed through the entire working battery material), tender x-

rays are not as penetrating and require additional consideration.  It is still possible to design in situ 

experiments in this energy, for example with the use of thin encapsulating materials such as very 

thin polyimide films or silicon nitride windows.   

3.2 EDXRF, WDXRF, AND XES 

It is important to understand the connection between XES and other forms of x-ray 

fluorescence (XRF) measurements.  All of these techniques are measurements of the same physical 

phenomenon: the x-ray fluorescence released when an excited atom undergoes radiative 

relaxation.  The only distinction between the techniques is the energy resolution with which the 

fluorescence is measured.  The information available at different resolutions varies dramatically, 

which is why they are commonly viewed as separate techniques.  A schematic illustration 

comparing the measurements from the different techniques is given in Figure 3.2, with summary 

explanation of the spectral features in the caption. 

 



82 

 

 

Figure 3.2: Comparison of different x-ray fluorescence measurement techniques.  (left) 

Simulated EDXRF spectrum of a sample of mixed sulfur and phosphorus with resolution 150 eV 

FWHM, demonstrating the identification of both elements from their characteristic emission 

lines.  (center) Simulated WDXRF spectrum with resolution 20eV FWHM of the same sample as 

the EDXRF spectrum on the left.  Both Kα and Kβ characteristic lines are visible for both P and 

S.  (right) Actual XES data measured with resolution <1 eV on the spectrometer described in 

chapter 5, showing the energy shift for materials of different oxidation state.  The P-3 sample was 

GaP, and the P5+ sample was Na2HPO4. 

3.3 EXCITATION SOURCES 

For x-ray fluorescence to occur, an inner-shell electron hole must be generated in the 

atomic species being studied (e.g. for phosphorus and sulfur K-shell fluorescence, the 1s electron 

must be ejected).  Perhaps the most common method of excitation is to use incident x-rays that are 

above the binding energy of the electronic shell being studied.  These incident rays can come from 

a multitude of sources, including bremsstrahlung x-ray tubes, synchrotrons, free electron lasers, 

and decay of radioactive elements, to name a few.  Another means of generating an inner-shell 

electron hole is by bombardment with charged particles such as protons or electrons.  The 

following sections discuss these different excitation sources in more detail. 

3.3.1 X-ray tubes 

When a charged particle undergoes acceleration, electromagnetic radiation is created.  In 

the case of an x-ray tube, the charged particle is an electron and the acceleration is actually an 
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abrupt deceleration when the electron strikes a stationary anode material.  Radiation created in this 

manner is known as bremsstrahlung, coming from the German language and literally meaning 

“braking radiation.”  This was the source of the very first x-rays discovered by German physicist 

Wilhelm Conrad Röntgen in 1895.2 

A full description of the quantum mechanics of bremsstrahlung radiation is outside of the 

scope of this work, though it is useful to highlight some of the key characteristics of 

bremsstrahlung radiation and how they relate to the output of x-ray tubes used in x-ray 

spectrometers.  For a more detailed review of bremsstrahlung radiation, see the work of Agarwal.3 

In a classical picture, for a near-instantaneous deceleration of a charged particle, a 

discontinuity in the electromagnetic field lines develops, as shown in Figure 3.3.  For an observer, 

the electric field is seen to change suddenly, with a near delta function change of the field in the 

tangential direction.  Fourier transforming to frequency space, taking the complex magnitude of 

the electric field to yield the Poynting vector, and integrating over all directions yields an intensity 

spectrum independent of frequency (see Agarwal3 chapter 1).  Therefore, in this simple picture, 

the idealized bremsstrahlung spectrum from a thin target is a flat intensity spectrum when plotted 

against frequency (i.e. energy); in other words, equal intensity at all energies of electromagnetic 

radiation, not just x-rays.  This simple idealization agrees with the more careful calculation of 

Kramers,4 with the additional dependence of a sharp cutoff at the energy equal to the kinetic energy 

of the electron before the collision.  With this in mind, it is quite interesting that bremsstrahlung 

radiation is associated most strongly with x-rays since that is where it is most commonly used, 

though the actual intensity distribution for thin targets is even intensity across all energies up to 

the cutoff energy.  
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Figure 3.3: Illustration of discontinuity of electric field lines from a near-instantaneous 

acceleration of a charged particle.  Figure from Agarwal.3 

For a thick target, the spectrum is altered by the fact that the electron undergoes multiple 

collisions generating radiation in multiple steps, and that the emitted radiation must travel back 

out through the material to escape.  The idealized spectrum of a thick target can be understood as 

made up of a series of thin targets, in which the cutoff energy is lower at each subsequent stage, 

since the electron loses a fraction of its energy in previous collisions as it travels deeper into the 

material.  As shown in Figure 3.4, the resulting ideal thick target spectrum is a downward-sloped 

line, with an x-intercept representing a sharp cutoff in produced intensity at an energy equal to the 

initial incident electron energy.  Although the ideal thick target spectrum represents what is being 

produced, the question more relevant to the experimenter is what spectrum will be observable from 

the outside of the target.  As the x-rays leave the target material, some absorption occurs, and 

emission from deeper inside of the target is attenuated more.  This attenuation is from absorption, 

which as discussed in section 2.1.2, has an E-3 energy dependence, and therefore the attenuation 

is much stronger at lower energies, resulting in the “actual thick target spectrum” trace shown in 

Figure 3.4. 
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Figure 3.4: Schematic energy spectrum of bremsstrahlung radiation, showing how the spectrum 

from a thick target is understood as a series of combined thin target spectra. 

Lastly, in addition to the smooth bremsstrahlung spectrum, electrons striking the anode 

material can also cause impact ionization, which upon subsequent decay leads to characteristic x-

ray fluorescence, as discussed in section 2.1.4.  The result is that on top of the smooth 

bremsstrahlung signal there are strong, narrow increases in intensity from these fluorescence lines.  

In x-ray emission experiments, such as the x-ray spectrometer described in chapter 5, the choice 

of anode material with strong emission lines can be utilized to increase the amount of sample 

fluorescence (and therefore signal) in the experiment.  As an example, for sulfur K-shell 

fluorescence, the sulfur 1s electron with a binding energy of ~2472 eV must be ejected.  In the 

spectrometer of chapter 5, the x-ray tube has a palladium anode, which has strong L-shell emission 

lines at 2838 eV (Lα) and 2990 eV (Lβ).  These fluorescence lines have a good balance of being 

far enough above the absorption edge to avoid resonant effects (see section 2.5), but still close 

enough to the absorption energy to allow strong absorption.  With the E-3 decrease in absorption 

cross section, sulfur absorption is much stronger at ~2900 eV from the palladium emission lines 
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than it would be, for example, at ~8400 eV for the strong emission lines of tungsten, which is 

another common x-ray tube anode material. 

 

Figure 3.5: Schematic spectrum of the output of a “real” x-ray tube, showing the smooth 

bremsstrahlung with the characteristic emission lines of the anode material. 

Now, with the understanding of the shape of the bremsstrahlung spectrum and dependence 

on the accelerating potential (i.e. electron kinetic energy), the last major feature of x-ray tubes is 

the power in the electron beam.  The power of the electron beam is simply the accelerating potential 

of the electrons multiplied by the current in the electron beam.  The shape of the spectrum produced 

is independent of the current, and more electrons just emits more radiation with the same spectrum, 

such that the intensity of the spectrum scales directly with the electron beam power.   

The major challenge in the construction of x-ray tubes is stabilizing the electron beam and 

preventing the electron beam from overheating and destroying the tube.  Higher powers are desired 

to generate more flux, but the x-ray tubes must be constructed to withstand the additional heating 

from the electron beam.  Therefore, x-ray tubes can be generically categorized by how they are 

cooled.  Modern air-cooled x-ray tubes can achieve powers of up to a few hundred watts.  

Combined with electron-beam spot sizes on the order of ~1 mm, there is thus a very large heat flux 

into the anode material that needs to be cooled.  For powers up to ~1–2 kW, air cooling is 



87 

 

insufficient, and water-cooled anodes are required.  For even higher powered tubes (up to several 

kW), rotating anodes can be used, thus spreading the electron beam power over a circle of the 

rotating anode material instead of a single spot.   

The last major point to consider when choosing an x-ray tube for a fluorescence experiment 

is the geometry of the electron beam spot relative to the tube window and where the sample can 

be positioned.  The electron beam travels in vacuum, and so an x-ray window separates the vacuum 

from atmosphere (typically a beryllium window to reduce absorption).  As the flux (intensity per 

area) of x-rays drops as the inverse square of the distance, to get the most flux on a sample in a 

fluorescence experiment, the sample must be brought as close as possible to the electron beam 

spot.  With modern XRF-style x-ray tubes, the beam spot can be as close as ~5 mm from the x-ray 

window, allowing a large flux to be captured by the sample. 

3.3.2 Synchrotron beamlines 

In the history of XES development, discussed in section 1.2, many of the developments of 

advanced x-ray spectroscopies were carried out synchrotron facilities after their rapid development 

in the 1970s.  At synchrotrons, x-rays are generated by high energy electrons that are centripetally 

accelerated by magnetic fields.  The physical principle of x-ray generation, namely, the 

acceleration of electrons, is the same in a synchrotron as in an x-ray tube.  At a synchrotron 

however, instead of accelerating electrons by abruptly stopping them in a piece of metal, electrons 

are accelerated by travelling through regions of strong magnetic fields. 

There are three main types of synchrotron beamlines that use different magnet 

configurations to generate x-rays: bending magnets, wigglers, and undulators.  Illustrations of 

these magnet configurations are shown in Figure 3.6, along with a contrast schematic of how x-
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rays are generated in an x-ray tube.  Illustrative spectra of the radiation generated from each type 

are shown in Figure 3.7.   

 

Figure 3.6: Diagrams of the different magnet configurations of bending magnets, wigglers, and 

undulators used at synchrotron facilities to generate x-rays. Also shown for contrast is a 

schematic of x-ray generation in an x-ray tube.  Figure from Shabalin.5 

A bending magnet beamline generates x-rays in the process of bending the beam in one 

direction.  Radiation of this type is produced every time an electron in the storage ring of a 

synchrotron facility is steered.  A wiggler has alternating poles of magnets that steer the beam with 

strong deviation in direction.  The radiation from a wiggler can be thought of as being generated 

by a series of bending magnets, with a total spectrum of generally the same shape as a bending 

magnet beamline but higher in intensity.  An undulator has alternating poles of magnets, but in 

contrast to a wiggler, the maximum deviation of the direction of the beam is much reduced and the 

spacing of the poles is different.  The result is that the radiation generated at each set of magnet 

poles interferes with the radiation generated from the others, such that the sum total radiation from 
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the undulator is peaked at an energy related to the magnetic pole spacing.  Radiation peaks also 

occur at higher energy due to harmonics of the magnetic pole spacing.  The result is that undulator 

radiation has much higher peak brilliance, but at the cost of having a narrow bandwidth. 

 

Figure 3.7: Schematic illustration of the relative brilliance of different magnet configurations for 

x-ray generation.  Figure from DESY website.6 

For tender and hard x-ray operations, as is relevant for this dissertation, the raw spectrum 

of the beam is almost always monochromatized using a double-crystal monochromator, so that the 

output beam typically has a relative energy resolution of ~1*10-4, i.e. high energy resolution with 

a narrow bandwidth.  In addition to a monochromator, many additional elements are typically 

included in synchrotron beamlines, such as slits to control beam size, focusing mirrors to allow 

micro-focused beam spots, and chemical filters for suppressing harmonics.  An illustration of the 

beamline components of 4-BM at NSLS-II is shown in Figure 3.8. 
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Figure 3.8: Illustration of beamline components of beamline 4-BM X-ray Fluorescence 

Microprobe (XFM) at NSLS-II.7 

Radiation from synchrotron beamlines is not continuous in time, but comes in bursts due 

to the electron bunches travelling in the storage rings.  By coordinating these bursts with accurately 

timed laser pulses, it is also possible to do studies with time resolution, for example pump-probe 

experiments where samples are pumped with a laser beam to a high energy state and subsequently 

probed with the x-ray pulse from the beamline. 

To conclude this section, it’s useful to highlight the major differences in capabilities for 

performing an XES experiment using a synchrotron beamline as a source instead of an x-ray tube.  

First and foremost, beamlines allow monochromatic incident flux on the sample.  Thus, in addition 

to a high-resolution measurement of emitted energies with XES, the spectrum can be measured at 

different incident energies.  These incident energies can be scanned through important features in 

the absorption spectrum (XANES), and changes in the XES coming from resonant effects can be 

observed.  This topic, i.e., resonant XES, is discussed in more detail in section 2.5.  Second, many 

synchrotron beamlines have optical elements that focus the beam spot to small dimensions on the 

sample, often down to several microns or even nanometers.  With small focal spots, it is possible 

to raster the sample underneath the beam and thus get position-dependent measurements.  Thus it 
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would be possible to make XES maps of features on a sample, or selectively take measurements 

from an interesting feature (like the nucleus of a cell (!), as was demonstrated in the case of micro-

XANES for arsenic speciation in cellular compartments.8).  Third, as indicated above, synchrotron 

beamline output is pulsed in time, and by coordinating the x-ray pulses with laser pulses, studies 

of laser-excited time-resolved XES have been made in this manner.9-11 

3.3.3 Other excitation sources 

In addition to x-ray tubes and synchrotron beamlines, other recent advances have been 

made in x-ray generation techniques that may be used to stimulate fluorescence for an XES 

experiment.  One method that has been demonstrated in a study of XES is x-ray generation with a 

laser driven plasma for a time-resolved study.12  Other recent methods of x-ray generation also 

make use of high-powered lasers, including betatron radiation from laser wakefield acceleration13 

and high-harmonic generation where harmonics of the incident laser of order >5000 have been 

utilized to generated x-rays energies up to 1.6 keV.14  These techniques have been demonstrated 

in XANES experiments13,15 at soft x-ray energies (~ 400 – 1000 eV), where these sources have 

clear advantage due to challenges generating these energies with conventional bremsstrahlung x-

ray tubes.  It is possible that they could be used as well in soft x-ray energy XES experiments, 

where they may offer the ability for time-resolved measurements. 

Outside of stimulating fluorescence with incident x-rays, it is also possible to use beams of 

charged particles as excitation sources.  Electron or proton beams incident on samples can cause 

ejection of core-level electrons, stimulating subsequent fluorescence.  This is very common when 

paired with scanning electron microscopes, in a technique known as scanning electron microscopy 

energy dispersive x-ray fluorescence (SEM-EDX).  This is typically done at low resolution (> 100 

eV) for elemental analysis and elemental mapping.  Notably, some higher resolution (~3 eV 
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FWHM) measurements, in particular for sulfur Kα and Kβ, have been reported by Sánchez et al.16  

and Pérez et al.17 with a crystal analyzer-based spectrometer coupled to an SEM.  In their studies, 

very narrow slits were required for high resolution measurement, and in addition to measuring the 

main Kα and Kβ features, a number of multielectron excitation satellites (see sections 2.3.3 and 

2.4.4) were also reported.  Though some studies with XES-like information can be studied at that 

resolution, retrieving full information from the techniques such as Kα linear combination fitting 

and comparison of fine structure of the Kβ spectrum with theoretical results require XES resolution 

(<1 eV).  In the future, it could be possible to use a spectrometer like the one in chapter 5 to achieve 

higher resolution in combination with an SEM, and perhaps without too much lost signal.  As 

described in chapter 5, one of the advantages of the spectrometer is that no slits are required and 

the spectrometer is relatively insensitive to the means of sample illumination.  One reason for this 

is the position-sensitive detector, which combined with the crystal, serve to define the possible 

resolution without need for a slit that decreases signal.  In contrast, the spectrometers in the systems 

of Sánchez et al. and Pérez et al. operate in step-scanning modes which require narrow slits to 

achieve high resolution at each point. 

XES when combined with particle beam excitation, such as protons or alpha particles, is 

known as particle-induced x-ray emission (PIXE), though some authors use PIXE to refer 

specifically to proton-induced x-ray emission.  There are many studies using the PIXE technique, 

often in the tender x-ray range.18-24  One feature that alpha particle PIXE has been used to 

investigate are multiple ionization satellites,19 where the strength of multiple ionization features is 

observed to be much larger in response to alpha particle induced radiation, in contrast to proton-

induced or x-ray excited measurements. 
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3.4 DETECTORS 

A large variety of detector technologies are commonly used in x-ray spectrometers.  

Indirect detectors, such as scintillator/photomultiplier combinations, rely on conversion of x-rays 

to visible light which is then detected.  They have the advantage of relatively high count rates 

before saturation (i.e. short decay time)25, but with the disadvantage of relatively low energy 

resolution.  They can also be used at higher energies than other detection types, such as in the 

Laue-type spectrometer of Szlachetko et al.26 that used a scintillation detector for XES 

measurements as high as gold Kα (78 keV).   

Direct detectors, in which the x-rays are converted directly into electronic charges which 

are subsequently recorded by electronics, have higher energy resolution and are therefore more 

common in x-ray spectrometers, where the energy resolution allows background and stray signal 

to be rejected.  Direct detectors take on forms such as ionization chambers, where x-rays travel 

through a sparse gas and cause ionization of the gas, as well as solid-state devices where x-rays 

are absorbed directly into active layers of solids, such as silicon in the case of silicon drift diodes 

(SDDs) and charge-coupled device cameras (CCD) and complementary metal-oxide-

semiconductor cameras (CMOS). 

Direct detectors in which the x-rays are absorbed in active silicon layers typically offer 

higher resolutions and, especially in laboratory-based instrumentation, are typically the preferred 

detectors for x-ray spectrometers.  For point-to-point focusing spectrometers, where a single 

energy is measured at each point, SDDs are common since they offer no spatial resolution and are 

essentially a large single pixel; this approach is used in the spectrometer of Jahrman et al.27  For 

dispersive approaches that require position sensitivity, in which the intensity is measured at a range 

of positions corresponding to a range of energies, x-ray cameras and stripline detectors are 
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common.  CCDs are typically manufactured with larger pixel thicknesses and have higher quantum 

efficiencies as a result, and offer spatial resolution and some energy resolution; these are especially 

common in laboratory spectrometers using the von Hamos geometry28-31 (see section 3.7.2).  

CMOS sensors are a rising alternative to CCDs and rely on the same approach of x-ray absorption 

in an active silicon layer, but differ in the electronics scheme used to process the created amount 

of charge.  One advantage of the CMOS scheme is that it is often a less expensive alternative to 

CCDs, since CCD production requires dedicated processing facilities whereas CMOS-based 

sensors can often be manufactured at the same facilities as other microelectronics products.  In 

addition, CMOS detectors can often function with low noise even at room temperature, whereas 

CCD require cooling to achieve low dark counts.  Chapter 6 details our efforts to make a 

homemade CMOS x-ray camera, which, despite thinner active regions still maintains reasonable 

quantum efficiencies (~50 %) in the tender x-ray range and is therefore very suitable for 

spectrometers such as the one discussed in chapter 5. 

One exciting detector technology for x-ray spectroscopies is the rapidly developing 

example of transition edge sensor arrays.32,33  This technology uses an array of superconducting 

sensors on small reference masses, such that these units are maintained precisely at the temperature 

of their superconducting transition edges.  In this state, the energy deposited by a single photon 

changes the temperature of the element and causes a measurable change in resistance of the 

superconducting temperature sensor because the superconductor is on the steepest slope of its 

transition region.  By accurately measuring this change in resistance with the use of another 

technology, superconducting quantum interference devices (SQUIDs), one can accurately 

determine the energy deposited and thus the energy of the incident photon.  This approach has 

demonstrated detector resolutions as high as 1.6 eV at 5.9 keV incident photon energy.34  This 
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resolution is close to the level of the natural linewidths of x-ray transitions being measured.  The 

main advantage of this approach is extremely high measurement efficiency, as the photons are 

detected directly without the need for a dispersive element like a crystal analyzer.  As this 

technology is further developed, it could allow x-ray spectroscopy to be performed in a number of 

situations where measurement with traditional spectrometers would be too inefficient to be 

practical. 

3.5 CRYSTAL ANALYZERS 

To achieve higher energy resolution than what is possible with direct x-ray detectors, 

dispersive elements are required.  Similar to a prism with optical light, x-ray dispersive elements 

take an otherwise polychromatic incident beam of radiation and disperse it in space based on 

energy.  Changes in refractive index for different x-ray energies are extremely small, however, and 

prisms are impractical for dispersive purposes with hard x-rays.  There are various approaches for 

x-ray dispersive components, including zone-plates,35 diffraction gratings,36 and crystal analyzers.  

In the tender x-ray range, crystal analyzers are typically used for their high performance in terms 

of energy resolution and efficiency, as well as their ease of manufacture.   

Crystal analyzers rely on Bragg diffraction of x-rays from crystalline materials.  At the 

simplest level, Bragg diffraction is understood as coherent scattering from repeating planes of a 

periodic material, as illustrated in Figure 3.9.  Geometric considerations based on the figure lead 

to the form of Bragg’s law: 

nλ = 2d sin θ 

where λ is the wavelength, d is the periodic spacing of the material, θ is the scattering angle, and 

n is the diffraction order. 
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Figure 3.9: Illustration of geometric relationship of the Bragg diffraction condition.  Figure by 

Christophe Chan.37 

While Bragg’s law is relatively simple to understand and is useful for quickly calculating 

angles for aligning spectrometers, some information is needed beyond this simple equation to 

understand the performance of crystal analyzer.  For example, Bragg’s law gives the approximate 

condition for scattering to occur but yields no information about the strength of the diffraction.  In 

particular, depending on the crystal symmetry, not all orders of diffraction (n) are allowed, and 

many are not observable or have drastically reduced intensity.  Bragg’s law would also imply that 

a monochromatic beam incident on a crystal would only diffract at a single, precise angle, and thus 

from a vanishingly small region of the crystal corresponding to that exact angle.  If the diffraction 

strength was not infinitely strong (in the manner of a delta function), then no appreciable intensity 

would be scattered. 

The solution to these issues and a full description of the phenomenon of diffraction from 

perfect crystals is known as dynamical diffraction.  A full account of dynamical diffraction is 

beyond the scope of this work.  A thorough discussion is given in chapter 6 of Als-Nielsen.38  Here, 

a few key results of dynamical diffraction and their effect on the use crystal analyzers in 

spectrometers are discussed. 
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Figure 3.10: Reflectivity curve of silicon (220), at the Bragg condition for 70 degrees, for 

incident radiation of mixed polarization.  Calculated using Sergey Stepanov’s X-ray Server.39,40 

An example of a crystal reflectivity curve is shown in Figure 3.10, for a silicon crystal with 

surface along the (220) Miller indices direction, at incident angle 70 degrees and for an incident 

beam of mixed polarization in a symmetric reflection condition.  There are several interesting 

features of the reflectivity curve to remark upon.  First, remarkably, the reflectivity can approach 

unity such that nearly all incident intensity in a narrow angle or energy range is diffracted.  Second, 

as anticipated, there is a finite range of angles over which reflection occurs significantly, in this 

case on the order of 0.01 degree.  Note that while the geometry of the calculation is set to what 

would be predicted to be a Bragg angle of 70 degrees based on the silicon lattice spacing and Miller 

indices, the actual center of the diffraction occurs slightly offset from the idealized Bragg 

condition.  Third, the reflectivity curve depends on the polarization of the incident beam, which 

affects the shape of the curve and also allows this difference in reflectivity to be utilized to control 

beam polarization.  Lastly, the reflectivity curve is asymmetric, and is reduced on the high-angle 

side compared to the low-angle side.  This occurs because above the ideal angle, the diffracting 
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wavefield is in phase with the atomic planes, leading to more absorption than below the ideal angle 

where destructive interference reduces the intensity at the atomic planes.  Also, the properties 

described above vary with energy, two important effects being that the asymmetry decreases at 

higher energies and the overall width of the curve decreases at higher energies, in both cases 

because of diminished absorption. 

All these properties can play important roles in the design of crystal analyzer 

spectrometers.  Perhaps most importantly is knowing the overall strength of diffraction, so that 

crystal analyzer materials can be chosen to have strong reflections and therefore make efficient 

spectrometers.  Computational codes (like Sergey Stepanov’s X-ray Server or XRayTracer) 

making use of dynamical diffraction can be used to calculate the total intensity of a diffraction to 

aid in analyzer selection.  Additionally, knowing the offset between the ideal Bragg angle and 

actual angle of reflection can play a role in energy calibration of spectrometers. 

 

 

Figure 3.11: Schematic of a single flat-crystal x-ray spectrometer.  X-rays travel from the source 

on the left (x-ray tube) to the crystal, and different rays making different angles with the crystal 

return to different positions on the position-sensitive detector.  In this design, a small source size 

is needed.  In the diagram, this is achieved with a small slit on the output of the x-ray tube.  In 

practical implementation, this approach was designed to be used with a microfocused x-ray beam 

from a synchrotron beamline, where the slit is used to define the beam but does not drastically 
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reduce the incident flux as would occur with an x-ray tube as illustrated.  Figure from Hayakawa 

et al.41 

From the properties of Bragg diffraction, a single flat crystal alone can be used as a 

dispersive element in an x-ray spectrometer.  One such design is illustrated in Figure 3.11.  The 

energy resolution for a single flat-crystal spectrometer depends heavily on the source size of the 

x-rays, as the angle from the source to crystal can vary over the size of the source.  For applications 

with small source sizes, such as synchrotron beamlines with micro-focused beams, flat crystal 

spectrometers have been utilized for x-ray spectrometers.41,42 

Generally speaking, a single flat-crystal spectrometer has several drawbacks, namely low 

efficiency of collected x-rays, relatively low energy resolution, and strong sensitivity of resolution 

to size of the source.  As such, several spectrometer geometries making use of different crystal 

analyzer configurations exist to drastically improve energy resolution and efficiency.  One 

common geometry, the Rowland circle geometry, will be discussed in the next section.  Some 

alternatives are discussed in section 3.7. 

3.6 ROWLAND FOCUSING GEOMETRY 

One very common approach to crystal analyzer-based x-ray spectrometers is the Rowland 

circle geometry.  This geometry is named after Henry Augustus Rowland, the first president of the 

American Physical Society.  Rowland first published a short note describing the geometry in 

188243 in the context of its application with visible light spectrometers making use of curved 

diffraction gratings.  The geometry and focusing circle arrangement became known as the 

“Rowland circle,” and the name was later applied to the very analogous situation in x-ray 

spectroscopy where the diffraction grating is instead replaced a crystal analyzer. 
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3.6.1 Overview of Rowland circle concepts 

The Rowland circle geometry is illustrated in Figure 3.12.  The illustration is of the most 

common form encountered in x-ray spectroscopy, namely the symmetric geometry where both left 

and right focal points are symmetrically placed on the circle.  The symmetric condition occurs 

because when utilized with a bent crystal analyzer for x-rays, the diffraction angles are symmetric 

with respect to the surface normal of the crystal.  Notable, with diffraction gratings for visible 

light, the angle of incidence and angle of reflection are generally not equal, and thus the focal 

points can occur at different locations on the focusing circle. 

 

Figure 3.12: Illustration of the Rowland circle geometry.  The diffracting / reflecting element at 

the top (crystal analyzer in the case of x-rays) is bent to a radius 2R with the resulting focusing 

circle having radius R. 

The clever innovation of the focusing circle (radius R) is the use of the basic geometrical 

fact that for two points on a circle, any two chords that extend to another point on the circle make 

a constant angle between them.  For the three rays considered in Figure 3.12, because they make 

nearly the same angle with the surface of the crystal (radius= 2R), by Bragg’s law the energy of 

diffracted rays is nearly the same.  Note that at the edges of the crystal, the angle is only 

approximately equal.  This refocusing error is known as “Johann error” and is the topic of section 
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3.6.3.  This error can be mitigated by further processing of the crystal analyzer to create a 

“Johansson” analyzer, as discussed in the next section. 

 

Figure 3.13: Illustration of the Rowland circle geometry in the case of point-to-point and 

dispersive setups, depending on location of the source.  Colors represent that all energies are 

emitted from the source, and only selective energies are focused back onto the Rowland circle. 

There are two ways to operate a Rowland circle geometry, either in a point-to-point 

focusing mode, where from a polychromatic radiation source only a single energy is refocused, 

then to measure different energies the location of the source and focus would be symmetrically 

scanned.  Alternatively, with the source located inside of the Rowland circle, a range of energies 

can be refocused onto the circle, and with a position sensitive detector, multiple energies can be 

measured simultaneously.  This dispersive approach is employed in the spectrometer in chapter 5, 

where additional details of the dispersive refocusing geometry is discussed. 

3.6.2 Johann and Johansson geometries 

With Johann-type44 Rowland circle spectrometers a Bragg-angle dependent aberration 

occurs due to the details of the Johann analyzer geometry (Figure 3.14 left).  In order to satisfy the 

Bragg condition, the normal direction of the crystal planes must be aimed at the center of the 
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bottom of the focusing circle.  For a constant radius bend, in order to achieve this direction, the 

crystal cannot lie exactly along the circle of radius R, but rather must be bent to radius 2R. This 

gap between the focusing circle and the crystal analyzer creates an aberration in the focal spot F.  

This aberration (colloquially referred to as the “Johann error”) increases as Bragg angle decreases 

(away from backscatter) and in practice limits the angle range usable in Johann-type spectrometers. 

 

Figure 3.14: Illustration of Johann vs. Johansson x-ray crystal analyzer geometry.  All rays 

shown are for the same energy.  Note that in the Johann case, the fact that the source S is not 

coming from a single point is not an artifact, but an actual feature, showing that the Johann 

distortion effects both the focal point F as well as the sampled source locations S. 

The Johann error can be solved by suitable modification of the crystal analyzer, and the 

result is the Johansson geometry45 shown on the right in Figure 3.14.  The tradeoff of this geometry 

is the increased complexity of the crystal analyzer.  The crystal analyzer must be bent such that 

the crystal planes are oriented to the proper radii (radius 2R at the top of the circle, but < 2R at 

other points along the circle), then portions of the crystal must be removed such that the surface 

of the crystal lies exactly along the circle of radius R.  In practice there are multiple approaches to 

manufacturing a crystal in such a geometry.  Two such approaches are shown in Figure 3.15. The 
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increased expense of the Johansson geometry is often justified, and Johansson optics are 

commonly used in synchrotron spectrometers.24  

 

Figure 3.15: Illustrations of two approaches for producing crystal analyzers of the Johansson 

geometry.  Figure from Saint-Gobain website.46 

Depending on the energy range being studied, it is not always possible to find a crystal 

analyzer with suitable d-spacing to work near backscatter in the Johann geometry, and in such 

cases Johansson crystals are important components.  One example in the tender x-ray regime is 

the sulfur Kβ emission lines 2464 eV (5.03 Å).  Consulting the list of common crystalline and 

multilayer materials for use as analyzers in the x-ray data booklet47 shows that the crystal with 

nearest 2d spacing is NaCl (2d = 5.641 Å, yielding Bragg angle 72°), and the more commonly 

used Si(111) (2d = 6.2712 Å, yielding Bragg angle 59°) is also nearby.  Use of NaCl as a crystal 

analyzer material creates obvious challenges of degradation from humidity in the atmosphere for 

a spectrometer that is not permanently installed in vacuum, thus typically Si(111) is used instead 
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even at the less favorable Bragg angle.  In Johann-type spectrometers, resolution can be maintained 

by masking the edges of the crystal which have the largest aberration, whereas Johansson-type 

spectrometers maintain energy resolution while still utilizing the entire crystal, thus allowing for 

more efficient measurements. 

Despite imperfect focusing of the Johann-type spectrometers, the relative ease and 

simplicity with which the crystal analyzers can be manufactured makes them the practical choice 

in many situations.  In particular, the spectrometer discussed in chapter 5 of this thesis makes use 

of a cylindrically bent crystal analyzer with radius of curvature of 100 mm.  Typically, silicon is 

used, and the manufacture of such a small radius requires a thin wafer.  The thin wafer thickness 

allows the Johann-type analyzer to be produced relatively simply, but complicates attempts to 

perform the machining steps required for production of the Johansson geometry.  

3.6.3 Johann error 

It is useful to elaborate on the effects of Johann error on the Johann-type cylindrical 

analyzer spectrometers such as the one utilized in Chapter 5.  Investigations of the Johann error 

have been made in the literature,48 in particular by Lu and Stern for comparing Johann vs. 

Johansson geometries,49 and the effects have also been discussed in the context of spectrometer 

design and performance.50,51  The discussion of Johann error effects however is often complicated 

by the mode of operation of the spectrometer.  In the case of Wang et al, they investigate effects 

of an extended source with a detector that is not tangent to the Rowland circle but rather pointed 

at the analyzer.  Lu and Stern discuss the case of a polychromatic point source on the Rowland 

circle.  In the following, a simplified view is taken and limited to the analysis of singly curved 

crystals in two dimensions.  For comprehensive analyses of monochromators including all manner 
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of doubly-curved analyzers, see the incredibly thorough works of Wittry and Sun,52 and Suortti et 

al.53 

The problem can be analyzed from two perspectives: (1) for a single point on the detector, 

what are all of the energies that can be refocused from the crystal analyzer onto that point (for 

polychromatic source), and (2) for a single energy being refocused (monochromatic source), what 

are the range of positions of the detector onto which radiation can be focused. Here, I take case 

(2), the idealized case of a monochromatic extended source  on the source-side of the Rowland 

circle, with radiation being analyzed back onto Rowland circle on the focusing-side (Figure 3.16).  

Furthermore, the problem is analyzed in the 2d-plane, ignoring effects of rays with angles into or 

out of the plane which may also effect the Bragg angle.  Beyond the scope of this work, full 

inclusion of all effects on spectrometer resolutions including Johann error could be more 

rigorously investigated with a full simulation using modern x-ray ray-tracing software such as the 

Python-based XRayTracer.54 

The problem is laid out as follows: for radiation of energy E being diffracted by the crystal 

at angle α, if the radiation is diffracted by a point on the crystal analyzer some distance from the 

center (characterized by angle θ0), the radiation will be focused to point B (add label) which makes 

an “effective” bragg angle of β with the center of the crystal, therefore the energy assigned by a 

detector on the circle would assign the energy refocused from that point to be at the energy for 

Bragg angle β instead of the true Bragg angle α.  Therefore, the aim is to find the relation between 

the distance of a point on the crystal analyzer from the center and the energy error (E(α) – E(β)). 
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Figure 3.16: Schematic of geometry used for analyzing the effects of Johann error. 

This problem was solved in Mathematica, and the code and solution are shown in Figure 

3.17.  The solution shown was simplified using Mathematica’s simplification algorithms. 

 

Figure 3.17: Mathematica code and solution for the misfocused effective Bragg angle β. 

With the solution for the parameter β, it is possible to calculate the Johann error.  The 

Johann error, taken as the difference in energy as assigned by the detector and the true energy of 

the refocused radiation, is plotted in Figure 3.18.  It is clear from the plots that Johann error 

increases quickly with distance from the center of the analyzer, and Johann error is much more 

pronounced at lower angles.  For measurements of sulfur Kα as reference, the emission line is only 

~1.5 eV wide, so deviations on the order of 1 eV or more greatly distort the spectral shapes. 
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Figure 3.18: Plots of Johann error contribution to the resolving power, showing dependence on 

Bragg angle and width of the analyzer.  Δw represents the distance between the center of the 

analyzer and the edge point considered.  The black dashed line represents a resolving power of 

4000 corresponding to 0.5 eV resolution near P Kα  (2014 eV).  The plot represents the 

maximum deviation that occurs between the center and a region at the edge of the analyzer.  

Thus the actual resolving power in an experiment, being the average over the entire region of the 

analyzer, would be somewhat less.   

 Figure 3.19 shows that the dependence of Johann error on distance from the center of the 

crystal analyzer is fit well by a quadratic polynomial.  Interestingly however, the fit is not perfect, 

and it is not obvious from the form of the solution for β that the dependence should be exact. 
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Figure 3.19: Fit of the dependence of Johann error on distance from the center of the crystal 

analyzer using the approach described in the text. 

3.6.4 Johann error effects on spectrometer response function 

With the general form of the dependence of the Johann error on the distance of the point 

on the crystal from the center, it’s possible to find the response function of a cylindrical crystal 

analyzer with respect to the Johann error contribution.  Using a quadratic function to model the 

Johann error j as a function of distance from the crystal center w, we can invert the equation to 

solve for w(j), taking only the positive root to look at one half of the crystal analyzer: 

 j(w) = aw2 + bw + c (33) 

 w(j) =
-b + √b2-4a(j-c)

2a
 (34) 

To get the response function from the integrated width of the analyzer, we assert that the measured 

intensity at a Johann error j is proportional to the differential width dw corresponding to that j, 

with some proportionality constant k related to the crystal reflectivity. 
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 totalsignal = ∫ I(w)dw = ∫ k dw = k ∫
dw

dj
dj ≡ k ∫ I(j)dj (35) 

We use this definition to identify the response function which gives the intensity reflected from 

the crystal for a given magnitude of Johann error: 

 I(j) =
dw

dj
=

1

√b2 + 4a(j-c)
 (36) 

The resulting response function is shown in Figure 3.20.  It’s clear that the Johann error is 

asymmetric with tails only on the high-energy side of the response, in agreement with Figure 3.16.  

Thus, the center-of-mass of the response is also not centered on the input energy but shifted 

towards higher energy.  From Figure 3.19, it’s clear that the regions near the center of the analyzer 

contribute the portion of the response closest to the input signal, and that the high energy tail is 

due towards the outer extremities of the crystal analyzer.  Thus, the high-energy tail of the response 

can be trimmed by use of a mask over the analyzer. 

 

 

Figure 3.20: Illustration of the response function of a spectrometer operating at 70 degrees Bragg 

angle with silicon (111), showing the distortion caused by Johann error for a crystal analyzer 

20mm wide on a 100mm-radius Rowland circle. 
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In Figure 3.21, the spectra from masked and unmasked measurements of sulfur Kα 

radiation are shown.  The response function agrees qualitatively with results observed comparing 

masked and unmasked spectra measured on the spectrometer described in Chapter 5. 

 

 

Figure 3.21: Comparison of masked and unmasked measurements of sulfur Kα radiation showing 

the distortion caused by Johann error. The spectra were peak-normalized and aligned by peak 

position, thus this data illustrates the change in peak-shape but not the possible associated energy 

shift. 

 

3.7 OTHER CRYSTAL ANALYZER SPECTROMETER GEOMETRIES 

While the spectrometer of chapter 5 which is the focus of this thesis uses the Rowland 

circle geometry, there are a number of other geometries which have been used which offer various 

advantages.  Here, we describe the basic setups of the other geometries and refer to publications 

of instruments based on them which offer more detailed discussions. 
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3.7.1 Double-crystal 

The first crystal analyzer spectrometers to achieve truly high resolution measurements of 

XES are the double-crystal spectrometers (also known as “two-crystal” spectrometers).  Some of 

the first measurements of XES in the tender x-ray regime were made by Parratt in 193655 with a 

double-crystal spectrometer.55  Later, Goshi et al.56 and Taniguchi57 in Japan also constructed 

double-crystal spectrometers which were used in a number of measurements of tender XES by 

Sugiura.58-60 

 

Figure 3.22: Diagram of a double-crystal spectrometer designed by Taniguchi.57 

The basic principle is the use of Bragg diffraction by the first crystal to sort the x-ray 

energies by angle, then the use of the second crystal to accept only rays of a certain angle from the 

first crystal.  The advantage of this approach is the very high achievable resolution.  A few key 

disadvantages are the relative mechanical complexity of the alignment for scanning energies, and 

most importantly the very low efficiency of measurement.  As seen in Figure 3.22, multiple slits 

are needed along the beam path to restrict the accepted angles to improve the resolution at the cost 
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of counts.  In addition, with a flat crystal, only a narrow region of the crystal can participate in 

diffraction for a given point of the sample.  As a consequence of the low efficiency, double crystal 

spectrometers require very high powered x-ray tubes (1–2 kW and higher) to achieve reasonable 

count rates.  These high powered tubes can also cause radiation damage to the sample. 

3.7.2 von Hamos 

Similar to the Rowland circle geometry, the von Hamos geometry also utilizes a curved 

crystal analyzer.  In the van Hamos geometry, the source location and detector are displaced axially 

along the curvature axis of the analyzer.  An illustration is shown in Figure 3.23.  The basic 

geometry is shown in the top of the figure, where x-rays coming from a source point on the left 

travel to the cylindrically bent crystal, and x-rays that reach the crystal at different points along 

the axis make varying angles with the face of the crystal, and thus varying energies will be 

diffracted.  The resulting pattern on the detector is that energies are dispersed along the cylindrical 

axis.  Thus, the von Hamos is intrinsically a dispersive geometry, and position-sensitive detectors 

such as CCD cameras are used.  This intrinsic dispersive behavior is one of the main advantages 

of the von Hamos geometry.  The main disadvantage of the von Hamos geometry is its relatively 

low efficiency.  Similar to the double-crystal case, only a small region of the crystal can participate 

at each energy, resulting in a relatively low absolute efficiency.  The other main disadvantage is 

that the achievable resolution depends on the size of the source of the x-rays.  To achieve high 

resolution, a relatively small point source is needed, and for operation in a laboratory instrument, 

this means that the full output of an x-ray tube cannot be used.  Instead, the output of an x-ray tube 

must be focused to a small point, typically with a polycapillary focusing optic as in the case of 

Anklamm et al.,30 which drastically reduces the incident x-ray intensity on a sample.  Other authors 
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making use of laboratory instruments in the von Hamos geometry include Hoszowska et al.,61 

Kayser et al.,31 Németh et al.,62 Malzer et al.28 and Błachucki et al.29 

 

Figure 3.23: Diagram of the von Hamos geometry for an x-ray spectrometer with a curved 

crystal analyzer.  Figure from Anklamm et al.30 

3.7.3 Laue-type 

In contrast to previously discussed geometries that rely on reflection at crystal analyzers 

by Bragg diffraction, Laue-type spectrometers make use of diffracted beams that are transmitted 

through the crystal analyzers.  A diagram of a Laue-type spectrometer using a curved crystal in 

the Dumond geometry is shown in Figure 3.24.  The Dumond geometry utilizes the same useful 

properties of the Rowland focusing circle, namely a focusing circle of radius R with a crystal 

analyzer bent to a radius 2R.  Therefore, rays coming from the source (number 3 in Figure 3.24) 

make nearly equal angles with the surface of the crystal analyzer.  In contrast to the Rowland circle 
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geometry, instead of reflective diffraction, in the Dumond geometry the rays are instead 

transmitted while undergoing diffraction.  The result is that the energies are sorted by angle.  With 

the use of a collimating slit (number 5 in Figure 3.24) to prevent extraneous transmitted rays from 

going to the detector, the result is energy sorted by position which can be measured by a detector 

and scanned to different energies at different positions.  The Laue-type transmission geometries 

are primarily useful at higher energies, where absorption by the crystal analyzers is limited.  The 

spectrometer illustrated in Figure 3.24 by Szlachetko et al.26 demonstrated measurements as high 

in energy as gold Kα (78 keV). 

 

Figure 3.24: Laue-type Dumond curved crystal spectrometer schematic.  (1) X-ray tube, (2) 

target, (3) slit, (4) cylindrically bent crystal analyzer, (5) Soller slit collimator, (6) detector and 



115 

 

(7) focusing circle.  Note in particular the orientation of the crystal planes indicated in the crystal 

analyzer.  Figure from Szlachetko et al.26 

3.8 SAMPLE CONSIDERATIONS FOR TENDER XES 

One of the advantages of XES is the penetrating abilities of x-rays that allow bulk-sensitive 

measurements as well as in situ measurements in various environments, such as batteries or 

reaction cells.  The level of bulk sensitivity and the possibility of special sample environments 

depend on the x-ray energy being measured.  Taking phosphorus and sulfur fluorescence as 

examples in the tender x-ray range, the penetration depth of signals depends on the nature of the 

samples being studied.  Figure 3.25 shows the attenuation length versus x-ray energy for x-rays in 

a number of phosphorus and sulfur sample types.  Also indicated are the phosphorus and sulfur 

Kα fluorescence energies.  The attenuation lengths vary in magnitude from ~1–10 μm for inorganic 

matrices, and closer to ~40 μm for organic systems.  These examples indicate the order of 

magnitude of bulk sensitivity and provide some indication of the effort required to design in-situ 

measurement devices. 



116 

 

 

Figure 3.25: Attenuation lengths of x-ray energies in different types of samples for sulfur and 

phosphorus compounds.  Data generated using the CXRO online calculator1 based on the data 

compiled by Henke et al.63 

 For mounting samples and designing in-situ cells, it’s clear from Figure 3.25 that organic 

materials have significantly lower absorption, and that thicknesses on the order of only a few 

microns are required.  Polyimide thin films (trade name Kapton) with thickness as low as 7.5 

micron and thin mylar as thin as 3–5 microns are commonly used.  Kavcic et al.64 have used an in-

situ battery cell for the study of sulfur in lithium-sulfur batteries using a cell design based on 

Leriche et al.65 with the use of a 6 micron mylar window coated with 50 nm of aluminum.  

Kuzmenko et al.66 have designed an in-situ reaction cell to study sulfur speciation in chemical 

reactions using a cell design with a 7 micron polyimide window. 
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CHAPTER 4 OVERVIEW OF PUBLISHED RESEARCH 

This chapter serves as a brief overview of the layout of the remainder of this thesis, and to 

explain some of the interconnections in the published research as well as indicate other 

contributions and outcomes that are a result of the work of this thesis. 

4.1 RESEARCH PRESENTED IN CHAPTERS OF THIS THESIS 

The core of this thesis is built on the instrumental capability developed in chapter 5, which 

details the design and implementation of a tender x-ray emission spectrometer.1  There, the 

efficiency, resolution, and measurements are discussed and the spectrometer’s performance is 

established.  A key component of the instrumental design was the energy resolving x-ray camera 

that was also developed in our laboratory.  The camera was an updated design based on previous 

efforts led by Oliver R. Hoidn.  Chapter 6 is a publication describing this improved camera and its 

performance characteristics that enable the high performance of the XES spectrometer. 2  With the 

established capabilities of the spectrometer, chapter 7 describes a study making use of the 

speciation capabilities of Kα XES for sulfur in biochar materials that were previously investigated 

using sulfur K-edge XANES, serving as a useful comparison of x-ray techniques.3  Chapters 8 and 

9 form a core analytical application of the XES spectrometer, namely, a study of surface defects 

of InP quantum dots.4,5  Making use of Kα XES, we were able to establish the ability to determine 

bulk speciation of the phosphorus in the quantum dots with two important comparisons to the 

alternative techniques of XPS and SSNMR.  We were also able to utilize Kβ XES to find signatures 

of the oxygen bonds in the surface defects, or lack thereof in the samples synthesized in an oxygen-

free procedure.  After the analytical applications of the XES technique demonstrated in chapters 

7–9, in Chapter 10 an experimental and theoretical analysis of sulfur Kα and Kβ XES is conducted 

by making use of computations in a linear-response time-dependent density functional theory 
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approach.  There, measurements with our laboratory instrument are combined with measurements 

reported elsewhere to compare theoretical predictions with experimental results for dozens of 

sulfur compounds including organic molecular compounds as well as inorganic solid-state 

materials.  Lastly, chapter 11 stands somewhat apart from the other work in this thesis and details 

a study of a system for using vacuum pressure to form spherically and toroidally bent crystal 

analyzers that can be used in x-ray spectrometers.6  That study also utilizes the x-ray camera 

described in chapter 6 to perform a finer comparison of the performance of the various approaches 

to forming the analyzers.  Although the study was performed in the context of a different laboratory 

spectrometer, the temporary vacuum analyzers may find application in future compact dispersive 

spectrometers such as the one in chapter 5. 

4.2 OTHER OUTCOMES OF THE EFFORTS IN THIS THESIS 

With the success of the spectrometer developed in chapter 5, a second identical system was 

constructed and sent to Los Alamos National Laboratory (LANL) for use in studies of actinide 

systems.  At LANL, in addition to measurements conducted in the laboratory, extensive use has 

been made of the capability to install the spectrometer at synchrotron beamlines for resonant 

studies, as demonstrated in chapter 5.  This is leading to several publications, including a paper 

further demonstrating the RIXS capabilities of the spectrometer at SSRL,7 as well as publications 

using the RIXS capabilities to study actinide f-electron chemistry in uranyl systems.  The x-ray 

camera of chapter 6 is being utilized in a number of instruments under development, including a 

spectrometer utilizing the vacuum formed analyzers of chapter 11 for small radius-of-curvature 

spherical analyzers.  Building on chapters 7–9, a new instrument is also being commissioned with 

funding from the UW’s MEM-C NSF MRSEC to enable analytical measurements of phosphorus 
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systems integrated into an inert-air glovebox environment for studies of air-sensitive phosphorus 

materials, such as InP quantum dots and phosphorene-based materials.   

Working with Niri Govind from PNNL, Evan Jahrman and I worked closely together in 

developing and applying tools for performing the LR-TDDFT calculations of XES that are the 

subject of chapter 10.  Evan Jahrman utilized these tools for a study of vanadium valence-to-core 

XES in vanadyl phosphate battery materials and has submitted a publication of this work.8 
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CHAPTER 5 A COMPACT DISPERSIVE REFOCUSING 

ROWLAND CIRCLE X-RAY EMISSION SPECTROMETER 

FOR LABORATORY, SYNCHROTRON, AND XFEL 

APPLICATIONS 
 

Originally published as: Holden, W. M.; Hoidn, O. R.; Ditter, A. S.; Seidler, G. T.; Kas, J.; Stein, 

J. L.; Cossairt, B. M.; Kozimor, S. A.; Guo, J.; Ye, Y.; et al. A Compact Dispersive Refocusing 

Rowland Circle X-Ray Emission Spectrometer for Laboratory, Synchrotron, and XFEL 

Applications. Review of Scientific Instruments 2017, 88 (7), 073904. 

https://doi.org/10.1063/1.4994739. 

This chapter represents a significant portion of this dissertation, and I led the effort for this work. 

 

X-ray emission spectroscopy is emerging as an important complement to x-ray absorption fine 

structure spectroscopy, providing a characterization of the occupied electronic density of states 

local to the species of interest.  Here, we present details of the design and performance of a 

compact x-ray emission spectrometer that uses a dispersive refocusing Rowland (DRR) circle 

geometry to achieve excellent performance for the 2 – 2.5 keV range, i.e., especially for the K-

edge emission from sulfur and phosphorous.  The DRR approach allows high energy resolution 

even for unfocused x-ray sources.  This property enables high count rates in laboratory studies, 

approaching those of insertion-device beamlines at third-generation synchrotrons, despite use of 

only a low-powered, conventional x-ray tube.  The spectrometer, whose overall scale is set by use 

of a 10-cm diameter Rowland circle and a new small-pixel CMOS x-ray camera, is easily portable 

to synchrotron or x-ray free electron laser (XFEL) beamlines.  Photometrics from measurements 

https://doi.org/10.1063/1.4994739
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at the Advanced Light Source show excellent overall instrumental efficiency.  In addition, the 

compact size of this instrument lends itself to future multiplexing to gain large factors in net 

collection efficiency, or its implementation in controlled gas gloveboxes either in the lab or in an 

endstation. 

 

5.1 INTRODUCTION 

High-resolution x-ray emission spectroscopy (XES) has demonstrated its utility across a 

wide range of contemporary problems.1-22 However, the significant restriction of this method to 

synchrotron light sources has inhibited its broader implementation, especially for industrial and 

more analytical, rather than fundamental, directions.  Recent work in several groups23-28 has aimed 

to resolve this issue by developing laboratory-based XES instruments ranging from as low as the 

C K-edge (284 eV)27 to as high as the Au K-edge (78 keV).28 Of particular interest here are high-

resolution laboratory measurements of sulfur and phosphorous x-ray emission using double-crystal 

spectrometers,29-31 von Hamos geometry instruments,32,33 and a dispersive Rowland circle 

geometry.34-37 These spectrometers were all built in the latter half of the twentieth century, and 

required multi-kW x-ray tubes to achieve reasonable measurement times. More recent laboratory-

based work in this energy range has seen an impressive extension to proton-induced x-ray emission 

analysis,38, 39 with the same Rowland-circle instrument also seeing important use at a synchrotron 

endstation.17, 18, 40 

Here we present technical details and representative results for a dispersive x-ray emission 

spectrometer designed to function particularly well in this 2-2.5 keV energy range, and 

demonstrate measurements on S and P XES both in the laboratory and at a synchrotron endstation.  

Our results include a representative, laboratory-based analytical application where we determine 
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the distribution of oxidation states of P in InP quantum dots.  In the laboratory setting, this 

instrument also has the important feature that it can be operated very efficiently with an unfocused 

x-ray source and consequently a large beamspot on the sample.  This greatly decreases cost and 

increases ease of use.  When implemented at the synchrotron, either a focused or unfocused source 

can be used, with the former giving a modest improvement in energy resolution.   

The performance and small size of the instrument reported here results from a synergistic 

overlap of important technical features of the x-ray analyzer, the position-sensitive detector, and 

the overall optical configuration itself.  High-quality cylindrically-bent crystal analyzers are only 

recently commercially available with extremely small, i.e., 10-cm, radii of curvature.  In general, 

the overall size of any Rowland-circle x-ray spectrometer scales linearly with the radius of 

curvature of the optic, so the decrease from the ‘standard’ 1-m radius of curvature spherically-bent 

crystal analyzer, as commonly used in synchrotron endstation instrumentations41-44 and also used 

in lab-based spectrometers for the hard x-ray range,23 to the present 10-cm radius optic allows a 

corresponding factor of 10 change in the linear dimensions of the resulting instrument. The 

compact size offers advantages in portability and ease of installation for use at synchrotron and x-

ray free electron laser XFEL endstations, as well as a unique scientific possibility: it is small 

enough that it could be readily integrated into controlled-gas glove box systems to enable new 

directions in analytical chemistry for air-sensitive materials. 

Concerning the position-sensitive detector, our recent and ongoing development of 

complementary metal-oxide-semiconductor (CMOS) x-ray cameras using mass-produced sensors 

is a critical enabling technology.45, 46  These sensors, including the back-illuminated sensor used 

in the present instrument, can have pixels below 3-m pitch while also having useful spectroscopic 

capability in the 2-5 keV energy range. At least moderately small pixels are necessary if fine 
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energy resolution is to be maintained for the tightly curved Bragg optic, and the sensitivity to the 

energy of each recorded incident photon allows for very high rejection of background signals, 

minimizing the need for internal shielding. In addition, there is a subtle pragmatic benefit that 

comes from the fact that CMOS sensors, unlike CCD sensors commonly used in x-ray cameras, 

have low dark counts even when they are not cooled.  Our camera operates at room temperature.  

Consequently, absorption from any sensor window is avoided and the sensor functions well in air 

without risk of condensation on the sensor.  Direct detection with CCD sensors, on the other hand, 

would require UHV environment.  

Finally, as a central defining concept of the instrument design, we employ a dispersive 

refocusing Rowland (DRR) geometry, defined in detail in section 5.2 below.  In the context of 

XES, we believe that this geometry was first pointed out by Dolgih and Yarmoshenko et al.,34 who 

constructed a DRR spectrometer based on a much larger 1.3-m diameter Rowland circle.  The 

DRR optical layout has considerable qualitative similarities to that for Bragg-Brentano 

diffractometers using position sensitive detectors.47, 48  The DRR approach is beneficial in three 

practical matters: (1) its insensitivity to the illumination spot size allows the use of conventional 

‘x-ray fluorescence (XRF) style’ x-ray tubes without any focusing optic; (2) the option of larger 

illuminated spot size (as much as ~5 mm) on the sample helps to reduce the exposure flux density 

and consequently serves to lower the likelihood of x-ray induced damage during the measurement; 

and, (3) the resulting spectrum, if a large beamspot is used, constitutes an average over the 

illuminated region, giving a decreased sensitivity to spatial inhomogeneities in sample preparation. 

We continue as follows.  First, in section 5.2, we describe the general ray-tracing and 

design issues that arise in the DRR geometry.  This includes a discussion of the similarities and 

differences between the DRR geometry and other more common Rowland-circle approaches.  
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Second, in section 5.3 we give a detailed description of the implementation of the instrument in 

the laboratory and synchrotron environments, and provide other experimental details.  Next, in 

section 5.4 we present results taken in the laboratory and at the synchrotron, comparing and 

contrasting energy resolution and count rates in the present study with those previously reported 

at synchrotron light sources. This includes a representative laboratory-based ‘analytical’ 

application where we quantify the fractional oxidation of P in InP nanocrystalline materials.  

Finally, we conclude and discuss future directions in Section 5.5.  

5.2 THE DISPERSIVE REFOCUSING ROWLAND (DRR) GEOMETRY 

To operate a dispersive spectrometer using a Rowland-circle geometry, there are three 

basic configurations using different source sizes and locations, as shown in Fig. 5.1.  In Fig. 5.1a, 

where the sample is illuminated by a small point-source off of the Rowland circle, multiple energies 

will be diffracted from the crystal. These energies diffract at different angles and ray-tracing back 

towards the Rowland circle results in a collection of ‘virtual’ point sources on the source arc of 

the Rowland circle.49 The bandwidth diffracted then depends on the distance of the sample from 

the crystal analyzer.50 In the limit when the source is significantly off circle, the location of the 

position-sensitive detector (PSD) is not especially delicate – the ray-tracing is non-focal, and 

diffracted rays have only a very small divergence.  Because of this small divergence, the PSD need 

not be tangent to the Rowland circle to achieve high-resolution.49 Each energy diffracts from a 

very small portion of the crystal, resulting in no appreciable Johann error, even at low Bragg 

angles. The geometry of Fig. 5.1a is used in the synchrotron results of section 5.3.2. 
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Figure 5.1: Comparison of Rowland circle geometries for different sample illuminations. Each 

setup has the same basic layout, a source on the lower right arc, a bent crystal analyzer (BCA) at 

the top of the circle, and a position-sensitive detector (PSD) on the lower left arc. (a) Point source 

illumination of a sample off of the Rowland circle has ‘virtual’ rays that can be traced back to 

intersect the circle. The geometry is dispersive and multiple energies are collected by the PSD. (b) 

A large source on the Rowland circle has multiple energies that undergo point-to-point focusing 

and are measured on the PSD. Different regions of the sample contribute at different energies. (c) 

The dispersive refocusing Rowland (DRR) geometry used in the present work. See the text for 

discussion. 
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In Fig. 5.1b, the situation is shown for large-spot illumination of a sample on the Rowland 

circle.  In this case, different energies of fluoresced x-rays are collected from different portions of 

the sample, thus requiring a homogeneous sample to avoid gross systematic error in the dispersed 

spectrum on the detector arc.  For each point of the sample on the source arc of the Rowland circle, 

x-rays of a particular energy are captured by the entire crystal.  This increases signal strength at 

each energy, but at the cost of larger divergence of the rays refocusing onto the detector, as well 

as an increased potential for Johann error at lower Bragg angles.  The large divergence of the 

refocused, analyzed radiation requires precise placement of the camera for a high energy-

resolution signal, i.e., the depth of focus is small.  With the incident beam brought in perpendicular 

to the Rowland plane, this geometry is used for combined imaging and spectroscopic 

measurements in many plasma physics studies, as well as in some synchrotron applications.51-53 

Finally, in Fig. 5.1c and of direct relevance here, a large-spot illumination of a sample off 

the Rowland circle has an effective collection of ‘virtual’ sources at different energies, as in panel 

(a).  However, for a large beamspot, each portion of the sample can contribute at all energies, 

except when truncated at the boundary of the analyzer. This ‘dispersive Rowland refocusing’ 

(DRR) approach removes the need for a focused beam, while also decreasing the sensitivity to 

sample inhomogeneities by giving a natural averaging of the spectrum over the illuminated region 

of the sample. Spectrometers making use of this approach have been recently discussed and 

implemented at some synchrotron endstations,50 where the relatively large spot size allows for 

efficient measurements, e.g. for gaseous samples.40, 54 In the present spectrometer, the large spot 

size is taken to an even greater extreme, allowing the use of an unfocused x-ray tube on an 

extremely small 10-cm Rowland circle. 
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To minimize distortions of the spectrum in the DRR geometry, it is important that each 

energy in the bandwidth of interest has equal net detection efficiency in the final spectrum. This 

can be accomplished in either of two extremes: (1) the sample illumination is extremely large such 

that each energy is usefully captured by the entire crystal analyzer, or (2) the sample illumination 

is sufficiently small that each energy uses the same fraction of the crystal, i.e. that each illuminated 

sub-region of the sample can contribute at all energies from some segment of the crystal analyzer. 

Within either configuration, distance from the crystal to the sample can be varied to trade-off count 

rates against total energy bandwidth analyzed.   

Moving now to the specific implementation of mechanical components, there are numerous 

possible implementations of any Rowland-circle configuration, with the pragmatically-preferred 

approach always determined by external criteria.  Here, we choose to fix the x-ray source in the 

lab frame to simplify operation in both the laboratory and the synchrotron. In addition, we choose 

to let the circle be free to rotate about the source axis so that the camera face can always be kept 

parallel to the same reference plane, thus minimizing the number of degrees of freedom that require 

fine-tuning.  These characteristics are illustrated in Fig. 5.2.  After coarsely adjusting the height of 

the camera so that the analyzed radiation strikes the sensor, necessary fine-adjustments are made 

to bring the sensor tangent to the Rowland circle and hence to the refocal position for the analyzed 

radiation.   
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Figure 5.2: Illustration of the implemented DRR design. To fix the source location and maintain 

camera orientation, the analyzer is moved to different positions yielding different Rowland circles. 

The sample-analyzer distance is also changed for different Bragg positions to maximize signal 

from the sample. Maintaining the orientation of the camera reduces the degrees of freedom that 

need to be optimized to achieve high-resolution. 

Returning to Fig. 5.2, when a new Bragg angle is desired, in order to keep the source 

location fixed and maintain the camera orientation, the Rowland circle must be moved by 

appropriate modification to the location and rotation of the crystal analyzer.  Finally, note that this 

requires that the distance of the focal point region on the Rowland circle from the spectrometer 

chamber wall varies for different Bragg angles.  We show below, in the detailed instrument design, 

that this is easily addressed. 

5.3 EXPERIMENTAL 

5.3.1 Laboratory Environment 

Computer-aided design (CAD) renderings and photographs of the spectrometer, as 

implemented in the laboratory environment, are shown in Figures 5.3 and 5.4.  The sample is 

directly illuminated with x-rays from a conventional, air-cooled tube source (Varian VF-50 with a 

Pd anode) having a maximum electron beam power of 50W at 25 kV accelerating potential.  The 
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choice of a Pd anode is advantageous due to its strong fluorescence lines at ~2.8 keV that are very 

effective at stimulating K-shell photoionization of P and S.  The x-ray tube is driven by a Spellman 

uX50P50 high voltage power supply. The VF-50 provides an unfocused beam of combined 

bremsstrahlung and characteristic fluorescence radiation from the Pd anode.   

 

Figure 5.3: Spectrometer CAD renderings illustrating the layout of the components with respect 

to the Rowland circle. The vacuum chamber has been suppressed for clarity of presentation, see 

also Fig. 5.4. 
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Figure 5.4: Photographs of the spectrometer. Use of a small-radius cylindrically-bent crystal 

analyzer allows a very small geometry to be utilized. The vacuum chamber houses the nozzle of 

the x-ray tube, the crystal analyzer, and the sample, which is on a sample turret (not shown) to 

allow multiple samples to be measured without breaking vacuum or altering the setup. 

Fluorescence from the sample is diffracted by a 10-cm radius, cylindrically-bent, Si (111) 

Johann analyzer (XRS Tech) in the DRR geometry of the corresponding 10-cm diameter Rowland 

circle.  The analyzer dimensions are 20 mm (width) x 8 mm (height, out of the Rowland plane).  

The Si (111) orientation provides Bragg angles of 79° for P Kα (2014 eV) and 59° for S Kα (2308 

eV).  For P, the sample is placed in the second configuration described in section 5.2, such that 

each energy in the resulting spectrum makes use of the same fraction of the crystal. When 

measuring S K-shell XES, however, the relatively low Bragg angles introduce a large Johann error 

distorting the spectrum. To compensate, the edges of the crystal analyzer are masked with 

aluminum foil so that only the central ~4 mm are used. This results in the first configuration 

described in section 5.2, wherein the fluorescence from the sample now makes use of the entire 4 

mm of the crystal for all analyzed energies. Moving to a Johansson-type analyzer would clearly 

improve efficiency for S XES. 
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Placement of the crystal analyzer is accomplished using 3-D printed plastic mounting 

pieces that register with the walls of the spectrometer box to determine the optics position and 

orientation, as per the discussion in section 5.2.  Again, the location of the crystal is chosen such 

that the camera, oriented vertically outside of the chamber, is tangent to the Rowland circle at the 

energy of interest.  Also, as described in section 5.2, alignment and tuning is achieved by first 

locating the signal on the camera via manual, vertical translation, and then by fine-focusing 

adjustments where the camera is moved closer to or further away from the spectrometer chamber.   

The refocused rays are detected by a recently developed energy-resolving x-ray camera46, 

which uses a back-illuminated CMOS sensor and is similar to a previously-reported instrument.45  

The detector is based on a commercial amateur astronomy camera (ZWO Company) that we have 

modified by removing the glass from its image sensor (Sony IMX-291), allowing x-rays to directly 

illuminate the sensor’s active region.  The camera’s CMOS sensor has a pixel pitch of 2.9-µm and 

a 1936×1096 pixel layout. On a 10-cm radius Rowland circle, the sensor’s 2.9-µm pixel size 

corresponds to an energy broadening of ~0.01 eV at P Kα and ~0.04 eV at S Kα.  The charge 

separation generated by each photon absorbed on each pixel results in a proportional readout value. 

In the simplest case, wherein the entire charge cloud from an incident x-ray event is concentrated 

in a single pixel, the detecting pixel has intrinsic sensitivity to the energy of the incident x-ray 

photon. In the majority of events, however, the charge cloud spreads over a cluster of several 

adjacent pixels.45, 46  To include all events while preserving optimal energy resolution we have 

developed software to identify such clusters and reconstruct corresponding photon energies and 

positions.45, 46, 55 With this additional processing, the sensor’s quantum efficiency (QE) and energy 

resolution are 65% and 150 eV, respectively, at the photon energy of P Kα.  The quantum 
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efficiency of the sensor decreases considerably above 4 keV,46 leading us to focus here on the 2 – 

2.5 keV energy range where the Si 111 optic and camera performance are synergistic.   

Note that the use of an energy-resolving, single photon counting camera is extremely 

beneficial in the present application. Performing frame-by-frame rejection of single-photon events 

that are outside the energy window of interest removes a wide range of backgrounds that would 

otherwise contaminate an energy-integrating position-sensitive detector.  Consequently, only very 

minimal internal shielding is required. 

From the discussion in Section 5.2, the fluorescence x-rays from the sample are dispersed 

onto the detector, and each pixel acts as an effective slit that only accepts rays in a narrow energy 

band. For a cylindrical optic, like that used here, the focusing is theoretically exact in the plane of 

the Rowland circle, but for rays with some out-of-plane divergence, the rays are bent towards the 

backscatter (low-energy) direction. The results in a curved focal line40 as the ideal point-source 

response function. The curvature itself does significantly affect instrumental resolution since the 

curved focal line can be taken into account to produce a spectrum, as is commonly done in 

synchrotron implementations.40, 54, 56 In the present spectrometer in the laboratory setting, however, 

the curvature of the signal convolved with the large spot illumination results in irreversible blurring 

of the ideal point-source response function for regions of the sensor far out of the Rowland plane. 

In order to maintain high resolution for lab-based measurements, this requires that the signal on 

the detector be cropped around the region centered on the Rowland plane to exclude these blurred 

regions. 

The absorption length in air of, e.g., S K fluorescence, is ~1.5 cm.  Consequently, the 

sample, crystal analyzer, and majority of the beam path are inside of a 30 × 30 × 7 cm3 aluminum 

chamber which is operated at rough vacuum (~200 mTorr) or else flushed and filled with He at 1 
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atm. As shown in Figures 5.2, 5.3, and 5.4, the camera is outside of the spectrometer box.  The x-

rays exit through an 8-µm thick polyimide film and traverse a ~2-3 mm air gap before landing on 

the camera. The small air-gap is maintained by having different thickness spacers below the 

polyimide window. The combined absorption from the polyimide exit window and small air path 

is ~50 – 60% in the targeted 2 – 2.5 keV energy range, leaving room for a two-fold increase in 

counts if the camera is adapted to mount inside of the spectrometer chamber.   

The energy scale of the measurements was determined by ray-tracing considerations, using 

the 10-cm Rowland circle geometry.  Measuring samples on the same energy scale (including one 

or more reference materials) is made possible by swapping samples while maintaining the analyzer 

and camera locations.  After an ensemble of internally-consistent results is obtained, a single 

common energy shift is applied all spectra so as to match, e.g., prior published results for one of 

the reference materials.18, 57 

5.3.2 Synchrotron Environment 

 The compact size of the spectrometer allows for easy transport and interface with existing 

synchrotron and XFEL beamlines.  To demonstrate this utility, the spectrometer was taken to 

beamline 10.3.2 at ALS for demonstration studies.  This is a bending-magnet, microfocus 

beamline, with a beam size of ~12×6 m and an approximate flux of 109/s.  Installation was 

straightforward, requiring less than two hours from the start of setup to the onset of data collection.  

The spectrometer fit within the existing endstation equipment, and the laboratory x-ray source was 

replaced by a simple adapter connected to the beampipe using flexible bellows.  Helium gas was 

flowed through the chamber and bellows throughout the measurements.  The configuration of the 

various spectrometer components is otherwise unchanged from the laboratory setup in section 



138 

 

5.3.1, above.  This allowed for the spectrometer to be pre-calibrated and pre-focused for a 

fluorescence line of interest (in this case P K) before traveling to the synchrotron. 

The incident flux was 3×109/s at the selected incident photon energy of 3 keV.  This was 

determined using a gas ionization chamber with an effective path length of 2 cm, filled with a 33% 

N2, 67% He mix and also confirmed with a second measurement using only pure N2, in the ion 

chamber.  The spectrometer was translated downstream from the usual focus of this microfocus 

beamline to achieve a ~200-m spot size on the sample.  This small source size simplified 

treatment of the sensor image. Whereas in laboratory operation blurring of the image out of the 

Rowland plane requires significant cropping of the signal to achieve high-resolution, the small 

spot size at the beamline resulted in a signal that required minimal cropping. Despite the reduction 

in count rates due to the low flux of the bending magnet source, background signals were 

proportionally reduced and good spectra were achieved with longer integration times. 

5.3.3 Samples 

For testing the spectrometer in the laboratory and at the synchrotron, the following 

phosphorous- and sulfur-containing reference samples were used: a 10×10×0.5 mm3 crystalline 

wafer of GaP (MTI Corporation), a 10×10×1 mm3 crystalline wafer of ZnS (MTI Corporation), 

and a pressed powder pellet of FePO4 (Alfa Aesar) mixed with graphite binder.  For the pellet, 

FePO4 powder was mixed with graphite in an approximate 1:3 ratio, then pressed into a 13 mm-

diameter pellet.   

P Kα emission for three different samples of InP nanocrystals was measured as a pilot study 

to demonstrate the analytical capabilities of the spectrometer.  The InP quantum dots (QDs) were 

prepared by a procedure from Gary and Cossairt.58  One sample consisted of the pure as-

synthesized InP QDs, while the second sample consisted of Zn-passivated InP QDs, which were 



139 

 

post-synthetically modified with zinc oleate as described in Stein et al.59  The third sample 

measured was InP magic-sized clusters with the initial carboxylate ligand environment replaced 

with phosphonates, prepared following a procedure from Gary et al.60 

5.4 RESULTS AND DISCUSSION 

To begin, a 500 s exposure for P Kα emission of GaP is shown in Fig. 5.5.  As mentioned 

in section 5.3.1, the blurring due to finite sample illumination size requires cropping the image to 

the central 600 rows to retain high energy resolution.  We show measurements of the P Kα 

emission spectrum for GaP and FePO4 in Fig. 5.6.  An energy shift of 1.03 eV is observed due to 

the difference in oxidation state, P3- in GaP, and P5+ in FePO4.  The integration time of the 

measurements was 500 s, although for these concentrated samples the shift is clearly observed 

after only 60 s of measurement.  The energy bandwidth depends on the spectrometer geometry, 

and at the P Kα Bragg angle of 79° the bandwidth is only 12 eV.  The GaP sample gave a useful 

count rate of 1200/s and the FePO4 pellet, being somewhat less concentrated, gave a useful count 

rate of 450/s.  Although comparisons across different instruments and measurement conditions are 

difficult, the count rate for GaP is impressive, in that it is ~50% that observed in a prior 

synchrotron-based study using a third-generation insertion device beamline and a high-resolution 

spectrometer employing an admittedly less-efficient quartz analyzer optic .57 The comparison to 

the synchrotron count rate together with the high net efficiency of the spectrometer (see below) 

suggests that the ‘useful’ core hole generation rate20 is 1011/s - 1012/s for concentrated samples. 
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Figure 5.5: Sensor image for data obtained measuring P Kα emission from GaP.  The main peak 

and shoulder of the Kα doublet can be seen.  There is an apparent curvature in the data, as well as 

blurring in the extremes of the curve.  For a clean spectrum we process only the cropped, central 

region indicated by the horizontal lines. The width of the sensor corresponds to a bandwidth of 12 

eV at the Bragg angle for P Kα. 
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Figure 5.6: Comparison of P Kα emission for samples of GaP and FePO4. The difference in 

oxidation state (3- for P in GaP, 5+ for P in FePO4) leads to an observed energy shift of the Kα1,2 

doublet by 1.03 eV. For GaP, data is shown for measurements taken in the laboratory and at ALS 

beamline 10.3.2.  The measurement times in the lab for these concentrated samples was 500 s, and 

the measurement time for GaP at ALS was 7200 s. 

P Kβ emission was measured on the same samples, and the results are shown in Fig. 5.7 

(top).  Although the peak Kβ signal is ~40× weaker than that of the K, clean spectra are measured 

in ~600 s.  As the Kβ emission constitutes valence-to-core transitions for P and S, it is sensitive to 

the chemical bonding environment. For example, the presence of the Kβ’ peak at 2123 eV in the 

FePO4 spectrum has been shown by DFT calculations to arise from interaction with oxygen in the 

phosphate bond.57 In Fig. 5.7 (bottom), the Kβ emission of GaP is compared to FEFF9 calculations, 

which uses an ab initio multiple-scattering code to calculate the species-specific, local occupied 

density of states near the Fermi level.61 After broadening with a Gaussian profile and shifting the 

energy of the simulated spectrum, there is clear agreement with the measured results. 
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Figure 5.7:  Phosphorous Kβ spectrum obtained in the laboratory with a measurement time of 600 

seconds. (Top) Comparison of the spectra obtained from samples of GaP and FePO4. The presence 

and position of the Kβ’ peak at 2123 eV in the FePO4 spectrum is a clear indicator of oxygen 

bonded to the probed P atoms. (Bottom) Comparison of the GaP spectrum to a calculation of the 

occupied density of states using FEFF9. The output of the FEFF9 calculation was Gaussian 

broadened and shifted in energy to align with the measured results. 

The ability to select a narrow window of photon energies with our detector results in very 

low background levels. For the strong P Kα emissions, no appreciable background is observed. 

For the weaker P Kβ emission, taking the FePO4 emission shown in Fig. 5.7 as an example, the 

total, time-integrated background in one energy bin is 22 counts, compared to the 355 counts of 

the fluorescence line peak intensity at 2138 eV. 

In Fig. 5.8, S Kα measurement results are shown for a ZnS single crystal, using 1300 s 

measurement time to obtain sufficiently quiet data to also resolve the components of the KαL1 
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satellite lines39 on the high-energy tail of the main Kα1,2 doublet.  The Bragg angle for S Kα is 

much further from back scatter at 59°, and hence a larger bandwidth of 46eV is measured.  The 

extremely small pixels of the CMOS-based x-ray camera ensure negligible smearing to the 

spectrometer response function, e.g., ∆E/E~10-5 or less.    Comparing the S Kα spectral shape 

obtained here with that of Mori et al.,18 good agreement is seen after convolving their spectra with 

a 0.5 eV FWHM Gaussian profile. Given the reported resolution of 0.44 eV in the prior work, we 

find an experimental resolution of approximately 0.7 eV for the present instrument in the 

laboratory environment. In Fig. 5.9, we show the S Kβ spectrum of  ZnS; the comparison to the 

prior results from ESRF is extremely favorable 17 

 

Figure 5.8: Sulfur Kα spectrum of a sample of ZnS, demonstrating the high-resolution capabilities 

of the spectrometer. Because of the lower Bragg angle, the bandwidth is increased relative to the 

phosphorous Kα spectrum, and the components of the KαL1 satellite lines on the high-energy tail 

are clearly resolved. The integration time was 1300 s for the laboratory spectrum, and 9600 s for 

the spectrum taken at ALS beamline 10.3.2. 
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Figure 5.9: Sulfur Kβ emission spectrum of a sample of ZnS taken in the laboratory compared 

with data taken at beamline ID26 at ESRF.17  The measurement time in the laboratory was 3600 s, 

and a background of amplitude approximately 10% of the peak has been subtracted. 

A primary purpose of laboratory-based spectrometers is not to compete with synchrotrons, 

but instead to enable new directions in analytical chemistry.  For a pilot study in such a direction, 

we use several different preparations of InP QD’s to demonstrate the ease with which distributions 

of oxidation state can be extracted from simple linear superposition fits to reference standards.  

This is enabled by the significant insensitivity of the spectral shape of the Kα1,2 doublet to 

oxidation state – despite overall shifts in energy due to changes in the valence electron 

population.18 InP is chosen as a useful representative case not only because of its convenient 

chemistry in the present context, but also because the surface of InP is readily oxidized, requiring 

rigorously air-free synthetic procedures for desired applications in solid-state lighting, and 

biomedical imaging.62, 63 Hence, a bulk-sensitive quantification of the distribution of P oxidation 

states is of immediate relevance to characterizing and validating the synthesis process.   

In Fig. 5.10 (middle), InP QDs have been post-synthetically treated with zinc carboxylates 

leading to a zinc saturated surface environment that has been shown to improve photoluminescence 

quantum yields.59 Compared to the as-synthesized InP core in Fig. 5.10 (top), the amount of 

oxidized P species increases from 10% to 18% with the addition of zinc. Previous literature has 
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also reported oxidized P levels of InP cores close to 10% by XPS and NMR, but have shown an 

increase to approximately 35% after shelling with ZnS.64  In Fig. 5.10 (bottom), InP magic-sized 

clusters were prepared with a phosphonate ligand shell, showing the mixed environment of P3- 

from the inorganic core, and P5+ from the organic ligands.  While further study, such as cross-

comparison to NMR and XPS on the same samples, is needed to fully integrate benchtop XES into 

this type of analytical approach, the present results strongly support such a campaign.  The same 

approach, if successful, would have even higher impact for analytical chemistry of sulfur-based 

materials due to the difficulties inherent in applying NMR methods to sulfur. 
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Figure 5.10: Linear combination fits of reference spectra to the P K spectra for three different 

samples of InP nanoparticles showing the relative proportions of oxidation states of phosphorous. 

The lower energy doublet corresponds to the reduced P3- state of P in InP, while the higher energy 

doublet represents a highly oxidized state, close in energy to P5+ of P in PO4
3-. All measurement 

times were less than 3600 s. 

Finally, the high efficiency and compact size of our DRR spectrometer suggests it can also 

be easily used at synchrotron and XFEL endstations.  At such high-brilliance facilities, there is a 
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wider potential for fundamental application through microprobe studies, time-resolved 

experiments, or resonant methods capable of more finely interrogating the local electronic 

structure. Here, we investigate the performance of the miniature DRR spectrometer at beamline 

10.3.2 at the Advanced Light Source (ALS). This comes with the added benefit of a microfocused, 

monochromatic source, for comparison to the unfocused lab source, and also to determine a well-

referenced metric for the instrument’s absolute efficiency normalized by unit incident flux, a 

metric that is difficult to characterize with the laboratory x-ray source.  Representative 

measurements taken at the ALS are included in Figures 5.6 and 5.8.  The integration time for the 

GaP spectrum was 7200 s, and for the ZnS was 9600 s.  The long measurement times in the 

synchrotron studies are due to the small flux, i.e., 3 x 109/s, of the bending-magnet beamline. For 

both P Kα and S Kα emission, the ALS measurements show slightly better resolution of the Kα1,2 

doublet, but otherwise agree well with the laboratory results. Comparison of the ZnS S Kα signal 

taken at ALS with results of Mori et al.18 as above, finds a modest improvement in energy 

resolution compared to the laboratory, from approximately 0.7 to 0.6 eV.  

Compared to the 1200/s for GaP measured in the laboratory, the relatively low flux of the 

microfocused, bending-magnet source gave a count rate of 7.2/s on the same GaP sample. 

However, the small-spot illumination of the bending-magnet source (~200µm) improved the 

spectrometer efficiency by a factor of ~3× because blurring of the point-response function on the 

sensor was greatly decreased.   Normalizing the count rate per unit incident flux (3×109/s at 3 keV), 

we calculate an efficiency of 2.4 counts/109 incident photons, which scales to very favorable 

measurement times at a 3rd-generation insertion device beamlines where the incident flux would 

be increased by a factor of ~103. We find good likelihood of long-term impact for this approach at 

major x-ray facilities, even in the present single-analyzer approach.  The extremely compact layout 
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of the optical elements also strongly suggests future multi-analyzer, multi-camera systems to 

further gain efficiency through multiplexing. 

Before concluding, with an eye to the future it is useful to address three issues. First, 

improvement of the energy resolution to a few tenths of an eV would greatly improve this 

instrument’s performance for resonant inelastic x-ray scattering at synchrotron light sources.  This 

is a challenging problem to diagnose at the present time due to the novelty of the tightly-curved 

optic used here.  It is tempting to hypothesize that strains from the bending and bonding process 

dominate. However, a detailed characterization of such effects, and especially how rapidly they 

decrease with somewhat larger radius of curvature, will require further study. Second, the question 

of background levels and detection thresholds is important for defining the scope of applications 

of any x-ray emission spectrometer.  This issue is particularly important for dispersive 

spectrometers as it is often difficult to shield their detectors from stray scatter.  A point that should 

therefore be re-emphasized here is that the x-ray camera is operated in a single-photon detection 

mode where it achieves a few hundred eV energy resolution for each detected x-ray photon.  The 

dominant background is consequently from stray scattering of the desired fluorescence itself and 

therefore scales with that intensity. Other backgrounds are very strongly rejected.  While we have 

not determined ultimate detection limits, we have recently completed a study of S chemistry in 

biochar samples having S concentrations as low as 150 ppm.65  Third, and finally, in this 

manuscript we have focused specifically on the narrow energy range from 2 – 2.5 keV where S 

and P have their diagram lines.  This energy range corresponds to a Bragg angle range of ~53 to 

~80 degrees from a Si 111 analyzer.  Other energies can be probed in this Bragg angle range when 

using harmonics of the Si 111 or by switching to a different analyzer crystal orientation.  The 

performance of the DRR approach at higher energies is, however, a topic for further work that will 
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involve a considerable interplay between the detector quantum efficiency, the more deleterious 

effects of bending strains at higher energies and higher-order Miller indices, possible benefits from 

changing to doubly-bent (e.g., toroidal) optics at larger radii, and also possible broadening of the 

analyzer response due to deeper penetration of radiation into the curved optic.   

5.5 CONCLUSIONS  

We report an efficient, inexpensive, high-resolution tender x-ray spectrometer having 

similar utility in the laboratory with a conventional, low-powered x-ray tube or at synchrotron or 

XFEL endstations.  This instrument is enabled by the recent commercial availability of small-

radius crystal analyzers, our development of a small-pixel energy-resolving x-ray camera, and our 

choice of a dispersive refocusing Rowland (DRR) geometry that removes much sensitivity to the 

beamspot size on the sample.   

Having particular relevance for future laboratory-based analytical applications of advanced 

XES, a pilot study was conducted in which the distribution of oxidation states of phosphorous was 

measured in samples of InP quantum dots having different preparation conditions and 

consequently different amounts of surface-mediated oxidation.  The results suggest high utility for 

this approach in an analytical chemistry perspective, a venue that will accrue significant benefits 

especially for sulfur-rich materials, due to the challenges involved in sulfur NMR. 

Finally, the small size of the present instrument also suggests a unique scientific advantage: 

it can be readily integrated into controlled-gas glove box systems to enable new directions in 

analytical chemistry for air-sensitive materials.  This would have wide-ranging use not only for S 

and P compounds, but also for Tc (whose Lα1,2 fluorescence lines are in the present energy range) 

and possibly for M-edge emission of several actinides when using different crystal materials and 

orientations in the x-ray analyzer, if performance in that higher energy range proves sufficient. 
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CHAPTER 6 A COLOR X-RAY CAMERA FOR 2 – 6 KEV 

USING A MASS PRODUCED BACK ILLUMINATED CMOS 

SENSOR 
 

Originally published as: Holden, W. M.; Hoidn, O. R.; Seidler, G. T.; DiChiara, A. D. A Color X-

Ray Camera for 2–6 KeV Using a Mass Produced Back Illuminated Complementary Metal Oxide 

Semiconductor Sensor. Review of Scientific Instruments 2018, 89 (9), 093111. 

https://doi.org/10.1063/1.5047934. 

My contributions to this work include leading the efforts for testing, data acquisition and analysis, 

as well as supporting efforts of the hardware implementation of the camera.  I also assisted Oliver 

R. Hoidn, who led the development of software.  Oliver R. Hoidn and I contributed equally to this 

work. 

 

There are several reports in the scientific literature of the use of mass-produced charge coupled 

device (CCD) or complementary metal oxide semiconductor (CMOS) sensors as x-ray detectors 

that combine high spatial resolution with significant energy resolution.  Exploiting a relatively 

new, especially favorable ambient-temperature back-illuminated CMOS sensor, we report the 

development of a spectroscopic x-ray camera having particularly impressive performance for 2 – 

6 keV photons. This instrument has several beneficial characteristics for advanced x-ray 

spectroscopy studies in the laboratory, at synchrotron light sources, at x-ray free electron lasers, 

or when using pulsed x-ray sources such as for laser plasma physics research.  These 

characteristics include fine position and energy resolution for individual photon events; high 

saturation rates; frame rates above 100 Hz; easy user maintenance for damaged sensors; and 

software for real-time processing.  We evaluate this camera as an alternative to traditional energy-

https://doi.org/10.1063/1.5047934
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dispersive solid-state detectors, such as silicon drift detectors, and also illustrate its use in a very 

high resolution wavelength-dispersive x-ray fluorescence spectrometer (i.e., x-ray emission 

spectrometer) that has recently been reported elsewhere [W. M. Holden et al., Rev. Sci. Instrum. 

88(7), 073904 (2017)].  

 

6.1 INTRODUCTION 

The capabilities of a variety of x-ray techniques at synchrotrons, x-ray free electron lasers 

(XFEL), laser plasma facilities, and university-scale laboratories are heavily dependent on the 

characteristics of the x-ray detectors with which they are implemented. One technological regime 

of interest is that of pixel area detectors combining spectroscopic and spatial resolution with 

features such as high readout rate, large collection solid angle, and hardness to ionizing radiation 

and electromagnetic pulses (EMPs). The advent of time-resolved spectroscopy at synchrotron and 

x-ray free electron laser (XFEL) facilities has greatly expanded the need for this class of 

detectors.1-16 Similar needs are also present in laser-plasma physics, where entire spectra for 

fluorescence, x-ray band thermal emission, or inelastic scattering must often be collected in few-

pulse or even truly single-pulse experiments.17-34 

While there is an impressive effort aimed at either improvement of existing state-of-the-art 

technology or de novo development of new ideas for truly advanced high-performance detectors,1-

16, 35, 36 there is another route that requires consideration.  Highly mass-produced, commercial 

multipixel sensors intended for primary use at optical wavelengths are, by the standards of x-ray 

science, already stunningly advanced sensors. For example, recent advances in the performance of 

mass-produced complementary metal-oxide-semiconductor (CMOS) image sensors, including 

readout rates above 200 Mpx/second and optical-wavelength quantum efficiencies exceeding 80%, 
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significantly increase their potential for scientific applications.  The direct application of such 

sensors to the x-ray regime is limited mainly by the fact that their small pixel thickness leads to 

greatly decreased quantum efficiency for hard x-rays.  That being said, the use of mass-produced 

CMOS image sensors in the x-ray regime has been explored in prior literature that has established 

them as viable spectroscopic imaging detectors having a favorable combination of low cost (a 

consequence of chip-level integration of all sensor functions), high framerates, and improved 

radiation hardness relative to comparable charge coupled devices (CCDs). 37-41  By 

‘spectroscopic’, we mean that the camera output contains sufficient information for determination 

of both the energy and position of a photoabsorbed x-ray. Such devices are often referred to as 

‘color x-ray cameras’.  CMOS image sensors can also be operated at room temperature while still 

having low noise, which is beneficial in multiple ways.  Without need for cooling, the cameras can 

be simpler and have a smaller footprint.  Not having cooling also removes the need for shielding 

over the sensor to protect from condensation, which improves efficiency at lower x-ray photon 

energies where window material would be more strongly absorbing. 

In a prior publication40 we presented an x-ray camera platform for the 2-6 keV photon 

energy range based on a legacy CMOS image sensor, the Aptina MT9M001. Here, we introduce 

a new camera that incorporates a modern back-illuminated CMOS sensor with significantly 

improved readout rates and finer spectral and spatial resolution. Specifically, we find an energy 

resolution of ~86 eV at 2 keV with saturation rates above 106/s at ~80 Hz frame rate.  These 

spectroscopic benefits are complemented by a spatial resolution of 2.9 m and real-time processing 

of all results, but are constrained by a ~50% quantum efficiency at 2 keV that decreases to below 

20% at 5 keV. 



157 

 

This manuscript continues as follows.  First, in section 6.2, we describe experimental 

details including the commercial hardware and its modification used in the present instruments, as 

well as the new software package that has been developed to support real-time spectral analysis 

and real-time energy-windowed imaging. A key point here is that it is not only the sensor, but also 

the entire camera read-out system that is commercially available because of the high demand for 

extreme low-light sensitivity imaging for, e.g., amateur astronomy.  Next, in section 6.3, we 

present results and discussion, demonstrating the cluster-binning methods and also both energy-

dispersive and photon-counting modes for the camera.  This includes representative data from a 

wavelength-dispersive spectrometer whose design has recently been described elsewhere42 and 

also data from single-shot x-ray fluorescence measurements at a synchrotron light source.  Finally, 

in section 6.4 we conclude and provide future directions. 

6.2 EXPERIMENTAL  

6.2.1 Hardware 

The hardware consists of a commercial amateur astronomy camera (ZWO Company) based 

on the Sony IMX291, a back-illuminated CMOS image sensor with a rolling shutter, pixel pitch 

of 2.9-µm, pixel grid of 1936×1096, and maximum framerate of 170 fps. The sensor features high 

sensitivity and dynamic range, with a 12-bit A/D converter and readout noise of 1e- at maximum 

analog gain. The choice of vendor and model was driven by the manufacturer’s provision of a 

software application programming interface (API) allowing straightforward configuration and 

access to the sensor’s uncompressed video stream; we note that other manufacturers offer products 

with similar feature sets. 

We have modified the camera in two ways.  First, the main camera board has been 

reworked by removing the IMX291 sensor and replacing it with a custom IC socket (Andon 
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Electronics).  This was done to more easily allow sensor replacement if radiation damage occurred.  

Second, the sensor itself has been modified by removal of the glass cover (Pacific X-Ray). A photo 

of the resulting camera is shown in Fig. 6.1.  The blue 3-D printed plastic part is a simple clamp 

used to press the sensor against the socket contact pads.  

 

Figure 6.1: Photograph of the modified camera.  The original commercial product has been 

reworked to install an IC socket for the sensor and to remove the glass cover of the sensor. For 

scale, the outer diameter of the cylindrical package is 62 mm. 

6.2.2 Software 

 After the necessary hardware modifications, additional software was developed to 

process the sensor’s output to optimize its performance with x-rays.  First, a software package 

written in C was developed to efficiently parse the acquired frames, and second, a real-time 

processing pipeline was implemented to communicate with the camera, process the data, and allow 

for real-time data analysis. 

When an x-ray photon is absorbed in the active layer of a sensor pixel, the charge separation 

results in a signal with expectation value proportional to the photon’s energy. In the simplest case, 

wherein the entire charge cloud from an x-ray absorption event is concentrated in a single pixel, 

the detecting pixel has intrinsic sensitivity to the energy of the incident x-ray photon.39, 40, 43 In the 
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majority of events, however, the charge cloud spreads over a cluster of several adjacent pixels.39, 

40, 43 To optimize the camera’s quantum efficiency (QE) and spectroscopic sensitivity, it is essential 

to use this prior information to recover the energy and position of each detected photon on an 

event-by-event basis. To do this we perform a “breadth-first” search44 of every frame to identify 

sets of connected pixels with analog-to-digital converter (ADC) values above a user-specified 

signal threshold. For each cluster thus identified, the signal is summed over all member pixels and 

the event’s position is inferred from the cluster’s center of mass. This technique is similar to event-

reconstruction algorithms used for the same purpose in prior literature, with the difference that we 

place no constraint on the size and shape of signal clusters.39 The sensor’s manufacturer-specified 

low noise floor (under 1 e- per pixel) allows the use of an aggressively low threshold level, resulting 

in a high level of signal.  

To implement the above analysis, we developed a real-time data processing pipeline.  It 

consists of a collection of several software components communicating with one another over 

ZeroMQ sockets. First, a customized version of the open source image capture program 

oaCapture controls the camera’s readout, allowing the user to configure the camera’s gain and 

per-frame exposure time. Event reconstruction, which requires the computational throughput of 

multiple CPU cores for intense signals, is done by a pool of worker processes collecting frames 

from the capture application in round-robin fashion. The resulting filtered frames from this parallel 

pipeline are aggregated on a sink node, which users can access with high-level functions for 

acquiring and visualizing the pre-processed camera data.  

6.2.3 X-ray Measurements 

X-ray measurements for direct characterization of the camera performance used a low-

powered Rh-anode x-ray tube (Moxtek MAGPRO 12W).  For quantum efficiency (QE) 
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determination at different energies, the x-ray tube illuminated appropriate reference targets that 

generated elemental fluorescence at desired energies.  The camera and a commercial SDD 

(Amptek X-123SDD) were alternately placed behind a pinhole that ensured equal illumination on 

each sensor. The ratio of detection rates, corrected for the SDD’s QE, then allows determination 

of the camera QE.  Saturation rate measurements involved direct illumination of the camera by the 

full broadband output of the x-ray tube, displaced several tens of cm away from the sensor to allow 

for a useful tube-current range before saturation.   

In addition to the above tests, the camera is also used as a position-sensitive detector in a 

miniature wavelength-dispersive spectrometer, as described in Holden, et al.42 This application 

makes heavy use of the camera’s energy-resolving capability.  By applying an energy window to 

the photon absorption events detected in each camera frame, stray scatter and fluorescence from 

the x-ray chamber are rejected and only the desired signal photons are summed into the final frame, 

allowing a low-noise spectrum to be obtained even for dilute samples with weak signal, such as in 

a recent study of S speciation in biochars by some of the present authors.45 

Finally, as a demonstration of the camera’s ability to perform single-shot spectroscopy, 

measurements were also taken at BioCARS beamline 14-ID-B at the Advanced Photon Source.  

The beamline was set to pink-beam mode, with the peak energy set to 13 keV, which provided 

pulses with energy 13 µJ.  The small size of the camera allowed installation close to the sample, 

even amongst the existing beamline equipment, at a distance of ~ 8 cm from the sample.  A 7.5-

m thick Fe foil was exposed to the unattenuated beam in single-shot mode, and x-ray fluorescence 

spectra of the Fe foil for individual synchrotron pulses were recorded by the camera.  The majority 

of exposures were captured in single frames, but due to the rolling-shutter operation of the camera, 

shots were occasionally measured over two subsequent frames. 
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6.3 RESULTS AND DISCUSSION 

In this section we address four aspects of the camera operation and performance: the cluster 

algorithm, energy dispersive operation, quantum efficiency, and finally single-photon counting 

mode for spectroscopically-constrained imaging.  First, a magnified view of a small region of a 

captured image is presented in Fig. 6.2, where single-photon signal clusters are readily identifiable. 

The distribution of cluster sizes is strongly skewed; the largest clusters contain more than 10 pixels, 

while the mean number is 2.1.  

 

Figure 6.2: Representative cropped region of a camera frame during direct illumination by a Rh 

anode x-ray tube source operating at 6 kV bias voltage.  The total illumination results in detection 

of 2 × 106 photons/s at an 80 Hz frame rate.  

Second, when operated as a spectroscopic sensor, the camera’s user-visible output is a 

histogram of number of events binned by per-event signal. This is demonstrated in Fig. 6.3a, which 

shows the direct-illumination spectrum of a laboratory x-ray tube source.  The ADC values have 

been converted to an energy scale using the identified spectral features. Note that the energy scale 

and the energy range detectable within the limit of the ADC depend on the user-selected gain 

value.  The read noise of the sensor is lower with higher gain, so in practice the gain is chosen to 

be as high as possible while avoiding signals in the region of interest saturating the sensor.  The 
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dominant components of the signal are the tube’s continuous bremsstrahlung spectrum and Rh L-

shell emission from the anode. Two detector artifacts are also visible. First, a peak at the energy 

of Si Kα is generated by Si fluorescence photons emitted in the sensor that propagate far enough 

from their originating interaction sites to be registered as separate events. Second, the escape of Si 

fluorescence from the absorption sites of Rh L-shell fluorescence photons creates so-called escape 

peak echoes of the Rh L peaks that are downshifted by 1.74 keV, the energy of Si Kα. We find 

that the camera’s energy resolution at the energy of P Kα is 86 eV (Fig. 6.3b), close to the limit 

imposed by statistical fluctuations in the charge generated by an absorbed x-ray (i.e. Fano noise) 

of ~68 eV (calculated according to Lumb46 assuming no readout noise). 

 

Figure 6.3: (a) Energy dispersive spectrum from direct illumination of the camera by a Rh anode 

x-ray tube source operating at 6 kV bias voltage. The ADC channel at the peak of the Rh L 
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emission contains 3.2 × 104 counts. (b) Energy dispersive spectrum of monochromatized P Kα 

photons, showing a resolution of 86 eV full-width at half-maximum. 

Third, the quantum efficiency (QE) of the detector is presented in Fig. 6.4.  We note a 

maximum QE of 51% at the energy of P Kα, a more than two-fold improvement over our previous 

camera and software.40 Under x-ray uniform illumination at 6 kV accelerating potential, the 

observed count rates have only minimal deviations from linearity at 2 × 106 photons per second 

for a 80 Hz frame rate (see Fig. 6.5) – an impressive performance that is higher than the typical 

saturation rate of commercial silicon drift detectors. The exposure sub-region shown in Fig. 6.2 

was captured at this count rate.  Note that the photon clusters are still largely disconnected, so that 

pile-up from cluster overlap is infrequent.  The lower count rates for the CMOS camera compared 

to the SDD are a consequence of the camera’s lower quantum efficiency at higher photon energies.  

The camera should retain the observed high saturation rate performance when illuminated with 

more monochromatic, lower-energy sources where its QE is higher. 

 

Figure 6.4: The camera’s quantum efficiency as a function of x-ray photon energy, established by 

comparison with a commercial Si drift detector. 
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Figure 6.5: Camera count rate as a function of incident photon intensity, controlled via current 

provided to an x-ray tube source directly illuminating the camera with a broadband spectrum (see 

Fig. 6.3a).  We compare to the same curves for a commercial SDD and digital pulse processing 

hardware having pulse shaping times optimized for count rate (short shaping time) or for energy 

resolution (long shaping time). The low efficiency of the camera is due to the large flux at higher 

photon energies where its QE is poor, see Figures 6.3a and 6.4.  Illumination at lower photon 

energies will retain the high saturation rates but give the improved QE of Fig. 6.4. 

The energy-dispersive mode of operation combined with the ability to measure high count 

rates with minimal saturation is appealing for single-shot studies at intense beamlines at 

synchrotrons and XFEL sources, where the extremely short pulse durations are a poor fit with 

SDD’s, i.e., single-pixel detectors that can only detect one photon per incident pulse lest they suffer 

from pile-up. A synchrotron single-shot spectra for a pulse energy of 13 µJ in pink-beam mode 

centered at 13 keV is shown in Fig. 6.6 for an Fe foil.  With this intensity, about 4,000 x-ray events 

were recorded in a single-shot frame, from which the Kα/Kβ ratio can be determined to an accuracy 

of ~10%.  Higher count rates at, e.g., the Linac Coherent Light Source and/or parallelizing 

detection with the use of multiple x-ray cameras should will allow much finer determination of 

branch ratios, or other quantitative aspects of x-ray fluorescence spectra in single-shot studies.  In 
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Fig 6.6. one other detector artifact can be seen: a weak low energy tail that results from events in 

which an incomplete fraction of the total charge created during x-ray absorption is recorded.  This 

effect has been previously reported,39 and although relatively weak, it could be accounted for 

through further characterization if required for, e.g., fine determination of Kα/Kβ ratios. 

 

Figure 6.6: Single shot energy-dispersive spectrum from an Fe foil at APS beamline 14-ID-B. 

Finally, the camera’s combination of high saturation count rates and small pixel dimension 

makes it a strong fit as a position-sensitive detector in dispersive x-ray emission spectrometer 

designs.  The camera’s spectroscopic sensitivity may be employed for background rejection (i.e., 

for rejection of photons with energies outside a pre-specified range), thus minimizing the need for 

shielding from stray scatter.  Holden et al.42 have demonstrated this advantage in a novel compact 

wavelength-dispersive spectrometer design that incorporates the camera as its position-sensitive 

detector. In Fig. 6.7, we show a representative accumulation of camera exposures and the resulting 

spectrum.  An energy region-of-interest (ROI) was set around the nominal S Kα photon energy, so 

that as each frame was captured, the detected x-ray events having energy outside of the ROI were 

filtered out and the resulting frames were added to the accumulation. The spectrometer’s small 

dimensions, which are enabled in part by the camera’s fine spatial resolution, give it a large 

collection efficiency which results in count rates in laboratory studies (using low-power x-ray tube 
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sources) comparable to those at a third-generation synchrotron insertion device beamline. The 

instrument has thus far been demonstrated in the university-scale laboratory and at the synchrotron.   

 

Figure 6.7: Image of the sensor’s output when serving as the position-sensitive area detector of a 

miniature wavelength-dispersive spectrometer (Holden, et al., 2017).42 The signal shown is a S Kα 

spectrum. In order to reduce the background level, the camera was configured to reject all events 

with photon energies outside of a spectral region of interest centered at S Kα. 
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Before concluding, it is interesting to consider future directions for this instrument 

development project.  First, while the present sensor manifests several benefits when compared to 

CCD detectors commonly used for spectroscopic imaging, the poor quantum efficiency at higher 

energies is a substantial drawback.  Specialized production of CMOS sensors with thicker pixel 

active regions could be created to improve the QE, if supported by the obvious cost-benefit 

analysis.  Second, the inherent modularity of the sensor strongly suggests future work to tile many 

such sensors to increase the net collection solid angle.  This could be particularly useful at high-

flux synchrotron beamlines at tender x-ray energies.  There, the fluorescence intensities quite 

typically saturate conventional SDD, with common mitigations being to simply back up the 

detector to decrease its solid angle and/or to multiplex across several such detectors.  Given that 

these detection schemes are already effectively low efficiency (low solid angle), a high-solid angle 

multi-CMOS array with inherently lower quantum efficiency holds high potential to be 

competitive. This would obviously be aided by back-illuminated CMOS sensors with larger 

number of pixels, such as are indeed presently reaching the market, or sensors with much larger 

pixels (to decrease cluster size, thus enhancing count rates prior to pile-up). Third, whether for 

lower energy operation, where we have not yet tested the sensor, or for more convenient use at 

laser plasma facilities or some 2-3 keV endstations at synchrotrons, it will be important to package 

this type of camera in a high-vacuum or even ultra-high-vacuum compatible small chamber with 

a silicon nitride window.  We have begun such an effort.   

6.4 CONCLUSIONS 

In conclusion, we have reported the development of a spectroscopic x-ray camera based on 

a mass-produced consumer product. The observed performance suggests a range of potential 

applications as a spectroscopic detector capable of operating at ~100 Hz with fine spatial resolution 
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and adequate quantum efficiency in the 2 - 6 keV photon energy range. Among these applications, 

we have demonstrated effective use of the camera as an energy-selective position-sensitive 

detector in a high-performance compact dispersive spectrometer.  We see significant potential for 

use of this detector in the lab, at synchrotrons, at XFELs, and at laser plasma facilities.   
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CHAPTER 7 SULFUR SPECIATION IN BIOCHARS BY VERY 

HIGH RESOLUTION BENCHTOP KΑ X-RAY EMISSION 

SPECTROSCOPY 
 

Originally published as: Holden, W. M.; Seidler, G. T.; Cheah, S. Sulfur Speciation in Biochars 

by Very High Resolution Benchtop Kα X-Ray Emission Spectroscopy. The Journal of Physical 

Chemistry A 2018, 122 (23), 5153–5161. https://doi.org/10.1021/acs.jpca.8b02816. 

This chapter represents a significant portion of this dissertation, and I led the effort for this work.  

 
Figure 7.0: Table of contents graphic. 

The analytical chemistry of sulfur-containing materials poses substantial technical challenges, 

especially due to the limitations of 33S NMR and the time-intensive preparations required for wet-

chemistry analyses.  A number of prior studies have found that synchrotron-based x-ray absorption 

near edge structure (XANES) measurements can give detailed speciation of sulfur chemistry in 

such cases.  However, due to the obvious access limitations, synchrotron XANES of sulfur cannot 

be part of routine analytical practice across the chemical sciences community.  Here, in a study 

of the sulfur chemistry in biochars, we compare and contrast the chemical inferences available 

from synchrotron XANES with that given by benchtop, extremely high resolution wavelength-

dispersive x-ray fluorescence (WD-XRF) spectroscopy, also often called x-ray emission 

spectroscopy (XES). While the XANES spectra have higher total information content, often giving 

differentiation between different moieties having the same oxidation state, the lower sensitivity of 

https://doi.org/10.1021/acs.jpca.8b02816
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the S Kα XES to coordination and local structure provides pragmatic benefit for the more limited 

goal of quantifying the S oxidation state distribution.  Within that constrained metric, we find good 

agreement between the two methods.  As the sulfur concentrations were as low as 150ppm, these 

measurements provide proof-of-principle for characterization of the sulfur chemistry of biochars 

and potential applications to other areas such as soils, batteries, catalysts, and fossil fuels and 

their combustion products. 

 

7.1 INTRODUCTION 

Recent interest in the use of lignocellulosic biomass as a source of renewable liquid fuels 

has spurred interest in studying one of the major byproducts, biochar, for its possible use in soil 

augmentation.1-3 In this context, the S content in biochars may be used to increase the sulfur 

bioavailability in soils.  However, a study of plant residues and corn stover biochar by Blum et al.4 

found that the speciation of sulfur added to soil, rather than simply the total sulfur concentration, 

played a major role in the final bioavailability of sulfur. For example, it was found that in early 

stages of incubation, more oxidized S species played an important role in sulfur mineralization.  

From an analytical perspective, the question of S speciation in biochars shares strong 

commonalities with ongoing efforts to improve knowledge of the chemistry of S in other 

carbonaceous solids, e.g., soil, oil shale,5 and coal, 6-7 which also have limited response to liquid-

extraction methods.  Nuclear magnetic resonance of sulfur is challenging mainly for two reasons: 

(1) the NMR-active nucleus, 33S, is a quadrupole (spin 3/2) with broad lines, and (2) the natural 

abundance of 33S is only 0.76 %, resulting in very low sensitivity of the S NMR method. Several 

traditional wet chemistry methods have been developed for analysis of sulfur in coal8-9 but are 

time-consuming and the organic sulfur content has to be calculated as the difference between the 

total and the sum of pyrite and sulfate. The American Society for Testing and Materials (ASTM) 
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wet chemical method for determination of sulfate and pyrite forms of sulfur in coal9 has been used 

to measure sulfur in biochar.10 However, this method also has low sensitivity, with differing 

applicable ranges for pyrite (>1,000 ppm) and sulfate (>200 ppm).9  Recently an electrothermal 

vaporization inductively coupled plasma optical emission spectrometry method was developed,11 

but it is not yet clear whether this method would work well for non-coal samples or samples with 

low total sulfur (< 600 ppm).  

Given the above challenges, some studies have instead looked to x-ray absorption near 

edge structure (XANES) methods available at synchrotron light sources when seeking to better 

understand S in a wide range of matrices.12-14  XANES at the K-edge (1s binding energy) of S 

gives a rich spectrum with features that can be used to fingerprint different oxidation states and S 

local moieties.15 In the context of biochar, work by Cheah, et al.,10 found XANES to be valuable 

for quantifying the relative abundance of sulfide, organosulfur, and sulfate in the same biochar 

samples that we study here. 

While synchrotron XANES provides the fine detail needed for a robust discrimination of 

S local chemistry, the limited access of synchrotron x-ray facilities poses some barrier to progress, 

in addition to excluding their possible use for ‘routine’ analytical testing of large numbers of 

samples needed in both academic research and industrial process control applications.  This raises 

the question of applying laboratory-based x-ray spectroscopy techniques having similar 

sensitivities but much higher access.  While several groups are pursuing different modernizations 

of lab-based XANES,16-22 the low photon energy of the S K-edge provides substantial challenges 

for efficient photon generation using conventional x-ray tubes.  This has been discussed in 

Taguchi, et al.,21 where the use of a multi-kW x-ray tube still resulted in a system that functioned 

only for transmission-mode studies, i.e., that required very concentrated samples.   
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Consequently, we move away from the question of absorption and instead discuss the 

merits of high-resolution studies of the resulting x-ray fluorescence; this method is far more 

amenable to benchtop development.  High resolution x-ray fluorescence analysis, which in typical 

implementations is referred to as ‘wavelength-dispersive x-ray fluorescence’ (WD-XRF) 

analysis,23 has a long history for use in fine determination of elemental composition.24-25  That 

being said, there have been several WD-XRF studies of S oxidation state, exactly due to the access 

limitations of synchrotron XANES.  For example there are reports of nonzero, but limited, 

sensitivity to S speciation using commercial WD-XRF instrumentation having ~4-eV or poorer 

energy resolution,26-28 i.e., broader than the intrinsic broadening in S Kα spectra combined with 

the full energy shift upon going from oxidation state of 2- to 6+.   

Such commercial systems have high access but would greatly benefit from improved 

energy resolution.  In the synchrotron community, the term ‘x-ray emission spectroscopy’ (XES) 

is used when the energy resolution of WD-XRF becomes comparable to the intrinsic broadening 

from quantum-mechanical lifetime effects.29-31  There is steadily increasing use of XES at 

synchrotron beamlines,32-35 especially for applications in organometallic chemistry and 

catalysis.36-39 However, the important issue here is benchtop, high-access use.   

In this sense, four studies should be discussed.  First, Li et al.,40 achieved higher resolution 

S Kα XRF, very reasonably called XES, in the laboratory using a classic, commercial double flat-

crystal spectrometer.  Those authors were able to distinguish mixtures of reference compounds 

using a Kalman filtering algorithm, though this approach does not appear to have seen further 

development, possibly in part due to the inefficiency of the spectrometer optical design which 

required a very high powered x-ray source to obtain useful count rates on concentrated samples. 

Second, Petric and Kavčič41 made use of a spectrometer based on a cylindrically-curved analyzer 
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to obtain sub-eV energy resolution with much improved efficiency for S Kα.  This instrument was 

used both at a synchrotron light source and also with a focused incident proton beam and showed 

significant advantaged from the higher energy resolution, with a clear improvement in the 

information content of the spectra vis a vis the ability to fit the Kα1 and Kα2 contributions.  An 

initial discussion of the benefits of such higher energy resolution for possible analytical 

applications is given in two prior studies.41-42  Third, another proton-induced x-ray emission 

spectrometer, based on the von-Hamos geometry, was used by Tada et al.43 to measure speciation 

of sulfur in activated carbon.  Lastly, and of most relevance for the present study, Holden, et al.44 

presented the most promising benchtop approach to date for S Kα XES.  The tiny spectrometer 

described in that work uses a low-powered conventional x-ray tube and a cylindrically-curved 

analyzer in a novel wavelength-dispersive optical configuration to obtain sub-eV energy resolution 

with nearly synchrotron-level count rates.   

Here, we use exactly this new benchtop S Kα XES capability of Holden, et al.44 to 

investigate the speciation of S in biochar samples that have previously been studied with S K-edge 

XANES.10  Our study validates the accuracy and effectiveness of the new benchtop 

instrumentation and methods for characterization of S speciation.  Several other outcomes are also 

discussed in detail, including a pragmatic perspective of the relative merits and potential 

systematic errors in XES and XANES linear-decomposition analysis, and a view to the future 

where the considerable limitations of 33S NMR and alternative chemical extraction methods may 

be ameliorated with S XES for a wide range of sulfur-containing materials.   

7.2 METHODS 

The samples studied here are a subset of four samples from the S K-edge XANES study of 

Cheah, et al.10, selected to encompass a wide range of relevant S chemistry in biochar.  These 
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samples were chosen to span a large range in sulfur oxidation state and to push the limits of 

sensitivity of the benchtop instrument.  The oak and corn stover derived biochars were produced 

at 500 and/or 600 °C under pyrolysis conditions, i.e., in nitrogen, in a 20.3-cm diameter pilot-scale 

entrained flow reactor at the National Renewable Energy Laboratory. These samples are labelled 

according to the biomass they originate from and the temperature in which they were produced, 

e.g. CS500 is corn stover derived biochar from pyrolysis at 500 °C. Additionally, a separate oak 

derived biochar was also produced at 850 °C using a two-stage pyrolysis-gasification process. 

Details of the biochar preparation process can be found in Cheah et al.10 

For measurements in the laboratory XES spectrometer, biochar powder was mixed with 

hexagonal boron nitride (BN, which serves as a binder), in a 3:1 ratio, i.e., approximately 120 mg 

biochar : 40 mg BN.  The mixture was lightly ground with a mortar and pestle, and then pressed 

into a 13-mm diameter pellet using a hydraulic press. The concentration of S in the biochar samples 

prior to dilution with the BN binder varied from 150-800 ppm.   

S Kα XES measurements were performed using a recently reported laboratory S XES 

spectrometer. This extremely compact, benchtop instrument uses a ‘dispersive refocusing 

Rowland’ (DRR) geometry to remove sensitivity to the x-ray spot size on the sample.44  All XES 

spectra were measured using an unfocused, commercial x-ray tube (model VF-50 with Pd anode, 

from Varex, Inc.) operating at 2 mA electron beam current and 25 kV accelerating potential, i.e., 

only 50 W total electron beam power. For S Kα, we use a cylindrical Si (111) analyzer at an 

average Bragg angle of 58.9°.  The analyzed x-rays were measured using an energy-resolving x-

ray camera, as described in Hoidn, et al.45-46 Prior work with this spectrometer configuration 

demonstrates energy resolution of approximately 0.7eV.44 All samples were measured in ~100 
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mTorr vacuum.  The energy of the spectrometer was calibrated with reference to a sample of 

crystalline ZnS (MTI Corporation), which has an S Kα1 emission at 2307.69 eV.42  

The use of defocused incident radiation helps to reduce the potential for radiation damage.  

That being said, it is still important to compare the time-sequence of collected spectra during 

integration to look for evidence of systematic sample degradation.  Only the Oak850 sample shows 

even weak evidence for radiation damage.  In particular, there was a mild monotonic trend from 

3% oxidized S in spectra collected near the beginning of integration to 8% oxidized sulfur in 

spectra collected near the end of integration.  This is slightly outside of expected statistical errors, 

and has only a weak potential effect on our results, as discussed in Section 7.3, below.  

While the shape of the S Kα doublet has been shown to have only modest dependence on 

oxidation state (discussed below), the dominant effect is instead that the doublet itself experiences 

an overall energy shift towards higher energy for increasingly positive oxidation state.42  This fact 

permits the calculation of S speciation based on simple linear superposition fits using the 

combination of multiple Kα doublet line-shapes together with a linear background to allow for 

instrumental stray signal.  This technique has been validated for mixtures of reference compounds 

by several studies,41-42, 47 and has also been used for measurements of S in aerosols47 and in 

biological tissues.48 

The non-linear least-squares fitting Python package LMFIT49 was used.  Several variations 

in the fitting procedure were tested to investigate possible systematic errors of the technique.  In 

the first method, the Kα doublet shape was modelled using two Voigt profiles, which were fixed 

based on the spectrum of the measured ZnS reference, i.e. fixed Kα1,2 ratio, peak widths, and 

splitting.  The energy position and relative amplitude of the two superposed fixed doublet line-

shapes were allowed to vary, and the best fit was optimized by the least-squares algorithm of the 
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LMFIT package.  In the second method, the biochar spectra were fit to a linear combination of two 

interpolation functions of the measured ZnS lineshape, which captures slight deviations of the 

lineshape from Voigt fits due to the instrumental response function. 

Lastly, as shown in Mori et al.,42 there is a ~30% variation in the Kα1/Kα2 integral intensity 

ratios for sulfur in different oxidation states.  To investigate the dependence of the fitting procedure 

on these ratios, the Voigt profile width parameters were kept fixed, while the peak ratios were 

varied among all combinations in the range 1.7-2.3.  In all cases, the speciation is then calculated 

based on the relative integrated intensities of the doublet line-shapes of each sulfur species.  The 

uncertainty introduced by varying the peak ratios varies from ±1% in Oak850 to about ±4% in 

CS500.  It is emphasized that this uncertainty is a systematic error and could be improved by 

further study of sulfur peak shapes in organic compounds similar to biochar.  The statistical error 

of the technique is smaller, on the order of 1%, based on the estimation of the standard error from 

the estimated covariance matrix.  We note that deep shell XES, such as studied here, does not 

suffer from self-absorption effects because the fluorescence photon energy is below the relevant 

binding energy.  

We also report a reanalysis of the S K-edge XANES measurements from Cheah, et al.10  

The XANES fitting was performed using SIXPACK,50 which builds on the iFEFFIT engine.51 The 

measured spectra are fit to a linear combination of reference compounds: gypsum (CaSO4 • 2H2O) 

representing sulfate, dibenzothiophene representing organic sulfur, and pyrite (FeS2) representing 

sulfidic sulfur.  Compared to analysis in the earlier report, we make one change in the fit procedure.  

In the earlier publication, linear combination fitting of S XANES was conducted using the option 

of restricting the sum of all components to unity. However, we find that omitting this constraint 

better adapts to the realistic errors and differences between the normalization of the reference 
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standards and samples. Normalization of S XANES spectra can be challenging due to the self-

absorption problem, particularly for standard compounds that are in pure, bulk forms. In addition, 

two of the reference spectra used came from the public ID-21 database,52 where slightly different 

sample preparation or normalization criteria could have been used relative to those for our samples. 

Since we do not restrict the sum of all components to unity during the current least-squares fitting, 

the contribution of each component is calculated manually by dividing the fraction of each 

component by the actual sum of all components. With this method, the goodness of fit parameters 

(R and reduced χ2) are smaller and visual comparison of the fit to the data show better agreement 

than when the sum of all components is restricted to unity. Numerically, all new results differ from 

those reported earlier by less than 16 % (most are within 10%).  

7.3 RESULTS AND DISCUSSION 

We proceed in three steps in this section.  First, we present and discuss the S Kα XES 

results.  Second, we present and discuss the S K-edge XANES results and their re-analysis after 

Cheah, et al.10 Finally we compare and contrast the XES and XANES results, both from the 

standpoint of their agreement in the present study and also about how this informs possible future 

developments. 

The S Kα XES spectra of the four biochar samples and the ZnS reference are shown in Fig. 

7.1.  The integration time for the two extremes of S concentration were 50 minutes for the CS500 

sample (800 ppm S) and 6 hours for the Oak600 sample (150 ppm S).  Such measurement times 

are of course fairly common across other benchtop analytical methods, broadly defined.  For 

comparison, after necessary delays for general user application and scheduling, the synchrotron 

XANES data collection was 24 minutes for the 800 ppm CS500 sample and 144 minutes for the 

150 ppm Oak600 sample.  As seen in Figure 7.1, a pure component such as ZnS has a doublet in 
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its emission spectrum with two components resulting from transitions from the spin-orbit split 

2p1/2 and 2p3/2 states to the unoccupied 1s hole.  These two overlapping fluorescence lines are 

referred to as Kα1 (~2307.7 eV) and Kα2 (~2306.5 eV) respectively. The measured spectra for 

biochar in Fig. 7.1 clearly show an admixture of Kα1,2 doublets with different central energies, 

indicating some range of oxidation states for S in the biochar samples. 

 
Figure 7.1: S Kα XES spectrum obtained from four different biochar samples processed under 

different conditions. The decrease of the shoulder near 2309.15 eV with increasing temperature 

shows a decrease in the amount of oxidized sulfur species.  

Following the first technique described in detail in the Methods section, i.e., a fixed 

Kα1/Kα2 ratio and linewidths set by the ZnS reference material, fits to a reduced and an oxidized 

component are shown in Fig. 7.2.  The XES spectra are fit well using two such Kα doublet 

components representing two oxidation states, one with Kα1 near 2309.15 eV representing sulfate 

and another with Kα1 near 2307.97 which is lower in oxidation state.  The oxidation state 

distributions determined from these fits are presented in the ‘Laboratory XES’ column of Table 1.   
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Figure 7.2: Linear combination fits to S Kα XES spectra used to determine speciation for the 

biochar samples. The lower energy doublet represents sulfur in an organic + sulfidic oxidation 

state, while the higher energy doublet represents sulfate. 
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Table 7.1: Comparison of sulfur speciation determined by laboratory S Kα XES, S K-edge 

XANES performed at a synchrotron facility, and sulfate determination from ASTM method 

D2492-02.  For XANES of sample CS500, to address the inhomogeneity of the biochar, four 

samples were measured from different portions taken from the sample batch, and the results are 

reported as ranges. For the Laboratory XES, the reduced-chi-squared metric is reported to indicate 

the goodness-of-fit of the linear combination fitting results.  For the Synchrotron XANES, the 

commonly used goodness-of-fit “R-Factor,” defined as R = Sum( |data - fit|2 ) /  Sum( |data|2 ) is 

reported.  Errors for both XES and XANES are discussed in detail in the text. 

Method Laboratory XES Synchrotron XANES  D2492-02 

Sample Sulfate 
Organic  

+ Sulfide 
Reduced-χ2 Sulfate Organosulfur Sulfide R-Factor Sulfate 

CS 500°C 76 24 1.16 55-77 23-34 0-11 0.0038 63 

Oak 500°C 32 68 1.25 40 52 8 0.0084  

Oak 600°C 24 76 1.50 20 52 28 0.018  

Oak 850°C 5 95 1.20 1 87 12 0.031  

The lower oxidation state component of the fitting procedure may contain separate organic 

and sulfidic contributions.  Further work is needed to determine if the distinction between organic 

and sulfidic species can be made via S Kα spectroscopy by itself or whether this requires 

augmentation by the more chemically-sensitive Kβ spectrum.  Laboratory measurements of S Kβ 

fluorescence as a means to determine speciation of S in coal were made by Martins and Urch,53 

and have also been considered more broadly by Perino et al.,54 though the ~25× weaker Kβ signal 

would be difficult with the present apparatus for samples with much lower S concentration than 

coal, such as the biochars studied here. That being said, in the present study we focus on the much 

stronger Kα signal, with the idea of providing proof-of-principle for a wide range of applications 

including those where only the distinction between highly oxidized and non-oxidized sulfur 

species is needed and not finer distinction such as between organosulfur and sulfides. 

To investigate possible uncertainties of the fitting procedure, other constrained fit 

combinations were explored as described in the Methods.  If the fitting to reduced and oxidized 

model spectra is done using the second technique in the Methods, i.e., using two shifted 
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interpolation functions of the ZnS lineshape as opposed to Voigt profiles based on the ZnS 

lineshape, the speciation of all samples is shifted by 1% in the oxidized direction.  To account for 

possible systematic error resulting from changes in peak shape with oxidation, peak ratios of the 

synthetic Kα1,2 doublet were varied over the range of 1.7-2.3 seen in Mori, et al.42, which resulted 

in shifts in speciation of up to ±4%.  As a conservative estimate, allowing that the errors may be 

correlated, the combined statistical and systematic errors therefore result in a ~5% error for the 

determination of oxidation state by S Kα XES. 

To summarize the XES results (taken in isolation from the other conclusions in Table 1), 

we find that the S Kα XES provides excellent sensitivity to S speciation fractions in the biochars, 

even for concentrations as low as 150 ppm.  The resulting spectra are easily analyzed as a linear 

combination of shifted lineshapes, with ~5% resulting combined uncertainty in the speciation from 

statistical and systematic effects.  Sample preparation is simple, and there are no ‘self-absorption’ 

effects in XES – the raw spectra suffices for analysis with no further processing except for 

subtraction of a linear background. 

We now move on to the analysis of the XANES results from Cheah, et al.  Those XANES 

spectra and associated fits are shown in Fig. 7.3.  In comparison to the Kα XES spectra, the 

XANES spectra have a more complicated structure, containing far more information about the 

coordination chemistry and other local atomic structure near the S atoms.  Consequently, in many 

cases XANES is used for fingerprinting purposes, i.e., to determine the relative composition of 

different coordinations, oxidation states, and other aspects of the local environment. As described 

in the Methods section, gypsum, pyrite, and dibenzothiophene were used to determine the 

contributions from sulfate, sulfide, and organosulfur. The results of the fits of the XANES structure 

to these reference standards, summarized as sulfide, organosulfur, and sulfate, are presented in the 
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‘Synchrotron XANES’ columns in Table 1.  For the CS500 sample, the XANES results are 

reported as the ranges of values measured on four different sub-portions of the CS500 batch from 

the reactor, showing fluctuations due to inhomogeneity of the produced biochar.  The XES result 

reported for CS500 was measured on one of those sub-portions.  For the Oak samples, the same 

portions were measured for both the laboratory XES and synchrotron XANES results. 
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Figure 7.3: S K-edge XANES spectra from Cheah et al.,10 showing the linear combination fitting 

to reference standards representing sulfidic (pyrite), organic (dibenzothiophene), and sulfate 

(gypsum) sulfur.  For the CS 500°C sample, one of the four measured sub-portions is shown, 

having 3% sulfidic, 30% organic, and 67% sulfate components. 
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Before further discussion however, some discussion of the methods and results for the 

differentiation of the sulfide from the organosulfur is appropriate.  Five different types of 

organosulfur standards were tested in initial fitting. Ultimately dibenzothiophene, consisting of a 

single sulfur atom in a polycyclic structure, was found to represent the structure of organosulfur 

in biochar much better than S in a small molecule such as cysteine. However, there is some 

interesting information and differentiation among the different samples.  

The oak and corn stover samples pyrolized at 500 °C show generally good fits to the three 

reference standards with dominant contributions easily attributable to sulfate (gypsum) and a more 

reduced fraction (dibenzothiophene).  The Oak 600 °C sample sees significant disagreement 

between the observed first, large shoulder at the edge and fit contribution from pyrite; this peak 

can be better fitted with the introduction of an organosulfide, dibenzyldisulfide (shown in Fig. S1 

in the SI of Cheah et al.10). Chemically, the appearance of the dibenzyldisulfide at 600 °C is 

consistent with a potential mechanism where the inorganic sulfide is converted to organosulfide. 

However, quantitatively, the introduction of the dibenzyldisulfide only changed the inferred 

fraction of sulfate by 3% (sulfate content 23%, inorganic sulfide 1%, total organosulfur 76%).  

The Oak 850 °C sample shows edge energy that is slightly higher than that of 

dibenzothiophene, and closer to that of thianthrene (2474.38 eV, see SI section of Cheah et al.10), 

which has two sulfurs per molecule and is thus a more sulfur-enriched heterocyclic chemical 

compound than dibenzothiophene. However, including thianthrene in the fit only change the 

inferred organosulfur fraction by 4%.  The appearance of a more thianthrene-like structure is 

consistent with the hypothesis of the biochar reacting with gas phase sulfur species resulting in 

local enrichment of the sulfur. The qualitative information from XANES illustrates the power and 

information content of XANES to differentiate chemical moieties even within a single oxidation 
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state. With more samples, e.g., biochar produced from different temperatures and residence times, 

the changes can be tracked and used for determination of the chemical reaction mechanism. 

However, for the more limited present purpose of determining how the different fractions of sulfur 

change with temperature of biochar preparation, and especially in the context of comparison to 

XES, it is simpler to be consistent in the fitting and thus only dibenzothiophene was used to fit the 

organic fraction in all four of the biochar samples. 

In summary, for the Oak 850 C biochar, there is reasonable good fit of the XANES from 

2466 to 2475 eV.  However, whether with the inclusion of dibenzothiophene or thianthrene, there 

is poor agreement between experimental data and the post-edge features from approximately 2475 

to 2482 eV.  There are two likely explanations for the poor fit in this energy range.  One is that 

this post-edge region in XANES is typically associated with multiple scattering effects due to the 

substantial range of the lower-energy photoelectron in this near-edge regime.15, 55  Even if the 

molecular species is perfectly identified, the XANES spectrum for the pure, crystalline reference 

material does not represent the intermediate range structure of isolated molecules adsorbed under 

multiple coordinations on a post-pyrolysis carbonaceous soot. Such carbonaceous soot tends to 

grow as temperature of pyrolysis and gasification increases. It is therefore not surprising that the 

fit in the multiple scattering area is particularly poor for the 850 °C biochar.  A second potential 

explanation is that there is additional organosulfone species which typically have white lines at 

approximately 2480 eV, higher than the white line of other organosulfurs, which are generally in 

the vicinity of 2473 eV. The original study of Cheah, et al., did measure a single sulfone reference 

compound, dibenzothiophene sulfone, which did not improve the fit though there are many more 

potential sulfone structures that may be relevant but were not measured. 
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It is also worth asking about the overall reliability of linear combination fitting (LCF) for 

XANES data, given a broader range of common systematic errors, such as from self-absorption 

effects.  This has been studied by Prietzel, et al, for the problem of S K-edge XANES.14  They 

found, for mixtures of reference compounds, that the fraction of different S species as calculated 

by LCF differed on average by ±5-10% from the real percentage of the mixtures, when fit using 

suitably diluted reference compounds to avoid self-absorption errors. 

To summarize the above discussion of the detailed of XANES fitting to a superposition of 

reference standards: as with many other cases where XANES decomposition is regularly used, the 

overall char structure is poorly defined and this complicates the comparison to reference standards 

and the assessment of possible errors.  This is due to the significant photoelectron range and high 

multiple scattering effects for photoelectrons in the near-edge region, where extrinsic losses from, 

e.g., plasmon creation, are not relevant.  Such comparisons can be further complicated by self-

absorption effects and other errors that can skew the relative amplitudes of pre-edge features 

relative to atomic backgrounds. We emphasize these issues not because they are new observations, 

but instead by means of contrast with XES.   

Moving again to Table 1, the comparison across different methods can now be discussed.  

To begin, the CS500 sample is also the only sample that has high enough sulfur concentration for 

sulfate measurement using ASTM D2492-02, which yields a sulfate concentration of 63% for this 

sample.  The XANES results reported for the CS500 sample represent the range of results 

measured on four different sub-portions, showing variability in the homogeneity of the biochar 

(55-77% sulfate).  The XES and the XANES result agree with the ASTM result within this 

variability, which dominates the small expected error of the ASTM result.  For the other samples 

with lower concentrations, the speciation fractions inferred from XES and synchrotron XANES 
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compare well, with deviations between the two methods on the scale of the expected mutual error 

budget.  As mentioned in the methods section, there was weak evidence for beam damage in the 

Oak850 sample.  That may account for some of the modest over-estimate by XES of the oxidized 

fraction, but the difference is still essentially within statistical error.  

Hence, the central result of this paper is that our work strongly supports a future analytical 

role for benchtop S Kα XES for determination of oxidation state distributions.  With that 

established, it is interesting to consider three observations that could guide future work.  First, as 

we have motivated above, there is an interesting, broad complementarity between S K-edge 

XANES and S Kα XES.  Whereas XANES has very high information content allowing for 

chemical analysis well beyond oxidation state distributions, its great sensitivity to the exact S 

moiety, including possible defective structures, places high priority on the correct selection of 

reference standards in terms of both their chemistry and their short-range and intermediate-range 

order.  On the other hand, nonresonant S Kα XES is a purely deep core process due to the absence 

of interference effects involving the primary photoelectron.  By having such a strongly intra-

atomic character, Kα XES is sensitive to changes of 1s screening by valence electrons (i.e., 

changing oxidation state) but has only much weaker signatures of differing covalency or other 

inter-atomic effects.  This simplifies the problem of oxidation-state analysis, but comes at the cost 

of less total information content and final scientific scope of application.   

Second, this raises the questions of whether one might bridge the gap between the 

capabilities and access modes of sulfur K-edge XANES and XES.  Considerable recent effort has 

gone into the measurement and interpretation of so-called valence-to-core (VTC) XES.31, 56-58 The 

VTC XES occurs when bonding electrons undergo a radiative transition to fill the deep, 

photoexcited core hole.  This gives a natural complement to XANES, wherein the VTC XES 
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reflects the occupied local density of states near the Fermi level while XANES of course 

interrogates only the unoccupied states.  For sulfur, the VTC is folded within the Kβ spectrum 

because S 3p electrons are valence-level and directly involved in chemical bonding. As mentioned 

earlier, several studies of more sulfur-rich materials have found that the Kβ region is directly useful 

for more detailed speciation beyond oxidation state.53-54, 59-61  While the very low concentration of 

the present samples prohibited S Kβ XES with our low powered (50 W) x-ray source, this could 

be accessed in the future with upgrades to the benchtop spectrometer design (higher power tube, 

larger solid-angle optics, etc.) that would also accelerate the Kα measurements on dilute materials.  

With the current configuration, the instrument has similar efficiency and resolution at S Kα and 

Kβ.  Since the Kβ fluorescence is approximately 20× weaker than the Kα, we estimate a lower 

concentration limit around 3000ppm S to measure useful Kβ spectra in samples similar to the 

biochars measured here. 

Third, there is the question of the broader analytical application of S Kα XES to other 

systems.  Some aspects of this have been discussed in Mori et al.42 and Petric and Kavčič41, but it 

merits a more complete consideration here where a new analytical application has in fact been 

demonstrated.  The limitations of 33S NMR, chemical extraction methods, and the high surface 

sensitivity and vacuum requirements of x-ray photoelectron spectroscopy each complicate the 

routine analysis of sulfur in many materials.  This includes the characterization of sulfur speciation 

in soils and soil augmenters, air-borne particulate matter, vulcanized rubber materials, and fossil 

fuel solids and their combustion products. The technical range of this approach would also clearly 

be expanded by the integration of such spectrometers with controlled-atmosphere glove boxes so 

as to enable the easy characterization of air-sensitive chemical systems, such as for Li-S battery 

research or catalyst development.  In addition, if care was taken to develop sample cells having 
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only thin, weakly-absorbing mylar or polyimide windows, then liquid samples become viable, 

allowing measurements of sulfur compounds in aquatic systems,62 contaminated water, sewage 

sludge,63 and fossil fuel liquids.  

7.4 CONCLUSIONS 

Measurements of S Kα x-ray emission spectra from low-concentration biochar samples 

have been performed using a laboratory-based x-ray emission spectrometer having better than 1-

eV resolution. Oxidation state distributions for S are determined by linear-combination fitting to 

two shifted Kα1,2 doublet shapes, and the results agree within errors with those determined by a 

synchrotron XANES study at the S K-edge. Both XES and XANES show that as the temperature 

of biomass pyrolysis and/or gasification increases, the biochar produced from oak contains 

increasing amount of organosulfur at the expense of inorganic sulfur. Although the XES spectra 

contains less information than XANES, the relative simplicity of changes in the XES spectra with 

changing oxidation state suggests that desktop XES could be an efficient, robust, and economical 

technique for limited questions of oxidation state distribution.   

The ability to perform these measurements in a laboratory instrument, in contrast to a 

synchrotron facility, demonstrates a new direction for analytical chemistry of sulfur-containing 

materials, where many inquiries are presently constrained by the limitations of 33S NMR and of 

chemical extraction methods.  The benchtop XES measurement requires only small amounts of 

sample and involves minimal sample preparation.  Consequently, this method is readily applicable 

to many industrial, environmental and organic samples. We believe that benchtop S Kα XES 

therefore holds high potential for a wide range of future efforts. 
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CHAPTER 8 ROLE OF PHOSPHORUS OXIDATION IN 

CONTROLLING THE LUMINESCENT PROPERTIES OF 

INDIUM PHOSPHIDE QUANTUM DOTS 
 

Originally published as: Cossairt, B. M.; Stein, J. L.; Holden, W. M.; Seidler, G. T. 4-1: Invited 

Paper: Role of Phosphorus Oxidation in Controlling the Luminescent Properties of Indium 

Phosphide Quantum Dots. SID Symposium Digest of Technical Papers 2018, 49 (1), 21–24. 

https://doi.org/10.1002/sdtp.12481. 

My contributions to this work include performing the XES measurements and data analysis, and 

assisting with the interpretation and discussion of those results.  

 

Indium phosphide (InP) is the leading Cd-free quantum dot material for application in 

photoluminescence downconversion display and lighting technologies. To date the performance 

of InP quantum dots (QDs) has lagged behind cadmium selenide in terms of both luminescence 

line width and quantum yield. Extensive studies in our lab have implicated kinetically persistent 

magic-sized cluster intermediates as a leading contributor to polydispersity in these samples, 

providing new opportunities for achieving high color purity. Now, using a combination of solid-

state NMR spectroscopy and recently developed benchtop X-ray emission spectroscopy, we have 

studied the evolution of oxidized phosphorus species during both synthesis and shell growth. 

 

8.1 INTRODUCTION 

InP quantum dots are leading emissive materials for luminescence downconversion 

applications, such as LED-backlit displays.1–3 Display manufacturers including Samsung, Sony, 

LG, and Apple have devoted significant resources to investigating methods to narrow the size 

https://doi.org/10.1002/sdtp.12481
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distributions of InP QD samples and increase the photoluminescence quantum yields up to 100%. 

Despite these efforts, state of the art syntheses produce QD ensembles that are characterized by 

luminescence linewidths in the green and red that range between 40-80 nm and quantum yields 

that max out at 85% in the most sophisticated shelled samples.4–7 We hypothesize that surface 

phosphorus oxidation plays a leading role in limiting our ability to access higher quality samples.  

Even under synthetic conditions in which extreme care is taken to exclude oxygen and 

water, surface phosphorous oxidation often arises as the result of undesired side-reactions that 

occur during the nucleation, growth and shelling of InP QDs.8,9 Although there has been debate 

concerning the potential benefits of an amorphous oxidized interface between an InP core and its 

shell material with respect to reducing lattice strain between materials,10,11 the detrimental impact 

water has on particle nucleation and growth has directed efforts towards removing any source of 

surface oxidation.9,12,13 Additionally, oxidized phosphorus that is present at the core-shell interface 

may serve as an electronic trap site or prevent conformal deposition of shell material, both of which 

have the effect of reducing quantum yield. In this study, we aim to probe the degree of phosphorus 

oxidation that arises across a series of common, but chemically distinct synthetic methods.  

X-ray photoelectron (XPS) and solid-state NMR (SS-NMR) spectroscopy have been the 

traditional options to measure the degree of oxidized phosphorus present in quantum dots.8,14 

These measurements can be challenging due to the low sensitivity of SS-NMR, requiring large 

amounts of sample and long acquisition times, or the surface-sensitive nature of XPS. X-ray 

emission spectroscopy (XES) is an appealing alternative method for characterizing the oxidation 

of phosphorus in a bulk sample because it does not face these obstacles. Recent progress in 

benchtop XES spectrometry at the University of Washington holds the potential to develop XES 

of sulfur and phosphorus into an accessible and powerful technique for probing oxidation state and 
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bonding electronic structure for those elements, achieving synchrotron-level energy resolution and 

count rates with a spectrometer illuminated by only a conventional x-ray tube.15 The use of XES 

as an analytical tool to  probe electronic structure has previously been limited in the field of 

nanoscience.16,17 

8.2 RESULTS AND DISCUSSION 

With this tool in hand, we used SS-NMR and XES to examine a series of InP QDs prepared 

under air-free conditions with fatty acids, metal carboxylates and silylphosphines – including as-

synthesized cores, cores passivated by Zn2+ and InP/ZnS core-shell particles.18,19 Our results, 

shown in Table 8.1, strongly support the equivalence of oxidation state measurements by 31P SS-

NMR and P K XES. A representative XES spectrum for InP QDs is shown in Figure 8.1.15 

 

Table 8.1. Comparison of SS-NMR and P Kα XES for determination of phosphorus oxidation state 

in InP QDs. 

Sample 
SS-NMR  

(% red) 

SS-NMR  

(% ox) 

P Kα XES  

(% red) 

P Kα XES  

(% ox) 

InP 93 7 89 11 

InP/Zn 87 13 83 17 

InP/ZnS 54 46 51 49 
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Figure 8.1: The phosphorus Kα emission from InP produced using InP magic-sized clusters as 

single-source precursors (M-InP). Measurement time was 50 minutes.  The simple linear 

superposition fit gives 84% reduced fraction. 

As can be seen from this data, the proportion of oxidized P in as-synthesized InP and 

InP/Zn QDs is non-negligible. It is widely accepted that during the synthesis of InP QDs in which 

silylphosphines are injected into a hot solution of indium carboxylates, an excess of acid present 

will lead to decarboxylative coupling, thus producing water in-situ.14 As expected, after 

purification and thermal treatment with zinc carboxylates, the proportion of oxidized P did not 

significantly increase due to the lack of free acid to undergo ketonization.20 The marked increase 

in the proportion of oxidized P in the ZnS shelled sample has been well-documented by Virieux et 

al. as a mixed oxide surface phase that forms during ZnS shell growth.8 Elemental sulfur can form 

hydrogen sulfide through activation by the non-coordinating solvent, 1-octadecene.21 H2S then 

reacts with zinc carboxylate to form carboxylic acids, which initiate ketonization and the 

production of water.  

The aforementioned measurements demonstrate that unintended oxidation is a 

characteristic of InP syntheses and shelling procedures due to adventitious side reactions. 
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Furthermore, these measurements demonstrate that P K XES is a reliable tool for measuring 

phosphorus oxidation with significant advantages over SS-NMR spectroscopy. Each XES 

measurement required <5 mg of material with most measurement times under an hour, while the 

SS-NMR measurements required samples on the scale of 100 mg with multiple days of collection 

time required for reliable integration.    

Based on this promising data, we proceeded with measuring the extent of phosphorus 

oxidation as a function of synthetic method using XES with the motivation to examine the 

correlation between surface oxidation and luminescence properties. In this study, we chose 3 

different synthetic methods to produce unshelled InP QDs with an expected range of minimal to 

no oxidation present. Furthermore, each InP QD was shelled with either ZnS or ZnSe with the 

prediction that samples that are initially more oxidized or introduce processes to oxidize the 

surface will result in particles with lower photoluminescence quantum yields.  

First, InP was synthesized via the traditional approach in which P(SiMe3)3 is injected into 

a hot solution of indium carboxylate and excess acid, thus inherently introducing a ~10% oxidized 

P component through ketonization. Second, our group has recently developed the chemistry of InP 

magic-sized clusters (MSCs) as a single source precursor for InP QDs.22,23 The MSCs can be 

purified to remove any excess acid, ensuring that the reaction solution is a homogeneous mixture 

of only the MSC In37P20(O2CR)51. A hot injection of MSCs into non-coordinating solvent induces 

particle dissolution and nucleation to give monodisperse InP QDs. Lastly, aminophosphines have 

been introduced as reliable phosphorus precursors for the synthesis of size-tunable InP QDs when 

paired with indium halides.24,25 The reaction between metal halides and aminophosphines is driven 

by redox chemistry and more importantly, does not involve any oxygen-containing reagents, 

eliminating the possibility of oxidation via reagent decomposition products.26 In future reference 
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and plots, InP QDs will be referred to as C (indium carboxylates + P(SiMe3)3), M (MSC single-

source precursors), or A (aminophosphines and metal halides). 

Figure 8.2 shows a stack plot of the P K spectra for C/M/A InP samples with bulk GaP 

and Na2HPO4 as P(3-) and P(5+) references, respectively. Based on linear superposition fitting of 

the reference standard spectra, the content of reduced and oxidized phsophorus and corresponding 

peak positions are summarized in Table 8.2. Measuring any oxidized phosphorus component in M 

(15%) and A (17%), was unexpected due to either the acid-free or oxygen-containing ligand-free 

nature of each synthesis. Shifts in the emission energy of the oxidized component lead us to 

consider the possibility of molecular impurities that skew the represented populations. To this end, 

the utilization of phosphorus K XES can be telling of the surrounding phosphorus environment 

by probing the valence to core transitions; we will continue to explore this as a powerful tool to 

distinguish specific phosphorus coordination environments in future work. 

 



204 

 

 

Figure 8.2: P Kα emission from unshelled InP QDs (C/M/A) with GaP and Na2HPO4 references 

to guide the eye to expected P3- (2013.57 eV) and P5+ (2014.55 eV) peak positions. 

 

Table 8.2. Oxidized and reduced phosphorus components based on linear superposition fits for InP 

QDs and respective Kα peak positions. 

Sample Ox (%) Red (%) Ox Kα1 (eV) Red Kα1 (eV) 

C-InP 11 89 2014.41 2013.54 

M-InP 16 84 2014.50 2013.57 

A-InP 17 83 2014.29 2013.59 

 

To address the intrinsically low PL QY of as-synthesized InP QDs, we shelled each of the 

samples (C, M, and A) with either ZnS or ZnSe. ZnS shell growth was performed using 

conventional successive ionic layer adsorption and reaction (SILAR) addition of zinc carboxylate 

and elemental sulfur. This approach was selected because it would provide a baseline for shelled 

QDs that have a known mechanism for oxidation during shell growth.8,19 To compare to this, we 
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also targeted shell growth with ZnSe that has demonstrated upwards of 60% PL QY in the literature 

and produced nearly blinking-free samples. 7,25 ZnSe shell growth was performed in a similar 

fashion with SILAR addition of zinc carboxylates and trioctylphosphine-selenide (TOPSe). 

Shell growth reactions were not optimized for each subset of InP QDs in this study so the 

reported PL QYs are not representative of the highest achieved in other literature examples 

utilizing these methods. Rather, we targeted consistency across shelling the various InP starting 

materials. We achieved this by ensuring that concentrations of InP QD solutions were matched 

across all shelling reactions to maintain similar concentrations of added Zn/E precursors (E=S/Se). 

The P K spectra for ZnS and ZnSe shelled C/M/A InP QDs are shown in Figure 8.3 with 

corresponding data in Table 8.3. As expected, the degree to which the ZnS shell further oxidizes 

surface P, 40-50%, is observed regardless of starting material. Although the trend follows our 

prediction in which higher QYs are achieved in samples with less oxidized phosphorus present, 

we recognize that these values need to be deconvoluted further from the initial InP QD 

measurements via P K analysis. Likewise, the InP/ZnSe results present an issue with anomalously 

high oxidized phosphorus content, in the range of 50-80%. Emission peak energy shifts are much 

more significant across the InP/ZnSe samples, thus K analysis will aid in clarifying these results 

by enabling the deconvolution of oxidized phosphorus from different sources. 
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Figure 8.3: P Kα spectra of InP/ZnS (left) and InP/ZnSe (right). Black lines designate the reference 

positions of GaP(P3-) at 2013.57 eV and Na2HPO4(P
5+) at 2014.55 eV. 

 

Table 8.3. Oxidized and reduced phosphorus components based on linear superposition fits for 

InP/ZnE, respective Kα peak positions, and corresponding quantum yields. 

Sample Ox 

(%) 

Red 

(%) 

Ox Kα1 

(eV) 

Red 

Kα1 

(eV) 

PL 

QY 

C/ZnS 49 52 2014.43 2013.56 7% 

M/ZnS 38 62 2014.44 2013.55 28% 

A/ZnS 43 57 2014.42 2013.58 25% 

C/ZnSe 85 15 2014.27 2013.67 10% 

M/ZnSe 80 20 2014.35 2013.71 44% 

A/ZnSe 56 44 2014.25 2013.85 30% 
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8.3 CONCLUSIONS 

We have demonstrated the viability of phosphorus XES measurements as a tool to 

characterize the extent of oxidation in InP quantum dots through a comparative analysis with SS-

NMR spectroscopy. Utilizing the convenience of benchtop XES, we examined the role of 

phosphorus oxidation on quantum yield by measuring surface phosphorus oxidation as a function 

of synthetic method and shelling strategy. This work provides strong motivation to systematically 

examine phosphorus oxidation as a metric for rationalizing lower-than-expected PL QY. It also 

provides impetus to evaluate the more sensitive valence-to-core XES Kβ transitions to fully assign 

the nature of the chemical environment of phosphorus. In future work, intentional stoichiometric 

oxidation of the InP surface will verify our results and offer opportunities for developing new 

chemistry to reverse surface oxidation post-synthetically. 
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Jennifer L. Stein and I contributed equally on this work. 

 

 

Figure 9.0: Table of contents graphic.  

 

Synthetic efforts to prepare indium phosphide (InP) quantum dots (QDs) have historically 

generated emissive materials with lower than unity quantum yields. This property has been 

https://doi.org/10.1021/acs.chemmater.8b02590
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attributed to structural and electronic defects associated with the InP core as well as the chemistry 

of the shell materials used to overcoat and passivate the InP surface. Consequently, the uniformity 

of the core-shell interface plays a critical role. Using X-ray emission spectroscopy (XES) 

performed with a recently developed benchtop spectrometer, we studied the evolution of oxidized 

phosphorus species arising across a series of common, but chemically distinct, synthetic methods 

for InP QD particle growth and subsequent ZnE (E=S, Se) shell deposition. XES afforded us the 

ability to measure the speciation of phosphorus reliably, quantitatively, and more efficiently (with 

respect to both quantity of material required and speed of the measurement) than traditional 

techniques, i.e. X-ray photoelectron spectroscopy and magic angle spinning solid-state NMR 

spectroscopy.  Our findings indicate that even with deliberate care to prevent phosphorus 

oxidation during InP core synthesis, typical shelling approaches unintentionally introduce 

oxidative defects at the core-shell interface, limiting the attainable photoluminescence quantum 

yields. 

 

9.1 INTRODUCTION 

Indium phosphide (InP) quantum dots (QDs) are the leading cadmium-free emissive 

material for luminescence downconversion applications, such as LED-backlit displays, and 

lighting technologies.1–5 Display manufacturers including Samsung, Sony, Vizio, LG, and Apple 

have devoted significant resources to investigating methods to narrow the size distributions of InP 

QD samples and increase the photoluminescence quantum yields (PL QYs) up to 100%.6 Despite 

these efforts, state of the art syntheses produce QD ensembles that are characterized by 

luminescence linewidths in the green and red region that range between 40-80 nm and quantum 

yields that max out at 85% in the most sophisticated shelled samples.7–9 While minimizing defects 
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in the core and shell materials is necessary, perhaps the most crucial aspect of design is at the core-

shell interface. InP QDs have been shown to be incredibly susceptible to surface oxidation from 

in-situ and ex-situ sources during both core and shell syntheses, resulting in oxidized phosphorus 

species that likely perturb conformal shell growth.10–12 We hypothesize that surface phosphorus 

oxidation plays a leading role in limiting our ability to access higher quality samples. 

Even under synthetic conditions in which extreme care is taken to exclude oxygen and 

water, surface phosphorus oxidation often arises as the result of undesired side-reactions that occur 

during the nucleation, growth, and shelling of InP QDs. Although there has been debate concerning 

the potential benefits of an amorphous oxidized interface between an InP core and its shell material 

with respect to reducing lattice strain between materials,13,14  the detrimental impact  of water on  

particle nucleation and growth has directed efforts towards removing any source of surface 

oxidation.15–17 Furthermore, oxidized phosphorus that is present at the core-shell interface may 

serve as an electronic trap site or prevent conformal deposition of shell material, both of which 

have the effect of reducing PL QYs. In this study, we chose three different synthetic methods that 

are expected to produce InP QDs with minimal or no oxidation. Furthermore, each InP QD was 

shelled with either ZnS or ZnSe with the hypothesis that samples that are initially more oxidized 

or that are subjected to processes that oxidize the surface will result in particles with lower PL 

QYs. 

X-ray photoelectron spectroscopy (XPS) and magic angle spinning solid-state NMR (MAS 

SSNMR) spectroscopy have been the traditional routes to measure the degree of oxidized 

phosphorus present in InP quantum dots.11–13,17–19 These measurements can be challenging due to 

the low sensitivity of SSNMR spectroscopy which traditionally require large amounts of sample 

and long acquisition times. XPS analysis is generally impeded by its surface-sensitive nature and 
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the presence of common long-chain surface ligands that further limit the escape depth of the 

photogenerated electrons and reduce the signal resolution.20 Extremely high energy resolution 

wavelength dispersive X-ray fluorescence spectroscopy, more commonly called X-ray emission 

spectroscopy (XES), is an appealing alternative method for characterizing the oxidation of 

phosphorus in a bulk sample because it does not face these obstacles. Recent progress in benchtop 

XES instrumentation holds the potential to develop XES of sulfur and phosphorus into an 

accessible and powerful technique for probing oxidation state and bonding electronic structure, 

achieving synchrotron-level energy resolution and count rates with a spectrometer illuminated by 

only a conventional X-ray tube.21 The same instrument was used in a recent study of sulfur 

speciation in biochars as a first analytical application,22 and the present study reinforces and, in 

many ways, exceeds the message of that earlier work in emphasizing new  potential for XES for 

routine application in analytical chemistry.   

 A number of recent studies have demonstrated the capability of synchrotron and 

laboratory-based XES to measure speciation in phosphorus, sulfur, and chlorine compounds.22–27 

In particular, P Kα XES has been used to quantitatively determine the fraction of phosphorus 

species with different local charge densities (i.e. oxidation states).  The Kα emission line 

corresponds to a transition of an electron between the deep, atomic-like 2p and 1s orbitals.  In the 

simplest treatment, the sensitivity of this transition to changes in the valence electron population 

comes from the different changes in the screening of the nuclear charge as observed from the 2p 

and 1s orbitals.  As these effects are only weakly perturbative for phosphorus (but can be much 

more complex for, e.g., 3d transition metals) the Kα emission spectra typically show only a shift 

of the peak position from lower to higher energy with increasing oxidation state, while the spectral 

shape remains unchanged (Figure 9.1). For a compound containing phosphorus in multiple 



214 

 

oxidation states, the proportion of each oxidation state can be determined quantitatively by simple 

linear-combination fitting to multiple line shapes, although this benefits from prior knowledge of 

a suitable reference spectrum set.  

For information beyond oxidation state determination by the P Kα emission, P Kβ XES 

enables a more detailed interrogation of the electronic structure.  The Kβ emission line results from 

electronic transitions from the 3p shell, suitably hybridized with valence and semi-core ligand 

electrons, to the 1s core hole. Due to the direct relevance of such a characterization of the bonding 

electronic density of states for chemistry, this type of valence to core (VTC) XES is seeing growing 

use, such as in studies of organometallic systems.28–31 Thus the Kβ emission has increased 

chemical sensitivity, and can provide information about bonding, symmetry, and ligand type.24  A 

full interpretation of the various spectral features requires quantum chemistry calculations.24,28,32,33  

Here, we focus on the ligand fingerprinting capability of the Kβ spectral features, specifically the 

Kβ’ satellite feature near 2123.5 eV in the phosphate spectrum. This feature results from mixing 

of P valence states with an O 2s orbital,24,34 and thus serves as a clear indicator of the presence of 

phosphate. P Kβ spectra are shown for reference compounds in Figure 9.1.  

 

Figure 9.1: P Kα and Kβ X-ray emission spectra of reference compounds. The Kα spectra of the 

three compounds are nearly identical, with shifts in energy towards higher energy with increasing 
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oxidation state.  Nominal oxidation states of the reference compounds are indicated above the 

given spectra.  The Kβ spectra is a valence to core transition, and a number of different spectral 

features are observed.  Of particular importance is the strong Kβ’ peak at 2123.5 eV in the 

Na2HPO4 spectra, which is due to mixing of the P 3p and O 2s orbitals, and thus serves as a 

fingerprint of P–O bonds from the phosphate. 

9.2 EXPERIMENTAL 

9.2.1 X-ray emission spectroscopy 

P Kα and Kβ XES measurements were performed on a recently developed laboratory 

spectrometer, reported in detail in Holden et al.21  The spectrometer uses a low-powered, 

unfocused X-ray tube (Varex VF50, 50W) to illuminate the sample, whose emitted X-rays are 

analyzed by a 10 cm radius of curvature cylindrical crystal analyzer and detected using a new 

home-made CMOS direct-exposure color X-ray camera.21,35 The spectrometer makes use of the 

dispersive refocusing Rowland (DRR) geometry, in which the sample is placed within the 

Rowland circle and illuminated with an unfocused beam of incident radiation while a position-

sensitive detector is placed tangential to the circle at the location of the refocused fluorescence.  

This method of illumination allows efficient collection of signal from the sample, and the entire 

energy region of interest is measured simultaneously by the CMOS camera functioning as a 

position-sensitive detector with sufficient single-photon energy resolution to reject background 

scatter and chamber-wall fluorescence.  The wavelength dispersing component is a Si(111) 

cylindrically-bent Johann analyzer having a 10 cm radius of curvature (XRSTech). The Si(111) 

analyzer provides Bragg angles of 79° for P Kα (~2014eV) and 67.6° for P Kβ (~2138eV).  To 

prevent air contamination during XES measurements, the sample and crystal are inside a small 

vacuum chamber which was pumped to <100 mTorr pressure during the measurements.  For 

improved resolution at P Kα, the crystal analyzer was masked using aluminum foil to a 10×2 mm2 
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region (along Rowland plane × out of Rowland plane).  For the weaker P Kβ signal the crystal was 

unmasked in order to improve count rates at the expense of increased Johann error.  The Johann 

error causes weak tails on the high-energy side of the spectrum.  These distortions do not 

significantly affect the analysis of the P Kβ spectra used here. The energy scale of P Kα and Kβ 

measurements is calculated based on the instrumental geometry with Na2HPO4 as a reference 

standard having Kα1 and Kβ1,3 energy positions at 2014.55 eV and 2137.80 eV, respectively.24 

The InP QD samples were prepared for XES measurements by drop-casting onto silicon 

wafers with a spot size ~3-4 mm in diameter with <5 mg of material.  The drop-cast samples were 

stored in an inert nitrogen atmosphere and were briefly exposed to air during loading into the 

instrument.  The wafers were mounted in the instrument and the drop-cast spot exposed directly 

to the incident beam.  With the current instrumental configuration, switching between Kα and Kβ 

measurements requires manually repositioning the crystal analyzer and re-tuning, thus the 

measurements were done in batches to separately measure Kα and Kβ.  Fresh InP QD samples 

were drop-cast for each measurement. 

The P Kα emission spectra were analyzed using linear-combination fitting with the non-

linear least-squares fitting Python package LMFIT.36  With a few exceptions discussed below, 

spectra were fit with two oxidation state components, each consisting of two Voigt profiles 

representing the spin-split Kα1/Kα2 peaks. The widths and height ratios of these peak shapes were 

constrained to the values obtained from fitting the bulk InP and Na2HPO4 reference compounds, 

and the energy position of the two peak shapes were allowed to vary.  The fits were weighted 

assuming Poisson statistics. The speciation was calculated from the relative intensity of the fit 

components.   
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The primary source of systematic uncertainty in this approach is due to limited prior 

knowledge of the number of distinct oxidation states in the sample.  For the InP QDs, our primary 

expectation is a superposition of a low-energy Kα1,2 spin-orbit split doublet representing the 

reduced phosphorus in the InP cores and a higher-energy Kα1,2 doublet due to surface oxidized 

phosphorus species.  If an appreciable amount of a third phosphorus species exists in an oxidation 

state between these two extremes, the energy positions and results of the phosphide-vs-phosphate 

speciation based on the erroneous two component fit will be skewed.  As discussed in the Results, 

this effect was observed for samples where TOP-Se was used as a precursor, producing TOPO as 

a byproduct.  To analyze the spectra for those samples, linear combination fitting was performed 

with three components, where the energy positions of the reduced and oxidized components were 

allowed to vary, but the TOPO component was fixed to be at 2014.07 eV, as determined by 

measurement of a pure reference TOPO sample.  

Another source of systematic uncertainty is variations in the detailed shape of the Kα1,2 

doublet for the components of the fitting procedure.  Though these variations have not been 

reported in detail for phosphorus, variations in the Kα1,2 intensity ratio in the range of 1.7-2.3 have 

been reported for a variety of sulfur compounds.25 In addition, variations in the Voigt widths of 

the line shapes on the order of 2% are observed for the reference compounds measured here.  The 

effect of these variations on the systematic uncertainty were estimated by performing the fitting 

procedure over a range of intensity ratios and widths, and the results are given in Table S1 and S2 

in the Supporting Information.  

 During the P Kα measurements, changes in speciation due to possible radiation damage 

were checked by performing the speciation calculations on subsets of the accumulated data.  The 

results are shown in Figures S1 and S2. The majority of the samples changed speciation by less 
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than ± 2% during the measurements and vary non-monotonically.  For the three samples which 

show large monotonic changes, C-InP, C/ZnS, and InP/Zn, it is believed that a vacuum leak may 

have contributed. For those samples, only the first scan was kept for the final results.  The vacuum 

leak was addressed before the remaining samples were measured. 

To obtain a final estimate of the uncertainty from the XES fitting results, the uncertainty 

from signal variation over time was combined with the uncertainties estimated by varying the Kα1,2 

intensity ratio and Voigt widths and added to the statistical uncertainty.  The full details are given 

in Table S1 and S2, and the final uncertainty estimates are given in Table 9.1. 

9.2.2 31P MAS solid state NMR spectroscopy 

All quantum dot samples were prepared for SSNMR analysis from concentrated colloidal 

solutions (ca. 50 mg of dried quantum dots in 1 mL anhydrous toluene) by impregnating 150-450 

µL of the colloidal solutions in 8-12 mg of boron nitride, in 50 µL aliquots. The mixture was 

allowed to dry on a watch glass for an hour before packing into a 1.3 mm rotor. In order to confirm 

that there is a minimal increase in oxidation induced by this procedure, 31P SSNMR spectra were 

obtained from InP QDs after 10 days of air exposure (Figure S3). These tests indicated that there 

should be minimal oxidation over the course of several hours that are required to prepare the 

samples for SSNMR experiments.  

MAS 31P SSNMR spectra were recorded using a Bruker Avance III HD console on a wide-

bore 9.4 T magnet (0(
31P) = 162.1 MHz). All experiments were performed using a 1.3 mm fast 

MAS broadband HX SSNMR probe and the rotors were spun with nitrogen gas to prevent 

additional oxidation of the QDs during the course of the measurements. 31P MAS NMR spectra 

were obtained using a rotor synchronized Hahn echo (90°--180°--acquire) pulse sequence with 

continuous wave 1H heteronuclear decoupling applied during acquisition. The pulse widths for 90° 
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and 180° pulses were 1.3 s and 2.6s, respectively (192 kHz RF field) and the rotor synchronized 

 periods were set such that the total echo delay was 2 rotor cycles. The MAS frequency was 50 

kHz in all cases. Fast MAS helps to provide quantitative NMR spectra by eliminating spinning 

sidebands and focusing signal into the isotropic peaks. The 1H RF power for continuous wave 

heteronuclear decoupling was set to the HORROR condition [1(
1H) = 25 kHz]. All 31P SSNMR 

spectra were acquired with 500 s recycle delay to ensure there was adequate relaxation delay ≥ 

3×T1 to give quantitative SSNMR spectra. This was confirmed by acquiring a 31P SSNMR 

spectrum of C-InP QDs with a 750 s recycle delay, which showed a comparable intensity for the 

phosphide signal. The spectral width was set to 200 kHz and the number of digitized points to 8 k, 

corresponding to a total acquisition time of 20.48 ms. 31P spectra were acquired in steps of 32 

scans (4.4 hour experiment time), and multiple spectra were acquired until the sum of all spectra 

provided a spectrum with reasonable signal to noise ratio. Each spectrum was processed by zero 

filling up to 8k real data points and by adding a simple exponential window function with 1000 

Hz line broadening. All data processing was performed on Topspin 3.5. 

9.2.3 X-ray photoelectron spectroscopy 

All XPS spectra were taken on a Surface Science Instruments S-Probe photoelectron 

spectrometer. This instrument has a monochromatized Al Kα X-ray source which was operated at 

20 mA and 10 kV and a low-energy electron flood gun for charge neutralization. X-ray analysis 

area for these acquisitions was approximately 800 μm across. Pressure in the analytical chamber 

during spectral acquisition was less than 5 x 10-9 Torr. All included figures are high-resolution 

spectra. The pass energy for high-resolution spectra was 50 eV, and data point spacing was 0.065 

eV/step. The takeoff angle (the angle between the sample normal and the input axis of the energy 

analyzer) was 0°. Service Physics Hawk version 7 data analysis software was used to fit high-



220 

 

resolution spectra. The binding energy scale was calibrated from hydrocarbon ligands using the C 

1s peak at 284.6 eV. P2p peaks were analyzed using a linear background and fits were constrained 

with a 0.84 eV splitting value. 

All InP samples were drop-cast solutions on a Si wafer while solids were brushed onto a 

strip of double-sided tape on a Si wafer. Sample preparation was performed in a nitrogen glovebox 

and transported in sealed containers to the instrument but transfer into the instrument chamber did 

require a minor degree of exposure to air/moisture. 

9.2.4 General Nanoparticle Characterization 

UV-vis spectra were collected on a Cary 5000 spectrophotometer from Agilent. 

Fluorescence and absolute quantum yield measurements were taken on a Horiba Jobin Yvon 

FluoroMax-4 fluorescence spectrophotometer with the QuantaPhi integrating sphere accessory. 

Quantum dot solids were digested in 67% nitric acid overnight and diluted in 18 MΩ water in 

order to collect ICP-OES compositional data using a PerkinElmer Optima 8300. Powder X-ray 

diffraction data was collected on solid films drop-cast onto a Si wafer using a Bruker D8 Discover 

diffractometer. TEM images were collected on a FEI Tecnai G2 F20 microscope. Samples for 

TEM imaging were prepared by spotting a 50/50 toluene/pentane solution of nanoparticles onto 

an ultrathin carbon on holey carbon support film purchased from Ted Pella. Solution NMR spectra 

were recorded on a 700 MHz Bruker Avance III spectrometer. 

9.3 SYNTHETIC DETAILS: GENERAL CONSIDERATIONS 

All glassware was dried in a 160 °C oven overnight prior to use. All reactions, unless 

otherwise noted, were run under an inert atmosphere of nitrogen using a glovebox or using standard 

Schlenk techniques. Myristic acid (≥99%), indium acetate (99.99%), anhydrous acetonitrile 

(99.8%), trioctylphosphine (97%), tris(diethylamino)phosphine (97%), indium chloride 
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(99.999%), zinc chloride (99.999%), trioctylphosphine oxide (90%), InP (mesh pieces, 99.998%), 

sulfur powder (99.5% sublimed), and selenium powder (99.99%) were purchased from Sigma-

Aldrich Chemical Co. and used without further purification. Diethyl zinc (95%) was purchased 

from Strem Chemicals and stored in a nitrogen atmosphere glovebox. Toluene purchased from 

Sigma Aldrich Chemical Co. was collected from a solvent still and stored over activated 3 Å 

molecular sieves in a glovebox. 1-octadecene (90%), oleylamine (70%), and squalane (96%) were 

purchased from Sigma Aldrich Chemical Co. and were dried by stirring overnight with CaH2, 

distilled, and stored over activated 3 Å molecular sieves in a glovebox. C6D6 was purchased from 

Cambridge Isotope Labs and similarly dried and stored. Bio-Beads S-X1 were purchased from 

Bio-Rad Laboratories and were dried under vacuum before storage in a glovebox. Omni Trace 

nitric acid was purchased from EMD Millipore. 18.2 MΩ water was collected from an EMD 

Millipore water purification system. Tris(trimethylsilyl)phosphine was prepared by modifying a 

literature procedure in which Na-napthalene was used in place of Na/K alloy.15 Zinc myristate was 

prepared from diethyl zinc and myristic acid using a modified literature procedure.37 

9.3.1 Synthesis of C-InP QDs 

C-InP QDs were prepared following a literature procedure15 in which indium acetate (1. 

167 g, 4 mmol) and myristic acid (3.31 g, 14.5 mmol) were heated to 100 °C overnight under 

reduced pressure in 12 mL of ODE. P(SiMe3)3 is a very reactive and pyrophoric source of 

phosphorus and should be handled with care. P(SiMe3)3 (590 μL, 2 mmol) was measured into 

ODE (5 mL) and injected into the indium myristate solution at 315 °C. Particle growth was 

maintained at 285 °C and monitored by UV-vis spectroscopy. The reaction was halted by cooling 

down to room temperature after ca. 20 minutes of growth and the ODE was removed through 

distillation under reduced pressure. The resulting QD paste was transferred into a glovebox for 
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purification by re-dissolving in a minimal amount of toluene, centrifuging to remove insoluble 

products, then precipitating the particles with acetonitrile. The flocculated solution was centrifuged 

at 7,000 rpm and the clear supernatant was discarded. After a single precipitation to remove 

residual ODE, the particles were dissolved in toluene and purified by gel permeation 

chromatography (GPC), which has been demonstrated as an effective purification technique for 

these types of materials.38,39 For all following quantum dot samples, standard purification entails 

the removal of high-boiling point solvents through distillation and a combination of precipitation 

cycles and GPC. 

9.3.2 Synthesis of InP/Zn QDs 

InP/Zn QDs were prepared following a literature procedure using C-InP QDs.40 Briefly, 

zinc myristate (335 mg, 0.64 mmol) was heated to 80 °C in 5 mL of ODE until the solution was a 

cloudy white suspension. InP QDs (0.42 mmol of In) suspended in 5 mL of ODE were added to 

the suspension and heated to 200 °C for 3 hours. Particles were purified by the standard procedure. 

9.3.3 Synthesis of M-InP QDs 

First, InP magic-sized clusters (MSCs) were synthesized following a modified preparation 

from our lab.41 Indium acetate (5.605 g, 19.2 mmol) and myristic acid (15.9 g, 69.6 mmol) were 

heated neat at 100 °C under reduced pressure overnight. Dry toluene (50 mL) was added to the 

reaction flask at room temperature under N2 the following day, after which P(SiMe3)3 (2.8 mL, 9.6 

mmol) was measured into 10 mL of toluene and injected into the indium myristate solution at 100 

°C. Cluster growth was complete within 1 hour as indicated by the characteristic absorbance peak 

at 386 nm. The particles were concentrated down to a minimal volume of toluene, centrifuged to 

remove insoluble products, and purified by GPC. Following purification, the absence of free acid 

was confirmed by 1H NMR spectroscopy and the MSCs were stored as a solid. 
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M-InP QDs were synthesized from InP MSCs through a modified procedure.41 Myristate-

capped InP MSCs (60 mg) were dissolved in 3 mL of ODE and transferred to a syringe. In a 3-

neck flask under N2 on a Schlenk line, 12 mL of ODE was heated to 300 °C at which point the 

MSCs were rapidly injected. Particle growth was held at 285 °C until complete (15-20 minutes) 

and then cooled down to room temperature. Particles were purified by the standard procedure. 

9.3.4 Synthesis of A-InP QDs 

A-InP QDs were synthesized following a modified procedure as described by Brainis et 

al.42 Indium chloride (50 mg, 0.23 mmol) and zinc chloride (150 mg, 1.1 mmol) were stirred in 

oleylamine (2.5 mL, 7.5 mmol) under reduced pressure at 120 °C for an hour. The reaction was 

placed under N2 and at 180 °C, tris(diethylamino)phosphine (0.23 mL, 0.8 mmol) was injected and 

particle growth was complete within approximately 20 minutes. After cooling down to room 

temperature, particles were removed from oleylamine by precipitation with ethanol. GPC 

purification was performed once particles were re-dissolved in toluene. 

9.3.5 ZnS shelling of C, M, and A-InP QDs 

ZnS shelling of InP QDs was performed following a modified procedure as described by 

Peng et al.43 A purified solution of InP QDs (0.04 mmol indium) was dissolved in 7 mL of ODE 

and heated to 150 °C under inert atmosphere. Initial solutions of InP QDs (C, M, and A) were 

standardized to each other by matching absorption at 310 nm. Stock solutions of zinc myristate 

(28.8 mg in 10 mL ODE, 5.6 mM) and sulfur (22.4 mg in 10 mL ODE, 0.07 M) were prepared and 

heated to 100 °C in Schlenk flasks in an oil bath. For the first monolayer, a 2.17 mL aliquot of the 

zinc myristate stock (0.012 mmol) was added to the InP particles at 150 °C. After 10 minutes, 170 

µL (0.012 mmol) of the sulfur stock solution was added, then the reaction was heated at 220 °C 

for 30 minutes. The second monolayer was added in the same fashion with 2.89 mL (0.016 mmol) 
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of zinc myristate and 230 µL (0.016 mmol) of sulfur. After 30 minutes at 220 °C, the reaction was 

cooled down and purified through the standard procedure. 

9.3.6 ZnSe shelling of C, M, and A-InP QDs 

ZnSe shelling was performed following a modified procedure as described by Brainis et 

al.42 A purified solution of InP QDs (0.04 mmol indium) was dissolved in 10 mL of squalane and 

heated to 180 °C. Zinc myristate (100 mg, 0.192 mmol) suspended in squalane was injected and 

held at 180 °C for 20 minutes. Then, a stoichiometric TOP-Se solution was prepared by sonicating 

1.755 g (22.2 mmol) of selenium in 10 mL of TOP (2.23 M) and 87 µL (0.192 mmol) of this stock 

was slowly injected into the reaction flask. After 140 minutes, a second addition of zinc myristate 

was added (300 mg, 0.576 mmol). At this point, the reaction was set to 320 °C and during heat-

up, the second injection of TOP-Se was added drop-wise (262 µL, 0.576 mmol). Particle 

luminescence was monitored at 320 °C and the reaction was cooled when the PL ceased to change 

(ca. 1 hour). Particles were purified using the standard procedure. 

9.4 RESULTS AND DISCUSSION 

To validate the use of Kα XES as a method to determine P speciation in InP QDs, a series 

of three samples was used in a head-to-head comparison of oxidation state distributions inferred 

from P Kα XES and from 31P MAS SSNMR. Notably the InP and InP/ZnS samples have in part 

been previously characterized by Chaudret et al. via XPS and SSNMR spectroscopies with the 

primary conclusion that oxidation occurs during both synthesis and shell growth.12 Here, samples 

including InP QDs, InP QDs that have been post-synthetically treated with zinc (InP/Zn), and InP 

QDs that have been shelled with ZnS (InP/ZnS) were studied. The results for all samples are 

presented in Table 9.1 and a comparison of the quantification of phosphorus oxidation state by 

both 31P SSNMR and P Kα X-ray emission spectroscopy for the InP/ZnS sample is shown in Figure 
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9.2. Additional spectra are presented in Figure S4.  Excellent agreement is found between the two 

techniques, and the results fall within the range of values reported by Chaudret et al.12  The 31P 

SSNMR spectra generally show resonances centered at ca. 0 ppm, assigned to oxidized phosphate 

species, and –200 ppm, assigned to the core phosphide species. Cross polarization magic angle 

spinning (CP-MAS) and direct excitation 31P SSNMR experiments have previously demonstrated 

that the oxidized phosphorus species are located at the surface of the nanocrystals.44,45 Using the 

fitting procedure described in the Experimental section, the P Kα XES signal for each of the three 

samples is fit well using two oxidation state components, one with an average Kα1 energy position 

of 2013.56 eV identified as InP and one higher in energy with an average position of 2014.41 eV.  

Although the SSNMR identifies the oxidized species as phosphate-like, the Kα1 energy position is 

somewhat lower in energy than that of the disodium phosphate reference standard used (2014.55 

eV).  Though phosphides and sulfides are known to have small shifts in the Kα1 energy position 

due to differing degrees of covalency,24,25 this hasn’t previously been observed in phosphates or 

sulfates and could be worthy of future investigation.  With the identification of phosphate from the 

SSNMR resonance at ca. 0 ppm and the agreement between the SSNMR and XES results, this 

confirms the oxidized component at 2014.41 eV corresponds to phosphate. 
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Figure 9.2: Comparison of 31P SSNMR spectrum (left) and P Kα XES (right) of the same batch of 

InP/ZnS QDs.  The SSNMR signal near 0 ppm corresponds to surface phosphate, and this 

component shows up at a Kα1 energy position of ~2014.41 eV. The relative peak areas in both 

types of spectra are indicated as percentages. 

Table 9.1. Comparison of SSNMR and P Kα XES for Determination of Phosphorus Oxidation 

State in InP QDs.  

Sample 
SSNMR 

(% red) 

SSNMR 

(% ox) 

P Kα XES 

(% red) 

P Kα XES 

(% ox) 

InP 93 7 89 ± 3 11 ± 3 

InP/Zn 87 13 83 ± 4 17 ± 4 

InP/ZnS 54 46 51 ± 5 49 ± 5 

 

These measurements demonstrate that P Kα XES is a reliable tool for measuring 

phosphorus oxidation having significant advantages over 31P SSNMR spectroscopy. Each XES 

measurement required <5 mg of material and speciation could be determined within the first 30 

minutes, though the measurements were extended to improve the resulting spectra and monitor for 

possible radiation damage (Figures S1 and S2). The SSNMR measurements required ca. 10-20 mg 

of material to prepare the samples for measurements (although within the 1.3 mm rotor there is 

likely less than 1 mg of material). Regardless, the SSNMR spectra typically required multiple days 

of collection time to obtain spectra that can be reliably integrated. Based on this promising data, 

we proceeded by measuring the extent of phosphorus oxidation as a function of synthetic method 
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using XES for rapid feedback, augmented by SSNMR and other methods when appropriate.  Our 

goal is to obtain a uniquely detailed picture of the existence and origin of synthesis-specific 

adventitious phosphorus oxidation and its correlation with QD QY. A detailed understanding of 

phosphorus speciation and the degree of oxidation induced by different synthetic procedures is a 

critical first step to devising new synthetic routes to high performance InP QDs.  

9.4.1 Surface oxidation as a function of initial InP synthesis 

Here, we evaluate the extent of oxidation that can occur in a core synthesis by studying InP 

quantum dots synthesized via three different routes. All reactions were performed under air-free 

conditions in a nitrogen-atmosphere glovebox or on a Schlenk line. All reagents and glassware 

were rigorously dried as described in the experimental section. A summary of particle 

characterization for this series of InP QDs including optical peak positions, composition, particle 

size, and powder diffraction patterns, can be found in Table S3 and Figure S5.  

The first synthesis is the most common approach to produce crystalline InP QDs through 

the reaction between indium carboxylates, excess carboxylic acid, and 

tris(trimethylsilyl)phosphine, P(SiMe3)3, at elevated temperatures.9,43,46 In future reference and 

plots, InP QDs prepared by this route (indium carboxylates + P(SiMe3)3) will be referred to as C-

InP. Although this approach is well-established, water is generated as a by-product from carboxylic 

acid ketonization at elevated temperatures and thus, the InP QDs are detrimentally impacted 

through surface oxidation. This oxidation has previously been implicated in the inability to grow 

InP QDs to large diameters.14,47 Thus far, water has been identified as the most likely primary 

source of oxygen atoms involved in phosphate formation.44,48 Chaudret and co-workers 

characterized the amorphous surface oxide layer that is produced by the concurrent oxidation 

through a combination of XPS, IR, and SSNMR spectroscopy.11  
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C-InP was synthesized following a literature procedure in which P(SiMe3)3 was injected 

into a 300 ºC 1-octadecene (ODE) bath of indium myristate and excess myristic acid.49 The 

resulting particles have a lowest energy electronic transition (LEET) at 530 nm and weak emission 

features comprised of a peak at 579 nm and a broad red-shifted shoulder that corresponds to band 

edge and radiative surface defect emission, respectively. The normalized PL spectrum is shown in 

Figure S6 and corresponds to a PL QY <1%.  

In the second synthesis, atomically-precise In37P20(O2CR)51 magic-sized clusters (MSCs) 

were used as single-source precursors.41,50 Carboxylate-capped InP MSCs can be purified to 

remove any freely diffusing carboxylic acid, ensuring that the reaction solution is a homogeneous 

mixture of only the MSC. We found this an appealing choice for this study since the removal of 

acidic protons would ideally prevent decarboxylative coupling and aqueous by-products. In future 

reference, the quantum dots derived from InP MSCs are referred to as M-InP.  

The production of M-InP requires two steps, with the first step being the synthesis and 

isolation of In37P20(O2CR)51. This can be done by following the conditions to make C-InP QDs as 

described above but dropping the injection/growth temperature to 100 ºC and running the reaction 

in toluene.41 The MSCs were purified through gel permeation chromatography (GPC) and 

analyzed by 1H NMR spectroscopy to ensure the removal of excess acid (Figure S7). At this point, 

a portion of MSCs, which exist in the form of a waxy solid, can be dissolved in ODE and injected 

into a 300 ºC solution of ODE. Depending on the concentration of MSCs in the growth solution, 

particle size can be modified.41 In this instance, a 60 mg injection of MSC produced particles with 

a LEET at 555 nm and emission features similar to C-InP with the band edge emission at 591 nm 

(Figure 9.3 and Figure S6). The advantages to using this 2-step route over traditional 

indium/phosphorus monomer nucleation are two-fold in that the synthesis can be performed more 
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reproducibly with a homogeneous precursor and the monodispersity of the resulting sample 

ensemble is improved. TEM images of M-InP QDs show this with more ordered packing due to 

the more uniform particle morphologies. 

In the final synthesis method, we examined InP QDs prepared from indium halides and 

aminophosphines in primary amine solvent. Aminophosphines have been introduced as reliable 

phosphorus precursors for the synthesis of size-tunable InP QDs when paired with indium 

halides.51 The reaction between metal halides and aminophosphines is driven by the dual role of 

aminophosphines as a phosphorus source and as a reducing agent.19,52 More importantly for the 

present work, the aminophosphine synthesis does not involve any oxygen-containing reagents, 

eliminating the possibility of oxidation via reagent decomposition products. In future reference 

and plots, InP QDs synthesized with an aminophosphine P-source will be referred to as A-InP.  

The aminophosphine-based InP QD synthesis diverges from indium 

carboxylate/silylphosphine chemistry in that the solvent, a primary amine, is coordinating and so 

acts as a solvent, ligand, and even plays a role in the precursor conversion reactions. Furthermore, 

Zn(II) was added to the precursor mixture prior to particle nucleation and has been observed to 

improve the resulting particle crystallinity and monodispersity. Further details can be found in the 

Experimental section but briefly, zinc chloride and indium chloride were heated to 180 ºC in 

oleylamine followed by injection of tris(diethylamino)phosphine. The final A-InP particles have a 

LEET at 573 nm and an emission peak at 618 nm (3% PL QY) shown in Figure 9.3 and Figure S6. 

Replacing carboxylates as surface ligands with chlorides and amines also impacts particle 

morphology by preferentially binding to the (111) face as seen by the tetrahedral shape of the 

resulting particles.14 
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Figure 9.3: The final absorbance trace (top) of C-InP, M-InP, and A-InP with TEM image insets 

(20 nm scale bar) of purified material. P Kα and Kβ XES spectra (bottom) for the InP QD samples 

where solid vertical lines in the Kα spectra indicate the InP component (2013.59 eV) and the 

identified phosphate component (2014.41 eV).  In the Kβ spectra, dashed lines indicate the Kβ’ 

peak of phosphate (2123.5 eV), and the Kβ1,3 peak of bulk InP (2138.6 eV). 

Kα XES measurements were used to measure phosphorus speciation as described in the 

Experimental section.  The P Kα emission spectra of C, M, and A-InP QDs are shown in Figure 

9.3 with corresponding peak positions and speciation percentages summarized in Table 9.2. The 

lower energy component is described as ‘reduced’ and the higher energy component is described 

as ‘oxidized’. We attribute the 11% oxidized component measured in C-InP to the previously 

characterized ketonization reaction that occurs during particle growth, which is supported by the 

two phosphorus resonances in the 31P SSNMR spectrum (Figure 9.4a). At elevated temperatures, 

the excess acid undergoes decarboxylative coupling in which a ketone, carbon dioxide, and water 

are products. Our initial expectation from the M-InP was to circumvent water formation through 
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the removal of acid (1H NMR, Figure S7). As can be seen from the 16% oxidized component of 

M-InP, this process was difficult to avoid. A solution 13C NMR spectrum of the M-InP QDs before 

purification shows an apparent peak in the expected region for a ketone carbon at 210 ppm (Figure 

S8); formation of ketone in the synthesis would be accompanied by the formation of water. There 

is a notable lack of an acidic proton in the 1H NMR spectrum of the initial MSCs, suggesting no 

free carboxylic acid is present prior to synthesis. Furthermore, the P Kα emission spectrum of the 

stock MSCs shows that the starting material was not oxidized, which agrees with the single-crystal 

structure that is fully saturated with surface indium carboxylates (Figure S9).50 However, we 

hypothesize that in the case of long-chain carboxylate ligands, carboxylic acid is difficult to 

remove due to hydrogen bonding interactions and entanglement of the aliphatic side-chains with 

the carboxylate ligand shell.  

Unexpectedly, we measured a 17% oxidized component in the A-InP QDs, a synthesis 

lacking any oxygen-containing precursors. The Kα1 energy position of the oxidized population 

was notably lower in energy than the component near 2014.41 eV identified above as phosphate, 

which led us to investigate further. P Kβ XES can be used for exactly this question of ligand 

identity.  The strong Kβ’ satellite feature at 2123.5 in the phosphate reference standard serves as a 

fingerprint of the presence of P–O bonds.  P Kβ spectra of C, M, and A-InP QDs are shown in 

Figure 9.3.  The C-InP and M-InP show clear peaks at the phosphate energy position, in qualitative 

agreement with their relative proportion of oxidized component (11% vs 16% respectively).  In 

contrast, the absence of the Kβ’ feature in the A-InP spectrum implies that the 17% oxidized 

component is not due to phosphate.  
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Table 9.2. Phosphorus Speciation as Determined by Linear Combination Fitting to Kα XES 

Spectra. For the InP and ZnS-shelled samples, the Kα1 energy positions from two-component 

fitting are reported.  For the ZnSe shelled samples, the Kα1 energy positions of the reduced and 

oxidized components are reported from three-component fitting. 

Sample Reduced (%) Oxidized (%) 

Estimated  

Uncertainty (%) 

Reduced Kα1  

energy (eV) 

Oxidized Kα1  

energy (eV) Reduced-χ2 

C-InP 89 11 ± 3 2013.54 2014.40 1.15 

M-InP 84 16 ± 2 2013.57 2014.50 1.17 

A-InP 83 17 ± 4 2013.59 2014.29 1.32 

C/ZnS 51 49 ± 5 2013.57 2014.42 1.32 

M/ZnS 62 38 ± 4 2013.55 2014.44 1.18 

A/ZnS 57 43 ± 5 2013.58 2014.42 1.12 

C/ZnSe 14 86 ± 9 2013.55 2014.32 1.02 

M/ZnSe 16 84 ± 5 2013.53 2014.41 1.24 

A/ZnSe 51 49 ± 5 2013.58 2014.45 1.06 

 

To investigate the identity of this component, we utilized XPS and solution 31P NMR 

spectroscopy to aid in the detection of potential reaction by-products. Following multiple rounds 

of precipitation and GPC purification, we initially found that the solution 31P NMR spectrum of 

the stock solution contained no detectable resonances. Over the period of several weeks of storage 

in a nitrogen atmosphere glovebox however, the solution 31P NMR spectrum revealed P-containing 

impurities at 80 and 30 ppm (Fig S12). The peak at 80 ppm lies in the region of transaminated 

species produced during this reaction that likely exist in equilibrium with phosphonium salt 

byproducts.19,52 Phosphonium salts, P(NHR)4Cl in which R is an oleyl group, is the dominant 

reaction byproduct, forming 3 equivalents for every InP unit formed, and has been previously 

identified in the 31P NMR spectrum to have a peak at 29 ppm. Although alternative routes to 

remove P-containing impurities exist, of which ligand exchange with thiols has met with success, 

subjecting the InP particle surface to further modification was not an ideal pathway with the goal 
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of probing the surface defects intrinsic to the synthesis. The direct excitation 31P SSNMR spectrum 

identified that there was a mixed environment of core InP, 91%, centered at –200 ppm and 

phosphonium salt, 9%, at 30 ppm with a notable absence of signal at 0 ppm that would correspond 

to surface phosphate species (Fig 4b). The P2p XPS spectrum shown in Figure S11 further supports 

the identification of a mixed phosphide/phosphonium environment when compared to the peak 

position of a commercial phosphonium salt (aminotris(dimethylamino)phosphonium chloride). 

Lastly, we measured the P Kα XES spectrum of the commercial phosphonium salt, and observed 

a Kα1 energy position at 2014.35 eV, which agrees well with the shift of Kα1 position to lower 

energy for the A-InP sample. Taken together, this evidence supports the conclusion that the 17% 

oxidized component is a result of electrostatically interacting phosphonium impurities and the A-

InP particle surface can be considered unsullied P3-. 
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Figure 9.4: 31P SSNMR spectra of (A) C-InP QDs (B) A-InP QDs and (C) A/ZnSe QDs. Dashed 

lines are to guide the eye to -200 ppm (phosphide resonance), 0 ppm (phosphate resonance), 30 

ppm (phosphonium salt resonance), and 55 ppm (TOPO resonance). 

As demonstrated by the P Kα emission spectra of InP QDs formed in the presence of 

carboxylate groups (C and M samples), ketonization is difficult to prevent, even following 

attempts to remove excess acid in the case of MSC precursors. Alternatively, utilizing 

aminophosphines effectively reduces in-situ oxidation while also minimizing the cost and hazard 

of the phosphorus precursor. Progress has been made toward other oxide-free syntheses in which 

InP is formed by heating indium carboxylates and P(SiMe3)3 in a 1.8 bar H2 atmosphere.17 The 

authors conclude that H2 molecules are activated at the QD surface and yield P–H bonds which 

protect the surface through the concurrent water-forming condensation reactions. At this point, 

oxidative-defect-free surfaces are accessible if running a synthesis under H2 or utilizing 
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aminophosphines with indium halides, while offering different options for surface chemistry or 

particle morphologies. The general consensus in the field of InP QD chemistry is that the presence 

of surface phosphorus-oxygen bonds will detrimentally impact subsequent shell growth. We 

extend the characterization of InP QD oxidation through the addition of ZnE (E=S, Se) shells to 

gauge the effect further chemical transformations may have on the optical properties and oxidized 

populations of the InP samples. 

9.4.2 Impact of oxidative surface species on optical properties  

We chose to examine the resulting properties of the C/M/A-InP series shelled with either 

a thin ZnS shell or a thick ZnSe shell. With regard to the ZnS shell, we refer back to the work 

Chaudret and co-workers performed in characterizing the InP/ZnS interface.12 ZnS was grown by 

the successive ion layer adsorption and reaction (SILAR) approach in which zinc carboxylate and 

sulfur powder were added separately at elevated temperatures in order to drive reaction with the 

InP surface and prevent nucleation of ZnS nanoparticles.43 Through extensive optimization, thin 

ZnS shells (<2 nm) have been able to enhance the QY’s of InP QDs up to  60-70%. The Chaudret 

group found that InP is even further oxidized during shell growth due to a series of side reactions. 

First, elemental sulfur has been observed to form hydrogen sulfide through activation by the 

solvent, ODE.53 H2S then reacts with zinc carboxylate to form carboxylic acids which promote 

ketonization and water production as seen in the initial InP core syntheses (C-InP). They found 

that the oxidized percentage of phosphorus in the core InP increased from 8% to 21% following 

shell growth. This approach to ZnS shell growth was selected to compare the impact of an 

established oxidation chemistry across the series of InP QDs.  

The second comparison we focus on is the growth of a thick (>5 nm) ZnSe shell. In addition 

to minimizing the surface defects to improve the core-shell interface, selecting materials with 
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similar lattice constants aids in reducing strain. ZnSe has a 3.4% lattice mismatch with InP, which 

is smaller than that for ZnS at 7.7%, and thus may improve InP optical properties. Recently, thicker 

ZnSe shells have been reported in the literature to suppress the single-dot PL intermittency of InP 

QDs associated with nonradiative Auger processes, with QYs reaching 60%.42,54 While the thick 

shell effectively cuts off carrier interaction with the environment, the compressive strain induced 

upon the core nanoparticle can often lead to further lattice strain-related defects.55 Some of the 

detrimental effects of thick shells have been offset by alloying, particularly at the interface, or by 

stacking materials with a gradient lattice, as observed in chalcogenide-based materials.56–58 

Following purification by GPC, solutions of C, M, and A-InP were dissolved in either ODE 

or squalane for shell growth. Rather than optimize conditions for maximum QY, we emphasized 

the comparison across initial InP syntheses by matching the concentration of the InP samples by 

standardizing the absorption at 310 nm across pre-shelled solutions to add the same amount of Zn 

and chalcogenide precursors. It should be noted that the particles are not precisely the same size 

(TEM and λmax), in addition to particle polydispersity, which may contribute to differences among 

the observed shell thicknesses. A summary of particle characterization for this series of InP/ZnE 

QDs including optical peak positions, composition, particle size, and powder diffraction patterns, 

can be found in Table S3 and Figure S5. 

 ZnS shells were grown following a literature procedure in which zinc myristate and sulfur 

powder were added individually over 10-minute intervals to InP QDs at elevated temperatures. 

This layer by layer approach was performed a second time for an intended 2 monolayer ZnS shell. 

The resulting InP/ZnS particles exhibit a minor blue-shift in their features which we attribute to 

etching by H2S produced in the synthesis (Figure 9.5). The measured PL QYs and emission 

linewidths for C/ZnS, M/ZnS, and A/ZnS were 7% (66 nm), 28% (56 nm), and 25% (69 nm), 
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respectively. Comparatively, the emission linewidths of highly optimized core-shell InP syntheses 

are 40-60 nm.9 

 

Figure 9.5: The final absorbance (solid) and PL (dashed) trace C/ZnS, M/ZnS, and A/ZnS with 

TEM image insets (20 nm scale bar) of purified material (top). P Kα and Kβ XES spectra (bottom) 

for the InP/ZnS samples where solid vertical lines in the Kα spectra indicate the InP component 

(2013.59 eV) and the identified phosphate component (2014.41 eV).  In the Kβ spectra, dashed 

lines indicate the Kβ’ peak of phosphate (2123.5 eV), and the Kβ1,3 peak of bulk InP (2138.6 eV). 

The P Kα emission spectra of the InP/ZnS samples demonstrate that each InP core was 

significantly oxidized (Figure 9.5). Peak positions, given in Table 2, are in line with our identified 

phosphate and phosphide components and show that the phosphate population for all samples 

increased to a range of 38-49%. The P Kβ spectrum supports the identification of the oxidized 

component as phosphate, with strong Kβ’ peaks at 2123.5 eV (Figure 9.5). From previous reports 

of a shell growth-coupled oxidation event, we expected a substantial increase in phosphorus 
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oxidation. Surprisingly, the extent of phosphorus oxidation is apparently not dependent on the 

initial InP surface environment. Along those lines, it is difficult to correlate the extent of 

phosphorus oxidation with the optical properties since in each case a majority of the surface 

phosphorus were converted to phosphates. The important conclusion from this series of samples 

is that even when starting with an ideally oxidative defect-free surface, adventitious side reactions 

during shell growth will still significantly impact the InP surface and thus the core-shell interface. 

With regard to InP/ZnSe, chemists have postulated that incomplete blinking suppression 

and low quantum yields (40-60%) originate from point defects at the core-shell interface, which 

was a motivating aspect of studying these samples. Similarly, to the ZnS shell growth, InP QD 

solutions were matched in concentration across C, M, and A in order to reliably compare across 

the three. Again, utilizing a SILAR approach, zinc myristate and trioctylphosphine-selenide (TOP-

Se) were added to InP QDs at elevated temperatures at varying time intervals (see Experimental 

section for specific details). Two distinct features arise in the absorbance spectra, one of which is 

a significant increase in higher energy absorbance due to the thick ZnSe shell. Secondly, the LEET 

experiences a red-shift due to the near overlap of the InP and ZnSe conduction band edges (Figure 

9.6). The emission linewidths range from 59 to 84 nm with the M-InP giving the narrowest 

linewidth (59 nm) likely due to the improved monodispersity of the starting InP cores.  

Compared to the InP/ZnS samples, the PL QY of these un-optimized syntheses were 

slightly greater with a maximum of 44% from the M/ZnSe and 10% and 30% for C/ZnSe and 

A/ZnSe, respectively. At least in the case of the C/ZnSe, there was a mixture of thick-shelled 

particles and what could be partially shelled or unshelled InP QDs that limit the measured quantum 

yield (Figure 9.6). For a majority of the C and M/ZnSe, the morphology of the shelled particles 

was tetrahedral while the A/ZnSe appeared to shell less uniformly and typically looked bulbous, 
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suggesting shell nucleation occurred separately at each vertex of the InP tetrahedron as opposed 

to conformal shell deposition on the more spherical cores observed in C and M. Shell uniformity 

will also play a role in optimizing emissive properties due to the detrimental impact of structural 

defects. Furthermore, because of the substantial shell thickness, XPS analysis of the InP/ZnSe only 

revealed the phosphate peak, most likely because photoelectrons generated in the core phosphide 

have a lower probability of escaping (Figure S12). In this context, XPS becomes an imprecise and 

unreliable technique. 

 

Figure 9.6: The final absorbance (solid) and PL (dashed) trace of C/ZnSe, M/ZnSe, and A/ZnSe 

with TEM image insets (20 nm scale bar) of purified material (top). P Kα and Kβ XES spectra 

(bottom) for the InP/ZnSe samples where solid vertical lines in the Kα spectra indicate the InP 

component (2013.59 eV) and the identified phosphate component (2014.41 eV).  In the Kβ spectra, 

dashed lines indicate the Kβ’ peak of phosphate (2123.5 eV), and the Kβ1,3 peak of bulk InP 

(2138.6 eV). 
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The P Kα emission spectra of the InP/ZnSe, shown in Figure 9.6, were distinctive in that 

the peak positions from two-component fitting did not overlap with our identified phosphide and 

phosphate components.  The oxidized Kα1 were shifted lower in energy and the reduced Kα1 were 

shifted to higher energy (Table S4). These shifts, combined with the higher reduced-χ squared 

statistic of the A/ZnSe and M/ZnSe fits, suggests that the two-component fitting procedure does 

not sufficiently explain the observed spectra.  Furthermore, we observed several differences in the 

Kβ emission spectra from typical InP such as the shift of the Kβ1,3 peak to lower energies and a 

pronounced shoulder at 2140.5 eV (Figure 9.6).  

To reconcile these clear changes in the Kα and Kβ spectra for the ZnSe-shelled samples, 

we considered the possibility of a third significant phosphorus species present in the sample.  

Fortunately, the main decomposition product of TOP-Se has been previously identified as 

trioctylphosphine oxide (TOPO) through precursor evolution studies of cadmium chalcogenide 

nanocrystals.59,60 The Kβ emission spectrum of TOPO (shown in Figure 9.1) qualitatively matched 

the distinctive features observed in the InP/ZnSe samples. Although sample purification focused 

on the removal of excess ligands and by-products, complete removal is often complicated because 

of entanglement of long chain hydrocarbons, and in this case by weak binding of the TOPO to the 

particle surface. Thus, in order to evaluate the reduced and oxidized populations excluding the 

TOPO component, the Kα spectra were fit with three P Kα1,2 doublets as described in the 

Experimental section. This procedure results in improved fits for the A/ZnSe and M/ZnSe samples 

(Figure S13) and improved Kα1 energy positions for all three samples (Table S5).  Our analysis 

was further supported by the 31P SSNMR spectrum of the A/ZnSe sample in which three 

populations of phosphorus are measured; phosphide at –200 ppm, phosphate at 0 ppm, and TOPO 

at 55 ppm, of which the integrated areas agree qualitatively with the three-component fitting results 



241 

 

(F6). The presence of a significant phosphate species in each of these samples also agrees 

qualitatively with the Kβ spectra, each of which has a significant phosphate Kβ’ peak near 2123.5 

eV, much stronger in proportion than the spectral features exhibited in the TOPO spectrum. 

X-ray emission spectra of InP/ZnSe samples shows very high oxidized components. In the 

case of the A/ZnSe, roughly 51% of the phosphorus remain as phosphide while a mere ~15% of 

the phosphide component in the C/ZnSe or M/ZnSe was retained. We estimated that the core InP 

particles would have roughly 55-70% of the total phosphorus exposed to the surface, thus while 

the pathway of oxidation during ZnSe shell growth is unknown, it is reasonable that nearly all 

surface sites are oxidized. Additionally, we would not expect oxidative defects to penetrate beyond 

the surface of the InP core so we suggest that anion diffusion occurs during shell growth (in the 

case of thick shells) that allows core phosphides to migrate to the surface of the shell. Evidence 

supporting this proposed anion diffusion mechanism was presented by Rosenthal et al. in which 

the energy dispersive X-ray chemical maps of InP/ZnSe particles demonstrate alloying of In/P 

atoms into the Zn/Se shell.54 They hypothesized that alloying helps mitigate the increasing strain 

induced by the growth of a thick shell.  

Our goal to examine the correlation between surface oxidation and luminescence properties 

in the InP/ZnSe samples was similarly obstructed by excessive oxidation that prevented a careful 

analysis of these key factors. As with the InP/ZnS particles, the core-shell interface is thoroughly 

oxidized regardless of the defect-free surface of the starting materials (i.e. A-InP). These results 

emphasize the importance of critically examining the chemistry occurring after the InP core growth 

phase, especially when rigorous care is taken to improve the quality of the core particles. There 

has been a growing awareness to address the issue of introducing oxidative defects during shell 

growth. For example, Jeong et al. targeted the growth of a ZnS shell in the absence of acid-
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containing precursors and reported a phosphate-free interface, but the PL QYs of these samples 

still plateaued at 60%.14 If indeed the particles experienced no oxidation through core/shell growth, 

which was assessed with XPS, non-radiative recombination defect sites likely still formed as a 

combined result of compressive strain because of the growth of a >5 nm shell and the lattice 

mismatch between InP and ZnS. 

9.5 CONCLUSIONS 

Using a recently developed benchtop X-ray emission spectrometer, we have demonstrated 

the viability of phosphorus Kα XES measurements as a quantitative analytical tool to characterize 

the extent of oxidation in InP quantum dots through a comparative analysis with 31P SSNMR 

spectroscopy.  Complemented by measurements of the valence-to-core P Kβ emission using the 

same spectrometer, we were able to identify the presence of phosphate species and 

phosphine/phosphonium salt by-products, which were also confirmed by 31P SSNMR. XES 

measurements gave us the capability to rapidly measure a high volume of samples with excellent 

resolution from only a few milligrams of deposited material. This demonstration strongly suggests 

a future in which benchtop XES serves a role in the routine analysis of phosphorus compounds 

and materials.  

We examined the impact of phosphorus oxidation on InP optical properties by measuring 

surface phosphorus oxidation as a function of synthetic method and shelling strategy. The high 

degree of oxidation in the shelled compounds limit a careful interpretation of the correlation 

between QY and oxidized P, while being further complicated by various other synthetic factors. 

In this regard, the use of ultrafast spectroscopy and high-resolution electron microscopy may aid 

in elucidating a more apparent relationship. While there are routes to achieving a phosphate-free 

surface, these result in the specific ligation environment and particle morphology associated with 
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indium halides and aminophosphine precursors. To expand upon the available options, it may serve 

the field to develop a deeper understanding of the mechanism involving fluoride etching to address 

surface defects on QD surfaces,61,62 and develop new chemical methods to remove phosphate 

defects. Side reactions occurring during shell growth further oxidize the interface to the extent that 

the initial condition of the core surface is inconsequential. Current industry patents cite the usage 

of the same precursors examined in this study, implicating the presence of oxidized surfaces and 

rationalizing the lower than expected PL QYs.6 This strongly motivates a push towards designing 

shelling syntheses involving innocent precursors in an effort to minimize interfacial defect sites 

and optimizing conditions to prevent significant diffusion of phosphorus from the QD core. 

9.6 ASSOCIATED CONTENT 

Supporting Information 

Additional details regarding X-ray emission spectra fitting and QD characterization can be found 

in the supporting in-formation PDF. The Supporting Information is available free of charge on the 

ACS Publications website. 
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9.8 ABBREVIATIONS 

QD, quantum dot; PL, photoluminescence; QY, quantum yield; MAS, magic angle 

spinning; SSNMR, solid state nuclear magnetic resonance; XES, X-ray emission spectroscopy; 

XPS, X-ray photoelectron spectroscopy; ICP-OES, inductively coupled plasma optical emission 

spectroscopy; LEET, lowest energy electronic transition; XRD, X-ray diffraction; TEM, 

transmission electron microscopy; MSC, magic-sized cluster; ODE, 1-octadecene; GPC, gel 

permeation chromatography. 
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CHAPTER 10  PROBING SULFUR CHEMICAL AND 

ELECTRONIC STRUCTURE WITH EXPERIMENTAL 

OBSERVATION AND QUANTITATIVE THEORETICAL 

PREDICTION OF KΑ AND VALENCE-TO-CORE KΒ X-RAY 

EMISSION SPECTROSCOPY  
 

Submitted for publication: Holden, W. M.; Jahrman, E. P.; Govind, N.; Seidler, G. T. Probing 

Sulfur Chemical and Electronic Structure with Experimental Observation and Quantitative 

Theoretical Prediction of Kα and Valence-to-Core Kβ X-Ray Emission Spectroscopy. 

This chapter represents a significant portion of this dissertation, and I led the effort for this work. 

 

Figure 10.0: Table of contents graphic.  

 

An extensive experimental and theoretical study of the Kα and Kβ high-resolution x-ray emission 

spectroscopy (XES) of sulfur-bearing systems is presented. This study encompasses a wide range 

of organic and inorganic compounds, including numerous experimental spectra from both prior 

published work and new measurements.  Employing a linear-response time-dependent density 

functional theory (LR-TDDFT) approach, strong quantitative agreement is found in the 

calculation of energy shifts of the core-to-core Kα as well as the full range of spectral features in 
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the valence-to-core Kβ spectrum.  The ability to accurately calculate the sulfur Kα energy shift 

supports the use of sulfur Kα XES as a bulk-sensitive tool for assessing sulfur speciation.  Fine 

structure of the sulfur Kβ spectrum, in conjunction with the theoretical results, is shown to be 

sensitive to the local electronic structure including effects of symmetry, ligand type and number, 

and, in the case of organosulfur compounds, to the nature of the bonded organic moiety.  This 

agreement between theory and experiment, augmented by the potential for high-access XES 

measurements with the latest generation of laboratory-based spectrometers, demonstrates the 

possibility of broad analytical use of XES for sulfur and nearby third-row elements.  The effective 

solution of the forward problem, i.e., successful prediction of detailed spectra from known 

molecular structure, also suggests future use of supervised machine learning approaches to 

experimental inference, as has seen recent interest for interpretation of x-ray absorption near edge 

structure (XANES). 

 

10.1 INTRODUCTION 

Sulfur has ubiquitous roles in chemistry, from energy storage1-3 to biochemistry,4 

catalysis,5-6 and environmental science.7-8  Understanding the chemical interactions and electronic 

structure of sulfur is of critical importance towards making advances in many of these fields.  

While numerous analytical techniques have been used to characterize sulfur containing 

compounds, element-specific techniques that are capable of interrogating the sulfur directly 

regardless of the surrounding matrix are of particular importance.  Nuclear magnetic resonance 

(NMR) of sulfur is possible, but suffers from a low natural abundance of active nuclei and broad 

signals. X-ray spectroscopic techniques fulfill this role and much research has been conducted with 

synchrotron x-ray absorption near-edge spectroscopy (XANES) as well as x-ray photoelectron 
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spectroscopy (XPS).  These techniques have some drawbacks, in particular the difficulty of access 

to synchrotron XANES measurements and the surface-sensitivity and typical vacuum-

compatibility requirements of XPS.   

The last several years have seen growing interest in x-ray emission spectroscopy (XES), 

and especially valence-to-core XES,9-16 as an important complement to XANES.  In the context of 

sulfur, the synchrotron-based study of Alonso-Mori et al.15 for inorganic compounds and the older 

laboratory-based work of Yasuda and Kakiyama17 for organic compounds show a considerable 

richness of spectral features and sensitivity to chemically-relevant information.  However, such 

studies have been quite sparse because of, again, limited synchrotron access and also because of 

the formerly low efficiency of laboratory-based x-ray emission spectrometers.  That being said, 

there is a growing trend wherein the latest generation of x-ray analyzer optics, often having been 

developed for use at synchrotron light sources, are successfully repurposed for laboratory x-ray 

spectroscopies.12, 18-35  In such cases, the laboratory-based instruments using synchrotron-grade 

optics typically achieve the same energy resolution as the synchrotron light source facilities and, 

often surprisingly, achieve similar count rates and sensitivities for nonresonant XES.  The key 

point, as emphasized by Seidler et al.,19 is that while x-ray tubes lack the monochromaticity of 

synchrotron beamlines, they do not lack for flux.  Core-hole generation rates for samples 

illuminated by suitably chosen conventional x-ray tubes are often quite comparable to those for 

monochromatic illumination at 3rd-generation insertion device beamlines. The modest, but 

growing rebirth of laboratory-based x-ray absorption and emission spectroscopies has included 

recent development and application of a particularly simple XES spectrometer for sulfur and other 

nearby light elements.21, 33, 35-36  Given that it is  now technically feasible that sulfur XES could 
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become a high-access method, it becomes important to more fully explore the actual chemical and 

electronic sensitivities of sulfur XES, from both an experimental and theoretical perspective. 

Hence, in the present work, a comprehensive set of experimental results for S Kα and Kβ 

XES, collected from extensive prior work in the literature and augmented with new measurements, 

are compared to theoretical calculations using linear-response time-dependent density functional 

theory (LR-TDDFT).  Strong quantitative agreement is found between theory and experiment, both 

for Kα XES energy shifts that occur with changes in oxidation state, as well as the full range of 

spectral features in the valence-to-core (VtC) Kβ XES spectrum.  From the analysis of the LR-

TDDFT predictions, spectral features of S Kβ are observed to have possible strong polarization 

effects, suggesting a relatively unexplored avenue to investigate electronic structure through 

observations of anisotropic XES measurements from single crystals or preferentially oriented 

compounds.  Lastly, the strong agreement between theoretical and experimental Kβ spectra 

suggest the possibility that supervised machine learning techniques, trained with theoretically 

generated spectra, could be used in the analysis of experimental measurements.  Such machine 

learning approaches have seen recent progress in the analysis and classification of XANES 

spectra,37-38 which share many similarities with VtC-XES in terms of the information content 

available. 

First, a summary is given addressing in detail the prior work in sulfur Kα experiments, 

sulfur Kβ experiments, XES instrumentation, and XES theory.  The general definition of Kα and 

Kβ fluorescence for sulfur and representative spectra are given in Figure 10.1. The energy position 

of the core-to-core Kα emission feature has been known to shift with changes in sulfur bonding 

and oxidation state since at least 1936 when measured by Parratt using a double-crystal 

spectrometer.39  Additional measurements before the modern era of synchrotron capabilities were 

https://www.zotero.org/google-docs/?6uscYu
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made infrequently,17, 40-44 but again indicated the sensitivity of the S Kα energy position to S 

oxidation state. More recently, Alonso-Mori et al. measured S Kα XES using synchrotron radiation 

facilities and found good agreement between Kα energy shifts and valence electron configurations 

calculated using density functional theory (DFT) and ab initio multiple scattering based (FEFF) 

simulations.45 This effect is qualitatively understood by considering the different degrees of 

screening of the nuclear charge on the 1s and 2p binding energies.  These same effects are also 

used by x-ray photoelectron spectroscopy (XPS) to assess oxidation state, though with an 

important distinction that XPS measures the photoelectrons generated by incident x-rays, and is 

thus limited by their penetration length which is typically on the order of nanometers.  In contrast, 

S Kα XES captures the emitted x-ray photons which have penetration length on the order of 

micrometers, making the technique instead bulk sensitive.  However, while XPS determines the 

2p binding energy shifts directly, Kα XES is sensitive to the difference in shifts of the 2p and 1s 

levels, with the result that the energy shift with oxidation state is smaller in XES than in XPS.  

Hence, with the advantage of relative bulk sensitivity of S Kα XES, the cost is the requirement of 

especially high instrumental energy resolution.  
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Figure 10.1: Level schematic and S Kα and Kβ XES spectra of selected S compounds on an energy 

scale relative to the peak position of signal for Na2SO4, highlighting the relative magnitudes of 

changes in spectral features between the core-to-core Kα emission and the valence-to-core Kβ 

emission. 

Similarly, there are several noteworthy comparisons to be made between S Kα XES and S 

K-edge x-ray absorption near edge structure (XANES), which has also been used to characterize 

S speciation and oxidation state.45-49  In a recent study, Holden et al.33 showed that S speciation in 

biochars determined by S Kα XES was in good quantitative agreement with inferred oxidation 

states from previous S K-edge XANES measurements.  In that work, Holden et al.33 also made 

pertinent observations regarding systematic effects that can affect K-edge XANES spectra yet, in 

contrast, do not affect Kα XES.  The standard approach for analysis of S speciation by XANES is 

to use linear-combination fitting, but as pointed out by many authors,33, 50-51 this is subject to 

several difficulties including the proper choice of reference compounds, possible differences in 

crystallinity between references and samples of interest, as well as self-absorption effects. In 

contrast, non-resonant XES does not have a self-absorption effect that distorts features, and the 

simple shift of the significantly invariant spectral shape of sulfur Kα XES thus permits higher 
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confidence linear-combination fitting with no dependence of results on the concentrations and 

environments of sample and reference compounds. 

Next, the Kβ XES of sulfur arises from valence-to-core transitions, where “valence” 

encompasses all occupied density of states derived from the S 3p shell in addition to any orbitals 

from the ligand atoms which hybridize with the S 3p during the formation of molecular orbitals. 

Consequently, the S Kβ XES carries information about the electronic structure of the bonding 

environment around S atoms, including effects from hybridization, symmetry, and ligand 

identities.  These sensitivities are similar to those of sulfur K-edge XANES, which has seen 

extensive use in applications as a tool for fingerprinting sulfur chemistry by comparison to 

reference compounds46-49 as well as in the study of sulfur electronic structure by comparison with 

theoretical computations.52-54  However, much as with S Kα XES, there is far less prior study of 

the S Kβ XES than S K-edge XANES.  Notable prior work includes the broad surveys of organic 

S compounds by Yasuda and Kakiyama17 and inorganic compounds by Alonso-Mori et al.45 

Yasuda and Kakiyama were able to categorize their observed spectra according to a small number 

of classes of similar spectra and found that each such class possessed substantial chemical 

similarity.   Alonso-Mori et al. were able to interpret several of their measurements of inorganic 

sulfur in terms of symmetry and molecular orbitals using a density functional theory (DFT) 

approach.  Other remarkable surveys of S Kβ XES measurements include efforts by Takahashi and 

Yabe,55 Yarmoshenko at el.,42, 56-57 and Sugiura et al.58-62 

The experimental literature summarized above clearly establishes strong sensitivity of S 

XES to many analytical questions often asked of the coordination chemistry and electronic 

structure of sulfur.  The question then arises as to why S XES has remained rare, especially given 

the shortcomings of NMR as well as the surface sensitivity and typically high-vacuum 
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requirements of XPS.  This is partly due to limitations of synchrotron access compounded by the 

small number of beamlines operating in this intermediate, “tender” x-ray range (1–5 keV) and the 

even smaller number of such beamlines equipped with a high-resolution XES spectrometer.  

However, it is also due to the previously low efficiency of laboratory-based x-ray emission 

spectrometers in this energy range40, 63-65 where the classic double flat-crystal spectrometer 

provided outstanding energy resolution, but with such small effective collection solid angles that 

long integration times were required even with very high-powered x-ray tubes.  

The recent development of an efficient laboratory-based spectrometer based on the 

Dispersive Refocusing Rowland (DRR) design mitigates many of these limitations.21 The DRR-

based instrument is an example of the ongoing renaissance of laboratory-based advanced x-ray 

spectroscopies,18-32 where XES is proving to be especially powerful because of the core level 

ionization rates that are possible with conventional x-ray tubes.12, 33-35  The DRR-based instrument, 

which was used for the new experimental results presented in this study, is capable of Kα XES 

measurements on concentrated samples in a matter of minutes, and dilute samples (~150 ppm) 

within a few hours.  Kβ XES measurement times are similarly minutes or hours for concentrated 

samples.  The design allows efficient use of a large spot size, which serves to increase the 

efficiency when operating with a conventional unfocused laboratory x-ray tube and decreases the 

damage done to radiation-sensitive samples. These capabilities have already been demonstrated 

and utilized in a recent study on the speciation of sulfur in biochars33 and for the problem of the 

speciation and local electronic structure of phosphorus in InP quantum dots.35-36  These studies 

demonstrate synchrotron-quality energy resolution in often-comparable measurement times.  In 

addition, for the narrow problem of determination of the P oxidation state, lab-based XES agreed 
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with results from 31P magic-angle spinning NMR but required much shorter measurement time 

and far less sample mass.35   

The above overview validates that S Kα and Kβ XES have significant analytical sensitivity 

and that high access to S XES is technically viable.  This brings us to the question of a predictive 

theoretical approach.  To date, though theoretical investigations of S XES have been carried out 

for inorganic sulfur compounds, to our knowledge this is the first report of extensive theoretical 

calculations of XES for sulfur organic compounds. Previous approaches to modeling sulfur XES 

spectra include molecular orbital methods,66-67 discrete variational Xα cluster calculations (DV-

Xα),68-70 and more recently, DFT methods.15-16, 45, 71  The single-particle density functional theory 

(DFT) approach represents the initial core-hole and final valence-hole states with Kohn–Sham 

(KS) orbitals from ground state DFT calculations. Within this approximation, the emission 

intensities are proportional to the transition dipole matrix elements between the two 

aforementioned KS orbitals, and the emission energies are just the energy differences between 

those orbitals. However, this neglects orbital relaxation during the emission process, and 

multichannel effects involving many orbital pairs with significant contributions to the excited state 

cannot be described within a single-particle framework. Here, we expand on prior work by using 

a LR-TDDFT based protocol72-73 which naturally includes multideterminant character in the 

excited state to simulate sulfur VtC-XES spectra.  We find quantitative agreement between theory 

and experiment across the full range of molecular and condensed phase systems considered here 

for both Kα energy shifts and for the overall Kβ spectra.  Our results expand on the growing body 

of work establishing theoretical treatments of XES and VtC-XES of various elements, most 

commonly transition metals, which often achieve qualitative agreement that aids in interpretation, 

but also which is increasingly achieving quantitative agreement similar to that seen here.10-16, 73-89 
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Hence, taken en masse, the combination of prior work and the present study establish the 

viability of S Kα and Kβ XES as standard diagnostic methods, strongly supported by a predictive 

theoretical treatment.  The manuscript proceeds with descriptions of both theoretical and 

experimental methods.  The results and related discussions follow, with a comparison of theory to 

experiment including several new insights about the relationship between electronic structure and 

possible directional effects in future direction-dependent VtC-XES studies.  Two high-impact 

future directions are highlighted.  First, while this work demonstrates the performance of theory 

and spectrometer in the case of sulfur, similar sensitives of Kα and Kβ XES have been 

demonstrated for Al, Si, P, and Cl,16, 67, 71, 90-92 suggesting that many of the methods and conclusions 

in the present paper might be extended to these elements as well.  Second, the strong quantitative 

agreement between theory and the S Kβ XES strongly suggests that the forward problem (given a 

structure, predict the spectrum) is sufficiently solved that supervised machine learning of, e.g., a 

neural network can be used in the future for inference of structural or chemical descriptors from S 

Kβ XES results. 

 

10.2 EXPERIMENTAL METHODS 

A number of spectra reported here have been recorded by our group using a recently 

developed laboratory-based tender x-ray emission spectrometer, described in detail by Holden et 

al.21  Briefly, the spectrometer uses an x-ray tube (Varex VF50, Pd-Anode) operated at an electron 

beam power of 50 W to stimulate fluorescence in the sample.  The spectrometer makes use of the 

dispersive refocusing Rowland (DRR) geometry with a 10-cm radius of curvature, Si (111) 

cylindrical crystal analyzer (XRS TECH LLC).  The refocused fluorescence is detected using an 

energy-resolving CMOS-based color x-ray camera,93 where individual photon detection events are 
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energy-windowed to reject background signals.  The majority of the beam path of the spectrometer 

is within a chamber which is either flushed with helium or evacuated with a roughing pump to low 

vacuum (<100 mTorr) to reduce air scatter and absorption.  Using Na2SO4 as reference, energy 

scales for Kα1 measurements were aligned using Alonso-Mori et al.’s reported value of 2309.12 

eV,45 and Kβ measurements were aligned to Alonso-Mori et al.’s using a two-point calibration 

with the Na2SO4 Kβ1,3 energy position of 2467.15 eV and Kβ’ energy position of 2452.91 eV.15 

Kβ measurements of blanks were used to assess backgrounds, which were observed to be 

approximately linear, and the resulting linear trend was subtracted from each spectrum. Samples 

measured include a ZnS crystalline wafer (MTI Corporation); dibenzothiophene, benzyl sulfide, 

2-mercaptopyridine, 4-mercaptopyridine, 2-mercaptopyrimidine, and 2-(2-

Hydroxyphenyl)benzothiazole (Sigma Aldrich); Na2SO4 (Fisher Chemical); and dimethyl sulfone 

(Frontier Scientific). 

Additional Kβ spectra were gathered from Yasuda and Kakiyama17 and Alonso-Mori et 

al.15  Spectra were reproduced from the published figures using the online tool WebPlotDigitizer.94 

Since not all data points were recovered from the digitization, the noise of the spectra is only 

approximately reproduced. Spectra from Alonso-Mori et al. were used as reported.  Spectra from 

Yasuda and Kakiyama were converted from an angular scale to energy scale using 2d=6.5327 Å 

for the Ge(111) spacing, and were then shifted by 3.15 eV to better match the energy alignment of 

Alonso-Mori et al. For presentation in the figures below, the spectra were shifted vertically such 

that the minimum of the spectra coincides with zero, corresponding to subtraction of a constant 

background. 
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10.3 THEORETICAL METHODS 

Linear-response time-dependent density functional theory, LR-TDDFT,95-97 has been used 

in theoretical calculations for various x-ray spectroscopies, including XANES of sulfur53, 98-100 and 

other elements,101-115 as well as VtC-XES.12, 72-73  Here, we make use of LR-TDDFT within the 

Tamm-Dancoff approximation (TDA)116 to simulate XES of a variety of sulfur compounds.  In the 

present work, in addition to the VtC-XES spectra, energies of the Kα core-core transitions are also 

obtained from the LR-TDDFT calculation. All calculations were performed with the NWChem117 

package (version 6.8.1).  

The XES simulation protocol12, 72-73 is as follows: first a neutral ground state calculation is 

performed; next, a full core-hole (FCH) ionized state is obtained self-consistently in which an 

electron is removed from the 1s core orbital while using the maximum overlap constraint118-119 to 

prevent core hole collapse; lastly, a LR-TDDFT calculation within the TDA is performed with the 

FCH ionized state as the reference. The XES features appear as negative eigenvalues of the LR-

TDDFT matrix equations, and the energies of the final spectra are obtained by taking absolute 

values. For VtC-XES calculated spectra, the same energy shift (-18.6 eV) was applied to all 

systems considered here to match experimental spectra.  It is possible to use a constant energy shift 

in this approach because of the explicit and consistent treatment of the core potential of the emitting 

center.  Kα energy shifts are reported relative to S8, which was calculated by the LR-TDDFT 

procedure as 2316.86 eV and has an experimental value of 2307.89 eV,120 corresponding to a -

8.97 eV shift.  

To obtain relative spectral intensities from the oscillator strengths, we use the following 

equation, as discussed by Lee at al.11: 
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IIF
R =

ωIF
2 fIF

∑ ωIF'
2 fIF'F'

 

 

where IIF
R  is the relative radiative decay intensity from initial state I to final state F, fIF is the 

emission oscillator strength, and ωIF = (EF-EI)/ℏ is the emission frequency.  To produce the 

theoretical spectra, the spectral transitions were broadened with a Lorentzian profile with a full-

width half-maximum of 2 eV to include natural lifetime and experimental resolution effects. 

In addition to the VtC-XES spectra, our calculations also yield de-excitations at lower 

energy and with much stronger oscillator strengths.  These de-excitations correspond to the Kα 

core-to-core 2p→1s transitions.  Without inclusion of spin-orbit or multiplet effects, these Kα 

transitions are nearly degenerate in energy, and the average is taken to represent the average Kα 

energy position. 

In the case of the molecular compounds, single molecules were used to calculate VtC-XES 

spectra.  Optimized geometries were calculated prior to the VtC-XES calculation procedure.  Pre-

optimized structures were downloaded through MolView.org,121 which relies primarily on the 

PubChem122 database.  Geometry optimization calculations were performed with the B3LYP 

exchange correlation functional123 and with 6-31G* basis sets124-127 without symmetry constraints.  

For the LR-TDDFT procedure, the 6-311G**  basis sets128-129 was used for all atoms other than 

sulfur, for which the Sapporo QZP-2012130 basis was used along with the PBE0131 exchange 

correlation functional (25% Hartree-Fock). 

The solid-state compounds (pyrite, FeS2; orpiment, As2S3; sphalerite, ZnS) were 

represented with finite clusters constructed from experimentally determined crystal structures.132-

134 To account for the surface states, the clusters were terminated using a set of suitably chosen 

pseudo-hydrogen saturators whose charges are calculated using the formal charges of the surface 
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atoms and bonding environment.12, 135-136 For FeS2 and As2S3, the Los Alamos effective core 

potential (LANL2DZ137-138) and associated basis sets were used on S, Fe, and As atoms.  For ZnS, 

the Stuttgart RSC 1997 ECP139-140 basis set was used for Zn atoms and Stuttgart RLC ECP141 was 

used for S.  For all solid-state calculations, the emitting S center was represented with the Sapporo 

TZP-2012130 basis.  As in the molecular calculations, the PBE0 exchange-correlation functional 

was used for all solid-state systems. 

10.4 RESULTS AND DISCUSSION 

Combining measurements made with our laboratory spectrometer with the measurements 

of Yasuda and Kakiyama17 and Alonso-Mori et al.,15, 45 experimental sulfur Kα energy shifts have 

been compared to theoretical calculations for 43 sulfur compounds, and sulfur Kβ experimental 

and theoretical spectra have been compared for 29 sulfur compounds.   

For the following discussion, the compounds are divided into molecular and solid-state 

(SS) compounds.  Using the classifications of Yasuda and Kakiyama, the molecular compounds 

are further subdivided into types: sulfur-oxygen (SO) and divalent compounds consisting of type 

A, type B, and type C.  Though Yasuda and Kakiyama made these assignments based on sulfur 

Kβ spectral features, the groupings are well separated by bonding characteristics.  The type A 

compounds are aryl sulfides and thiols in which the sulfur is adjacent to benzene rings, as well as 

heterocyclic sulfur compounds.  Type B compounds are identified as aliphatic sulfides and thiols 

and benzyl sulfides in which the sulfur atom is separated from the benzene rings by CH2.  Type C 

compounds consist of thioketones. 
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10.4.1 Sulfur Kα 

For context, some representative S Kα spectra are shown in Figure 10.2.  For the variety of 

compounds shown in the figure, despite varying oxidation states and chemical environments, the 

Kα doublet lineshape is observed to be essentially constant, with the spectra of different 

compounds shifted towards higher energy with increasing oxidation state.  These observations  are 

in line with well-established findings from prior works that the Kα lineshapes for S are only weakly 

dependent on the local chemical environment.45, 71  In all cases, the spectra are largely 

characterized by the energy position of the stronger, Kα1 line, or equivalently, by the energy shift 

of that line with respect to its position for elemental sulfur.  As recent studies have also 

demonstrated,33, 45, 71 one consequence of this is that samples of mixed sulfur oxidation states can 

be analyzed by linear combination fitting of sulfur Kα doublets at different energy shifts. 

 

Figure 10.2: Sulfur Kα XES measurements of compounds with a variety of oxidation states taken 

on our laboratory spectrometer.  Common names for compounds in the legend are 

dibenzothiophene (C12H8S) and dimethyl sulfone (C2H6O2S). 

Calculated Kα energy shifts are reported and compared to experimental data from present 

and prior work in Table 1.  Excellent agreement is found between our calculations and the 
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measurements reported by Yasuda and Kakiyama, with an average deviation between the theory 

and experiment of 0.02 eV, which is comparable to their reported energy uncertainty of ± 0.01 eV.  

With the exception of ZnS, which appears to be an outlier, we also find good agreement with our 

own measurements (“present work”) and those of Alonso-Mori et al., with average deviations 

(excluding ZnS) of 0.05 eV and 0.03 eV, respectively.  It is also clear from Table 1 that the type 

of compound is strongly correlated with the Kα energy position.  All sulfur-oxygen compounds 

are highest in energy, and the divalent sulfur compounds show some clear trends, with type C 

being consistently lowest in energy, and type A and B being intermixed, with B skewed lower in 

energy and A skewed higher.  The solid state compounds, containing reduced sulfur, are also 

grouped lower in energy, all having negative shifts with respect to S8. 
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Table 10.1: Sulfur Kα energy shifts relative to S8 as predicted with the LR-TDDFT protocol 

compared to experimentally determined values. Shifts of data from Alonso-Mori et al. and the 

present work were aligned to have the same shift as Yasuda and Kakiyama for sodium sulfate, the 

only compound measured in all three studies.  Counter-ions of experimental compounds which 

were not included in the LR-TDDFT calculation are indicated in parentheses.  (SO = sulfur-

oxygen, SS = solid-state) 

  Present Work   

Type Compound LR-
TDDFT 
(theory) 

Measured 
(exp.) 

Yasuda 
and 

Kakiyama17 
(exp.) 

Alonso-Mori 
et al.45 
(exp.) 

SO (Sodium) sulfate 1.20 1.21 1.21 1.21 

SO (Sodium) lauryl sulfate 1.14  1.15 
 

SO (Ammonium) sulfamate 1.12  1.12 
 

SO (Sodium) p-dodecylbenzenesulfonate 1.06  1.03 
 

SO Benzenesulfonic acid 1.06  1.06 
 

SO (Potassium) methanesulfonate 1.06  1.04 
 

SO (Sodium) hydroxymethanesulfonate 1.05  1.00 
 

SO (Sodium) methallyl sulfonate 1.03  1.00 
 

SO Sulfanilic acid 0.99  1.07 
 

SO P-Toluenesulfonic acid 0.98  1.04 
 

SO Benzenesulfonamide 0.94  0.94 
 

SO O-Sulfobenzimide 0.94  0.95 
 

SO Diphenyl sulfone 0.84  0.85 
 

SO Dimethyl sulfone 0.83 0.83 0.80 
 

SO Sulfolene 0.78  0.76 
 

SO Thiourea dioxide 0.49  0.42 
 

SO Diphenyl sulfoxide 0.35  0.35 
 

SO Dibenzyl sulfoxide 0.28  0.25 
 

B 4,4'-Dithiodimorpholine 0.04  0.05 
 

B Sulfur (S8) 0.00  0.00 -0.02 

A Thenoic acid 0.00  0.01 
 

A 2-Benzoylthiophene 0.00  0.00 
 

A 4,4'-Thiodianiline -0.01  0.00 
 

A 4,4'-Thiodiphenol -0.01  0.01 
 

B Dibenzyl disulfide -0.02  -0.02 
 

A Thianthrene -0.02  0.00 
 

A 2-Aminothiazole -0.03  -0.01 
 

A 2-(2-Hydroxyphenyl)benzothiazole -0.04 0.02  
 

A Dibenzothiophene -0.04 0.02 -0.01 
 

B Thiodipropionic acid -0.05  -0.04 
 

B 1,3,5-Trithiane -0.06  -0.03 
 

B Octadecyl sulfide -0.06  -0.04 
 

B Dibenzyl sulfide -0.07 -0.02 -0.05 
 

SS FeS2 (Pyrite) -0.09   -0.05 

C 2-Mercaptobenzimidazole -0.11  -0.11 
 

C Thiourea -0.11  -0.13 
 

C Thioacetamide -0.11  -0.13 
 

C 2-Mercaptopyrimidine -0.12 -0.08  
 

C 2-Mercaptopyridine -0.12 -0.06  
 

C Thiobenzamide -0.12  -0.13 
 

C 4-Mercaptopyridine -0.12 -0.03  
 

SS As2S3 (Orpiment) -0.14   -0.18 

SS ZnS (Sphalerite) -0.43 -0.15  -0.22 
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The Kα energy shift is explained at lowest order as a change in the amount of screening of 

the nuclear charge due to changes in the valence electron population, i.e., oxidation state. Figure 

10.3 shows a comparison of the Kα energy shifts predicted using ground-state Kohn-Sham 

molecular orbital energy differences and energy shifts calculated by the LR-TDDFT procedure.  

While both approaches produce linear fits with comparably small residuals and capture the energy 

shift with oxidation state, the response treatment approach of LR-TDDFT produces a slope closer 

to one, i.e., in systematically better agreement with experiment and illustrating the need to include 

orbital relaxation. 

 

 

Figure 10.3: Comparison of experimental Sulfur Kα energy shifts (relative to S8) with theoretical 

shifts at two different computational levels: ground state DFT sulfur 2p – 1s molecular orbital 

energy differences (slope = 0.73, R2 = 0.993) and LR-TDDFT transition energies (slope = 1.02, 

R2 = 0.994).  For compounds with multiple experimental values (see Table 1), the average 

experimental shift was taken. 
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The last feature of the Kα XES spectrum is the peak ratio of the two main Kα1/Kα2 

transitions.  As reported in Alonso-Mori et al.,15 there is some modest variation in peak ratio from 

the ideal 2:1 ratio expected from the relative degeneracies of the 2p1/2
 and 2p3/2 shells.  An 

understanding of the material-dependence of the variation of this ratio remains an unexplained 

feature of the spectrum within these calculations. When Kα XES is used for speciation by linear 

combination fitting, this minor variation introduces a possible systematic uncertainty, as explored 

in detail in the supporting information of Stein et al.35 where the same overall approach to 

determination of oxidation state is used for phosphorus speciation. 

10.4.2 Sulfur Kβ  

Molecular Compounds 

The sulfur Kβ XES spectrum is richer than the Kα in spectral detail and information 

content.  We frame the discussion in four steps.  First, we broadly compare the observed Kβ 

experimental spectra from multiple sources with LR-TDDFT predictions. Second, we investigate 

the results of analyzing the spectra by the underlying theoretical character of select spectral 

features, with an emphasis on the transitions dominated by the highest occupied molecular orbital 

(HOMO) or the cluster of transitions that are highest in energy.  Third, we analyze the transition 

dipole moment directions of spectral features.  While directional-dependent non-resonant valence-

to-core XES has been occasionally considered,88, 142-147 our results show that such studies may 

allow a rich interrogation of theory and molecular electronic structure for many of the compounds 

considered here.  Fourth, we investigate the quantitative agreement between theory and experiment 

and use that as a stepping stone to discuss possible future use of supervised machine learning based 

on LR-TDDFT training sets as applied to experimental results. 
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First, a variety of spectral features are observed among the many molecular compounds 

shown in Figures 10.4 and 10.5.  The agreement between theory and experiment is, at this first 

qualitative level, impressively strong.  All major features in the experimental spectra are 

reproduced in the theory, and vice versa.  While specific features of each spectrum depend on the 

detailed nature of the bonding environment, a few general trends among the types of compounds 

emerge.  Type A compounds have a dominant peak near 2465.5 eV with a pronounced shoulder 

3-4 eV higher in energy, and a weaker, broader shoulder on the low energy side. As seen in the 

transitions of the calculations (indicated by the black sticks in Figure 10.4), one or two dominant 

transitions contribute to the high energy shoulder, while the main peak and low energy shoulder 

consist of a series of transitions.  For type B compounds, the dominant feature is the highest in 

energy, near 2468 eV. This is slightly lower in energy than the highest energy feature of type A 

compounds, as noted by Yasuda and Kakiyama.  With slightly less intensity, type B compounds 

show a secondary strong feature near 2465.5 eV (nearly coincident with the type A dominant 

feature).  A feature on the low energy side is also observed near 2463 eV, which in some 

compounds appears as an additional peak, or otherwise as a weaker shoulder.  Type C compounds 

show the least variation between compounds, with two main peaks, the dominant peak near 2467 

eV, and a peak near 2463 eV around three times less intense.  For sulfur-oxygen compounds, with 

the exception of diphenyl sulfoxide, the spectra show a main peak near 2467 eV (referred to as 

Kβ1,3) and another peak around 14 eV lower in energy (referred to as Kβ’), the latter being the 

well-known sulfur-oxygen bonding peak.15-17, 90  The intensity of the lower energy peak is observed 

to vary, with a positive correlation between intensity and the number of oxygens.  For diphenyl 

sulfoxide with a single S-O bond, a small peak is predicted by the calculation but not observed in 

the experimental data of Yasuda and Kakiyama.  In addition to the two main peaks, shoulders are 
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observed on both the low and high energy sides of the main feature, and in the cases of dimethyl 

sulfone and diphenyl sulfone, isolated peaks are seen near 2458 eV. 

 

Figure 10.4: Comparison of sulfur Kβ VtC-XES experimental results (red & blue) to LR-TDDFT 

calculations (black sticks: transitions, orange line: Lorentzian-broadened) for divalent sulfur 

compounds.  The red experimental data was taken on our laboratory-based instrument21 and the 

blue data is from Yasuda and Kakiyama.17 
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Figure 10.5: Comparison of sulfur Kβ VtC-XES experimental results (red & blue) to LR-TDDFT 

calculations (black sticks: transitions, orange line: Lorentzian-broadened) for sulfur-oxygen 

compounds.  The red experimental data was taken on our laboratory instrument21 and the blue data 

is from Yasuda and Kakiyama.17 

Second, we consider the underlying character of spectral features. To analyze the character 

of spectral features, a weighting scheme is used to decompose the contributions from the different 

configurations into weighted sums of atomic basis orbitals; the details of this procedure are given 

in the SI.  The results of select compounds are shown in Figures 10.6 and 10.7, while the equivalent 

figures for the remaining compounds are included in the SI. 
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Figure 10.6: Sulfur Kβ experimental and theoretical spectra, with bar plots of atomic orbital 

contributions of spectral features in different energy ranges for type A (left) and type B (right) 

compounds.  Contributions were calculated according to the weighting scheme as explained in 

detail in the SI.  LR-TDDFT calculated transitions are shown as black sticks and the Lorentzian-

broadened spectra as orange lines.  The red experimental data was taken on our laboratory-based 

instrument21 and the blue data is from Yasuda and Kakiyama.17  The bar plot x-scale is normalized 

to one and, for clarity, weighted contributions from orbitals with less than 0.05 contribution are 

omitted.  The x-scale of the spectra represents energy in eV. 
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Figure 10.7: Sulfur Kβ experimental and theoretical spectra, with bar plots of atomic orbital 

contributions of spectral features in different energy ranges for type C (left) and sulfur-oxygen 

(right) divalent compounds.  Contributions were calculated according to the weighting scheme as 

explained in detail in the SI.  LR-TDDFT calculated transitions are shown as black sticks and the 

Lorentzian-broadened spectra as orange lines.  The red experimental data was taken on our 

laboratory-based instrument21 and the blue data is from Yasuda and Kakiyama.17 The bar plot x-

scale is normalized to one and, for clarity, weighted contributions from orbitals with less than 0.05 

contribution are omitted. The x-scale of the spectra represents energy in eV. 
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Spectra of type A compounds and their resulting decompositions into atomic character are 

shown in Figure 10.6 (left) and Figure S1.  The higher energy features are seen to be dominated 

by atomic p-character orbitals, mostly from carbon and sulfur, as well as oxygen and nitrogen for 

compounds with those elements.  As features decrease in energy, they contain decreasing 

contributions from p-character orbitals and increasingly consist of s-character, predominantly from 

carbon, but also with contributions from nitrogen, oxygen, and some minor contributions from 

sulfur.  As the highest energy features result from transitions that are largely (or wholly) dominated 

by the HOMO, the character of these features reflects information about the composition of the 

HOMO.  The large contributions of carbon and sulfur p-type orbitals relate to the sulfur 

participation in the delocalized molecular orbitals of the ring structures.  This is highlighted by the 

strong contributions of nitrogen-p and oxygen-p to the high energy features of 4,4’-thiodianiline 

and 4,4’-thiodphenol, respectively.  In those compounds, despite the spatial distance from the 

sulfur atom and the relatively local nature of the sulfur VtC-XES measurement, the nitrogen and 

oxygen groups opposite the sulfur on the benzene rings are seen to contribute significantly to the 

high-energy spectral features.  Comparing the spectra of those two compounds, this change in 

character also coincides with a change in predicted intensity, with the highest energy transition for 

4,4’-thiodiphenol being more intense than 4,4’-thiodianiline.  This relatively small predicted 

change is indeed observed in the experimental spectra, demonstrating the sensitivity of the spectra 

in this region as well as the high quality of agreement between the theory and experiment. 

Type B compounds (Figure 10.6 right and Figure S2) show similar general trends in the 

atomic characters as type A compounds, with the highest energy features being dominated by 

carbon-p with a smaller contribution of sulfur-p and oxygen/nitrogen-p (for compounds with O 

and N).  For decreasing energy of features, again p-character contributions of these elements are 
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reduced and s-character contributions increase. One exception is the presence of hydrogen-s 

character, which has a relatively constant contribution throughout, and is also present in the highest 

energy features, reflecting the fact that the HOMOs are no longer the delocalized ring structure 

orbitals of type A, but rather involve the aliphatic chain containing the sulfur.  Notably, 1,3,5-

trithiane (Figure S2) lies somewhat outside of the above trends and has highest energy features 

dominated by sulfur-p and containing significant sulfur-s contributions as well.  Sulfur-d orbitals 

are also observed to have minor contributions. 

For type C compounds (Figure 10.7 left and Figure S3), in contrast to type A and type B, 

the highest energy features have much stronger (or dominant) contributions from sulfur-p character 

orbitals, likely reflecting the role of the sulfur-carbon double-bond in the HOMO.  Similar to type 

A and B, the lower energy feature contains more carbon and sulfur s-character and less sulfur-p. 

Spectral decompositions for sulfur-oxygen compounds are shown in Figure 10.7 (right) 

and Figure S4. Starting with the lowest energy feature, it is evident that the Kβ’ peak near 2453 

eV is dominated by oxygen-s character and is thus a signature of S-O bonds.  This is consistent 

with the observed increase in Kβ’ intensity with increasing oxygen coordination of the sulfur and 

is in close analogy to the better-known Kβ’’ ligand or ‘cross-over’ peaks seen in transition metal 

VtC-XES.147 Taking that as a guide, we recall that in the case of Mn, isolated ligand peaks are seen 

in order of increasing energy separation for Mn-N, Mn-O, and Mn-F bonds.  Calculating the 

theoretical spectrum for SF6 (Figure S5), a Kβ’ peak is predicted ~3 eV lower than the Kβ’ peak 

in sulfate compounds, in reasonable agreement with measurements of SF6 made by Takahashi.90  

Although not observed as an isolated peak, analogous behavior for nitrogen is observed in the 

character of benzenesulfonamide spectral features around 2455.6 eV (Figure 10.7 right), where 

nitrogen-s character is dominant.  Similarly, in the energy region around 2460 eV, the spectral 
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transitions are dominated by carbon-s character.  In the case of dimethyl sulfone, an isolated 

intermediate feature is observed in this spectral region coming from two nearby transitions, the 

higher energy one dominated by carbon-s and the lower energy one with similar contributions of 

carbon-, oxygen-, and sulfur-s. For all sulfur-oxygen compounds, the main Kβ feature around 2467 

eV is split among many atomic orbitals.  For the spectral region highest in energy, closest to the 

HOMO, transitions are dominated by carbon-p and oxygen-p, though notably, sulfur-d has an 

appreciable contribution to the HOMO for dimethyl sulfone. 

Third, we discuss the transition dipole moment directions for select spectral features.  The 

X, Y, and Z components of the transition dipole moments contain information related to 

polarization.  In oriented samples, these polarizations are observed as anisotropies in the directions 

of fluorescence emission.  Though the directionality of XES has been discussed by some authors 

in the past,77, 88, 142-147 measurements of polarized XES are relatively uncommon. The connection 

between molecular orientation and anisotropic emission has significant similarity to the 

polarization dependence of XAFS148 or the momentum-transfer dependence of non-resonant 

inelastic x-ray scattering.149-150  However, while in those cases the polarization or directional 

dependence is associated with the excitation, here it is instead related to the de-excitation.  That is, 

in polarization XAFS, the directionality is related to the symmetry of unoccupied states, whereas 

in directional VtC-XES, the polarizations reveal information about the symmetry of the valence 

electronic configuration.  

The directionality of the transition dipole moments are analyzed using cosine-projections 

of the transition dipole moment vectors onto the X, Y, and Z axes of the molecule (i.e., the 

contribution of a single transition is proportional to cos2 θ, where θ is the angle between the vector 

and the coordinate axis).  Plots with spectral decompositions onto orthogonal directions with 
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molecular depictions illustrating the orientation of the axes for several compounds are shown in 

Figures 10.8 and 10.9 (and in Figures S6-S9 for remaining compounds).  As a demonstration of 

information that may be obtainable by such an anisotropic VtC-XES measurement, we analyze the 

case of dibenzothiophene in detail.  In Figure 10.8, the transition dipole moment direction of the 

highest energy transition is calculated to be perpendicular to the plane of the molecule.  For the 

C2v symmetric dibenzothiophene molecule, the dipole operator perpendicular to the plane of the 

molecule (along the x-axis) is of b1 symmetry.  For a dipole allowed transition, the product of the 

irreducible representations of the initial and final state with the dipole operator must contain the 

totally symmetric irreducible representation.  Therefore, in order to have a dipole-allowed 

transition to the a1 symmetric core-hole, the electron must leave a state of b1 symmetry, indicating 

that this high-energy feature originates from states of b1 symmetry. Indeed, from the calculations, 

this high-energy feature is dominated by contribution from the HOMO, which is observed to have 

b1 symmetry. This information about the symmetry of the HOMO is similar in principle to what 

can be obtained by linear dichroism spectroscopy, which has also been performed on 

dibenzothiophene151-152 and identified the HOMO as b1. In contrast to linear dichroism 

spectroscopy, however, for the case of dibenzothiophene where the 1s core-hole belongs to the 

totally symmetric irreducible representation, valence states of many symmetries are probed by 

VtC-XES and contribute to the spectrum, whereas only π → π* transitions are observed in the 

linear dichroism spectroscopy measurements. 
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Figure 10.8: (left) Sulfur Kβ experimental (labelled “Exp.”, red & blue) and theoretical (orange) 

spectra of type A and type B compounds, along with decomposition of the theoretical spectra into 

components of the transition dipole moment vectors along the X, Y, and Z axes.  The red 

experimental data was taken on our laboratory-based instrument21 and the blue data is from Yasuda 

and Kakiyama.17 (right) Molecular geometries showing the orientation of the coordinate axes. 
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Figure 10.9: (left) Sulfur Kβ experimental (labelled “Exp.”, red & blue) and theoretical (orange) 

spectra of type C and sulfur-oxygen compounds, along with decomposition of the theoretical 

spectra into components of the transition dipole moment vectors along the X, Y, and Z axes.  The 

red experimental data was taken on our laboratory-based instrument21 and the blue data is from 

Yasuda and Kakiyama.17 (right) Molecular geometries showing the orientation of the coordinate 

axes. 

Looking more broadly, we notice several trends in the transition dipole moment directions 

among the classes of compounds shown in Figures 10.8 and 10.9 (and Figures S6-S9).  For type 
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A compounds in which the sulfur is bonded to a planar ring structure, the highest energy feature 

is observed to be entirely perpendicular to the plane of the ring.  The other main feature and low 

energy shoulder are split among Y and Z components, with the main feature predominantly in the 

direction pointing from the center of the ring structure towards the sulfur, and with the low energy 

shoulder predominantly along the average C-S-C bond direction.  For type B compounds, a similar 

pattern is observed, now with the highest energy feature dominantly perpendicular to the C-S-C 

bonding plane.  The central spectral feature is dominantly perpendicular to the aliphatic chain in 

the C-S-C bonding plane, while the low energy feature/shoulder is, similar to type A, along the 

average C-S-C bond direction.  Type C compounds also show consistent directional behavior, with 

the higher energy feature equally split among the two directions perpendicular to the C=S bond, 

and the lower energy feature entirely along the C=S bond direction.  For sulfur-oxygen 

compounds, the main Kβ1,3 feature does not have strong directionality, however the lower energy 

shoulder and Kβ’ peaks are preferentially oriented.  For the compounds in Figure 10.9, the Kβ’ 

feature is along the average O-S-O bond direction.  For dimethyl sulfone, the two transitions which 

are near in energy around 2460 eV are seen to diverge in their behavior.  The higher-energy 

transition (calculated 2459.7 eV) which was calculated to be dominated by carbon-s character 

(vide supra) is preferentially aligned along the C-S-C average bond direction, while the lower-

energy transition (calculated 2458.3 eV) which was predominantly a mixture of carbon-s and 

oxygen-s is instead aligned along the symmetry axis of the molecule.  Similarly, for 

benzenesulfonamide, the Kβ’ feature is again along the average O-S-O bond direction, while the 

calculated feature near 2455.6 eV, which had a significant nitrogen-s character contribution, is 

directed most strongly near the S-N bond direction, and lastly the low energy shoulder around 
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2460-2462 eV which had strong carbon-s character is aligned most strongly along the S-C bond 

direction.  

To conclude this subsection on directional XES, it should be noted that this approach 

assumes each spectral transition acts as a linearly polarized dipole oscillating along the transition 

dipole moment vector direction.  The extent to which this would hold in an experiment and the 

question of whether some spectral features may be circularly polarized (thus having a different 

angular dependence) is unclear.  That being said, with the strong directional dependence discussed 

below and the previous reports of observed polarization effects in XES, it is likely that some 

experimental signatures of the effects will be observable, and that directional-dependent non-

resonant VtC-XES may be a rich testing ground for this aspect of the theoretical results.  We 

propose this as a valuable future direction, using experiments on single crystals of sufficiently 

commonly oriented small molecules.   

Returning to the overall framework of the manuscript, fourth, as made clear from these 

results, the ability to predict S VtC-XES spectra from the molecular structure with ab initio 

computational techniques is well demonstrated.  The inverse problem, however, of inferring details 

of molecular structures or local electronic properties from the measured spectra, is seen to be more 

challenging.  On general grounds and on the basis of prior work on VtC-XES for 3d transition 

metals,82 we expect that the broadest form of this inverse problem is ill-posed and requires prior 

information to direct and constrain inferences.   For example, some spectral fingerprints are 

observed, such as the existence of the Kβ’ for S-O bond-containing molecules, or the similarity of 

type C (thiocarbonyl) spectra across the range of compounds.  However, the spectra of type A and 

type B compounds, as well as features other than the Kβ’ in sulfur-oxygen compounds, are 

considerably more varied, without clear systematic trends or isolated features.   
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This situation is similar to XANES spectroscopy, in which the spectral features encode 

information about coordination, symmetry, oxidation state, and local chemical environments, but 

accessing this information in non-model systems still significantly relies on qualitative or 

semiquantitative approaches using empirical fingerprints.  Recent work,37-38 however, has shown 

interesting progress by employing supervised machine learning techniques.  Illustrating the 

importance of prior information to better condition the inverse problem, Timoshenko et al.38 have 

used ab initio predictions of XANES spectra of platinum nanoparticle structures to train a 

supervised machine learning system to extract information about coordination environments from 

the XANES spectra alone.  For the applicability of such a machine learning approach to 

experimental results, it is important that the computationally predicted spectra sufficiently 

represent the measurements.  In the work by Carbone et al.37 on XANES spectra of 3d transition 

metals, although machine learning classifiers were able to reliably interpret synthetic spectra, they 

were not able to reliably classify experimental data due to differences in predicted and 

experimental features. 

As a first step to understand the information content of VtC-XES for sulfur-rich organics, 

and hence to get some feel for the lower-bound of possible inferences from a future machine-

learning approach, R2 values have been calculated comparing the experimental and theoretically 

predicted spectra and are presented in Table 2 and shown graphically in the matrix comparison of 

Figure 10.10.  The R2 values were calculated directly between integral normalized experimental 

and theoretically broadened spectra as shown in Figures 10.4 and 10.5. The R2 values show good 

agreement, with the majority of compounds having R2 values greater than 0.9, and more than half 

having R2 values above 0.95.  Also shown in Table 2 is the theoretically predicted spectrum with 

the highest R2 value compared to the experiment, showing that for 13 out of the 26 comparisons 
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made between theory and experiment, the best matching theoretical spectrum is for the same 

compound as the measured spectrum.  For those compounds that do not best match, there are two 

main sources of disagreement: possible energy shifts between the theory and experiment, and the 

overall similarity of all type C compounds.   
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Table 10.2: Comparison of agreement between experimentally measured spectra and theoretically 

predicted spectra in terms of R2 values.  The theoretical spectrum with the highest R2 value is also 

shown, along with the number of compounds whose theoretical spectra had higher R2 values. 

   Theoretical best match  

 

Compound 

R2 value 

Experiment 

vs. Theory 

Compound 
R2 

value 

Number of 

compounds 

with better R2 

T
y

p
e 

A
 

2-Benzoylthiophene 0.96 2-Benzoylthiophene 0.96 0 

4,4'-Thiodiphenol 0.93 4,4'-Thiodiphenol 0.93 0 

4,4'-Thiodianiline 0.95 4,4'-Thiodiphenol 0.95 1 

2-Aminothiazole 0.96 2-Aminothiazole 0.96 0 

Thianthrene 0.98 Thianthrene 0.98 0 

Thenoic acid 0.97 2-Benzoylthiophene 0.98 1 

Dibenzothiophene 0.96 Dibenzothiophene 0.96 0 

2-(2-Hydroxyphenyl)benzothiazole 0.92 
2-(2-

Hydroxyphenyl)benzothiazole 
0.92 0 

T
y

p
e 

B
 

1,3,5-Trithiane 0.97 1,3,5-Trithiane 0.97 0 

4,4'-Dithiodimorpholine 0.95 Dibenzyl disulfide 0.98 3 

Dibenzyl sulfide 0.97 Dibenzyl sulfide 0.97 0 

Dibenzyl disulfide 0.97 Dibenzyl disulfide 0.97 0 

Thiodipropionic acid 0.95 Dibenzyl disulfide 0.96 3 

Octadecyl sulfide 0.95 Dibenzyl sulfide 0.96 2 

T
y

p
e 

C
 

Thioacetamide 0.96 Thioacetamide 0.96 0 

Thiourea 0.94 Thioacetamide 0.94 1 

4-Mercaptopyridine 0.94 Thioacetamide 0.94 2 

2-Mercaptopyrimidine 0.92 Thiourea 0.93 2 

2-Mercaptopyridine 0.93 Thiourea 0.95 4 

2-Mercaptobenzimidazole 0.90 Thiourea 0.97 5 

S
u

lf
u

r-
o
x

y
g

en
 

Diphenyl sulfoxide 0.96 Diphenyl sulfoxide 0.96 0 

(Sodium) lauryl sulfate 0.61 Sulfanilic acid 0.78 4 

Sulfanilic acid 0.82 Diphenyl sulfone 0.88 2 

Benzenesulfonamide 0.95 Benzenesulfonamide 0.95 0 

Dimethyl sulfone 0.81 Diphenyl sulfone 0.82 3 

Diphenyl sulfone 0.85 Diphenyl sulfone 0.85 0 
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Figure 10.10: Visualization of R2 calculated between theoretically predicted and experimentally 

measured spectra.  The compounds are sorted in the order: type A, B, C, sulfur-oxygen (SO).  

These are also shown by the labelled squares, which indicate comparisons within the same type.  

For increased contrast, the minimum of the colorscale is set to 0.5, therefore comparisons below 

this value have been set to black. 

The more detailed grid comparison in Figure 10.10 again supports the high agreement 

between theory and experiment but also makes more clear some limitations in the information 

content of the VtC-XES, i.e., it has significant sensitivity to the general class of local environment, 

just as with pre-edge and very near-edge features in XANES, but in some cases (e.g., type C 

compounds) lacks more detailed characterization of the molecular host.  That being said, 
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information about coordination environment is often chemically critical, and this high level of 

agreement between theory and experiment together with the considerable (albeit incomplete) 

information content in VtC-XES suggests that machine learning approaches trained on 

theoretically predicted spectra could indeed allow useful interpretation of experimentally 

measured spectral features. The question of the richest descriptors showing, e.g., the strongest 

orthogonality in the vector space of VtC-XES is a promising direction for future investigation for 

S and likely also for many other elements. 

 

Solid-State Compounds 

For the solid-state systems, the theoretical spectra again show good agreement with the 

experimental spectra, as shown in Figure 10.11.  In particular, the calculations for ZnS (sphalerite) 

accurately reproduce the main peak and shoulder relative intensities, as well as the low-energy 

peak near 2459 eV.  In agreement with the previous results of Alonso-Mori et al.,15 we find that 

this low-energy peak is due primarily to transitions involving Zn 3d-character atomic orbitals. 

Reasonable agreement is also seen for the As2S3 (orpiment), where the calculation correctly 

predicts a shift of the main peak to ~1 eV higher energy than ZnS, though the intensity of the low 

energy shoulder is weaker than what is observed in experiment. In contrast to the isolated low 

energy peak of ZnS, the As2S3 calculation correctly identifies a low energy tail below the main 

features, which is also seen to be present in the experimental spectrum.  In the case of FeS2 (pyrite), 

there is qualitative agreement, but it is somewhat poorer than the other two compounds.  The 

calculation correctly reproduces that the main peak (near 2466 eV) is close in energy to ZnS and 

at lower energy than the main peak of As2S3.  The low energy shoulder (near 2462 eV) is correctly 

identified to shift to lower energy than the ZnS shoulder, though the intensity is not accurately 
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reproduced.  The largest deficit in the FeS2 calculation is in the position of the high energy 

shoulder.  The calculation does predict a relatively intense feature ~1.5 eV higher in energy than 

the main feature, a feature that does not show up in either ZnS or As2S3, but the calculation 

underestimates the splitting, which is closer to ~3 eV in the experiment.  Briefly, this may be 

attributed to the choice of the PBE0 exchange-correlation functional, which overestimates the 

optical gap (~3.3 eV) compared with experiment (~0.95 eV). It is also known that FeS2-pyrite is a 

challenging system from a band structure point of view.153 Since we have utilized the PBE0 

functional for all systems so that they are on the same footing, we have not analyzed the sensitivity 

of this specific system in detail with choice of functional. 
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Figure 10.11: Comparison of sulfur Kβ VtC-XES experimental results (red & green) to LR-

TDDFT calculations (black sticks: transitions, orange line: Lorentzian-broadened) for solid-state 

sulfur compounds.  The red experimental data was taken on our laboratory-based instrument21 and 

the green data is from Alonso-Mori et al.15 

10.5 CONCLUSIONS 

Experimental and theoretical comparisons using a LR-TDDFT procedure have been made 

for a wide range of sulfur compounds, spanning organic sulfur compounds with myriad different 

bonding structures, as well as inorganic solid-state sulfur compounds.  The theoretical approach 
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accurately reproduces both the core-to-core Kα XES energy shifts, as well as the full variety of 

observed spectral features in the valence-to-core Kβ XES.  Experimental spectra from the literature 

were augmented with newly acquired spectra using a modern laboratory-based XES spectrometer, 

demonstrating the possibility of growth of applicability of these techniques as laboratory 

instruments become more widely available.  The theoretical results highlight a relatively 

unexplored avenue of direction-dependent XES measurements of single crystal compounds as a 

possible future direction for more rigorous investigation of theory and electronic structure.  

Following recent effort in the analysis of x-ray absorption near edge structure (XANES), we 

propose that the apparent solution of the forward problem of predicting S XES from known 

structures enables the future use of machine learning methods, but that the richest descriptors that 

can be thus inferred remains an open question.   
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CHAPTER 11  VACUUM FORMED TEMPORARY 

SPHERICALLY AND TOROIDALLY BENT CRYSTAL 

ANALYZERS FOR X-RAY ABSORPTION AND X-RAY 

EMISSION SPECTROSCOPY 
 

Originally published as: Jahrman, E. P.; Holden, W. M.; Ditter, A. S.; Kozimor, S. A.; Kihara, S. 

L.; Seidler, G. T. Vacuum Formed Temporary Spherically and Toroidally Bent Crystal Analyzers 

for X-Ray Absorption and x-Ray Emission Spectroscopy. Review of Scientific Instruments 2019, 

90 (1), 013106. https://doi.org/10.1063/1.5057231. 

I contributed to the design of spectrometer and temporary optics and led the effort to characterize 

the optics with x-ray camera measurements.  Evan P. Jahrman and I contributed equally to this 

work. 

 

We demonstrate that vacuum forming of 10-cm diameter silicon wafers of various crystallographic 

orientations under an x-ray permeable, flexible window can easily generate spherically bent 

crystal analyzers (SBCA) and toroidally bent crystal analyzers (TBCA) with ~1-eV energy 

resolution and a 1-m major radius of curvature.  In applications at synchrotron light sources, x-

ray free electron lasers, and laboratory spectrometers these characteristics are generally 

sufficient for many x-ray absorption fine structure (XAFS), x-ray emission spectroscopy (XES), 

and resonant inelastic x-ray scattering (RIXS) applications in the chemical sciences.  Unlike 

existing optics manufacturing methods using epoxy or anodic bonding, vacuum forming without 

adhesive is temporary in the sense that the bent wafer can be removed when vacuum is released 

and exchanged for a different orientation wafer.  Therefore, the combination of an x-ray 

https://doi.org/10.1063/1.5057231
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compatible vacuum-forming chamber, a library of thin wafers, and a small number of forms having 

different secondary curvatures can give extreme flexibility in spectrometer energy range.   As proof 

of this method we determine the energy resolution and reflectivity for several such vacuum-formed 

bent crystal analyzers (VF-BCA) in laboratory-based XAFS and XES studies using a conventional 

x-ray tube.  For completeness we also show x-ray images collected on the detector plane to 

characterize the resulting focal spots and optical aberrations.   

 

11.1 INTRODUCTION 

Doubly-curved Bragg optics see extensive use in advanced x-ray spectroscopies at x-ray 

free electron lasers, synchrotron x-ray light sources, laser plasma facilities, and laboratories 

performing in-house x-ray absorption fine structure (XAFS) and x-ray emission spectroscopy 

(XES).  This has been made possible by a large body of work aimed at characterizing and 

evaluating the properties of doubly-curved optics.1-7 These optics are available commercially; the 

traditional production methods use glue or anodic bonding to affix crystal wafers after pressing 

into precision glass or metallic substrates.8-11  Other production techniques such as vacuum-bent 

analyzers12, 13 and hot plastic deformation techniques14 have also been explored.  Another approach 

is to use a spherical bending apparatus that allows the curvature to be characterized before fixing 

to a permanent shape.15 

Even with a variety of available production techniques, acquiring a large number of such 

optics for multi-analyzer systems can be challenging.  Synchrotron endstations for XES, high 

energy resolution fluorescence detection (HERFD) of XAFS, or nonresonant inelastic x-ray 

scattering (NRIXS) now often use from five to as many as ~100 such optics.16-23  In addition to 

cost issues, for XES there is a pragmatic issue: different synchrotron users may come with 

experiments requiring acquisition of an entirely new set of optics for some energy range that has 
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not previously been explored at that facility. The same issue arises with the increasing use of 

laboratory-based spectrometers,24-32 where again the elements and energy ranges that are capable 

of being studied depend on the availability of analyzers having a variety of crystal cuts to achieve 

the necessary Bragg angles and energy resolutions.  As an additional issue, using spherically bent 

crystal analyzers (SBCA’s) in the Johann configuration,33 the most common doubly-curved optics, 

in a Rowland circle spectrometer results in large spot sizes out of the Rowland plane when far 

from backscatter due to sagittal error.  Toroidally bent crystal analyzers (TBCA’s) are needed for 

a truer point-to-point focus, but are far less common and their secondary curvature must be tuned 

to match a chosen Bragg angle.   

The purpose of this paper is to address the above concerns, at least for applications 

requiring only the ‘modest’ energy resolution of ~1-eV, such as is frequently sufficient in the 

chemical sciences.34  Specifically, we demonstrate a simple method to make temporary SBCA’s 

and TBCA’s with good performance and very high ease of use.  Unlike methods using epoxy or 

anodic bonding, vacuum forming without adhesive is temporary in the sense that the bent wafer 

can be removed when vacuum is released and exchanged for a different orientation wafer.  While 

vacuum formed bent crystal analyzers have been utilized before in other applications, this work 

demonstrates the efficacy of these analyzers in x-ray absorption and emission spectroscopy.  The 

combination of an x-ray compatible vacuum-forming chamber, a suitable library of thin single-

crystal wafers, and a small number of forms having different secondary curvatures can give 

extreme flexibility in spectrometer or monochromator energy range at low cost and with great 

flexibility for addition of new energy ranges, as needed. 
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11.2 METHODS 

The overall concept and resulting design of the vacuum-formed bent crystal analyzer (VF-

BCA) is presented in Fig. 11.1. Front-view and section-view computer aided design (CAD) 

renderings are shown in Fig. 11.1(a) and (b), respectively.  The key point is that an x-ray 

transparent, flexible polyimide window serves to seal the volume containing the wafer and the 

machined aluminum alloy or glass lens form from the outside atmosphere.  When pumping on the 

VF-BCA, outside air pressure forces the polyimide window to collapse inward, pressing the wafer 

firmly onto the underlying form.  A photograph of a VF-BCA is shown in Fig. 11.1(c), and for 

comparison, a commercial, anodically-bonded analyzer (XRS TECH LLC) is shown in Fig. 

11.1(d). 

 

Figure 11.1: (a) CAD rendering front view of the vacuum formed bent crystal analyzer (VF-BCA). 

(A) bent wafer; (B) front flange with polyimide film (not shown); (C) pumping line; (D) aluminum 
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alloy vertical support plate; (E) support bolts to define the position of the outer diameter of the 

VF-BCA body. (b) CAD rendering section view of the VF-BCA. (F) CNC-machined vacuum 

form; (G) steel backing plate for magnetic mounting, where magnets (not shown) are attached 

alongside part (D).  (c) Photograph of the VF-BCA, note the flexible orange polyimide film that 

allows air pressure to force the wafer into the shape of the form machined into part (F).  A second, 

similar VF-BCA instead has a simple recess in part (F) to accept a 1-m radius of curvature concave 

glass lens. (d) Photograph of a commercial, anodically-bonded 10-cm diameter SBCA with 1-m 

radius of curvature. 

Several different supporting forms were used, all with the 1-m major radius of curvature 

required by the laboratory spectrometer28 that served as an extremely convenient testbed for this 

project. Table 1 defines the character of the different forms.  The lens form was a plano-concave 

spherical lens made of BK7 glass from Esco Optics with 125 mm diameter, 1-meter ± 1% radius 

of curvature, and thickness 10 mm.  When the forming contact surface was machined from 

aluminum 6061 alloy, a Mitsubishi M-V5Cn-L vertical machining center was used.  The necessary 

cutting paths were generated under the target scallop deviation of 5 m with a ball end mill having 

a ball-end radius of ~7.14 mm. The resulting surfaces were cleaned with solvents but otherwise 

not modified by, e.g., polishing or lapping.   

Table 11.1: List of all bent crystal analyzers and analyzer forms used in this study. 

Optic name 
Major radius 

(cm) 

Perpendicular 

radius (cm) 
Vacuum form surface 

SBCA 100.0 100.0 Wafer anodically bonded to glass 

VF-BCA-1 100.0 100.0 Glass lens 

VF-BCA-2 100.0 100.0 Al6061 spherical recess 

VF-BCA-3 100.0 88.3 Al6061 torus, θ* = 70° 

 

The wafers used in the VF-BCA were standard 10-cm diameter double side polished Si 

wafers of various orientations, all nominally 400-m thick.  Different crystal orientations yield 

different energy ranges over the useful Bragg angle range.  A list of absorption edges or 
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fluorescence lines studied and the corresponding commercial SBCA or wafer used in a VF-BCA 

is given in Table 2. 

Table 11.2: List of experiments performed, commercial SBCA or wafers used in the VF-BCA, 

and nominal Bragg angle for the absorption edge or fluorescence line from the indicated crystal 

reflection. 

Study 
Commercial 

SBCA 

Wafer for VF-

BCA 
Bragg angle (°) 

Ni XAFS Si (551) Si (711) 78.0 

Ni XAFS Si (444) Si (444) 71.6 

Cu Kα XES Si (444) Si (444) 79.3 

  

The laboratory spectrometer used here28 is a 1-m diameter Rowland circle spectrometer 

based on the approach of Seidler, et al.,24 as modified for tilt-free alignment35 and by the use of a 

higher-powered x-ray tube and longer translation stages to give a wider range in Bragg angle (B).  

Across several instrument generations this overall approach using a conventional x-ray tube and a 

‘scissors’ monochromator has been used in several studies with ~1-eV energy resolution for either 

transmission-mode XAFS or for XES.25, 27, 30, 35-37  The present instrument and its performance 

have been described in detail by Jahrman, et al.28  

Measurements were performed with a Varex VF-80 x-ray tube with a Pd-anode operating 

at 35 kV accelerating potential and 100 W total electron beam power.  A silicon drift diode 

(Amptek X-123 SDD) with ~4.6-mm diameter active region was the final detector for all XAFS 

and XES scans.  In Fig. 11.2 we show a schematic of the Rowland circle implementation for this 

spectrometer, a photograph of the spectrometer in an XAFS configuration, and a photograph of 

the VF-BCA installed at the optic location. 
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Figure 11.2: (a) The Rowland circle implementation for the laboratory spectrometer, shown for a 

70° Bragg angle.  Note the definition of the detector plane. Also note that perfect point-to-point 

focusing by the optic would require that its radius of curvature out of the Rowland plane be equal 

to the normal distance from the source-detector arc to the optic, i.e., the sagitta of the reflexive arc 

from the source point on the Rowland circle to the detector point, indicated as 88.3 cm on the 

diagram above.  This motivates the use of toroidally curved forms, as discussed in the text.  (b) 

Photograph of the laboratory spectrometer.  (c) Photograph from the reverse side of a vacuum-

formed bent crystal analyzer installed into the spectrometer.  Note the presence of small magnets 
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inside visible channels of the plastic 3D-printed part coupled to the steel mounting plate (part (G) 

in Fig. 11.1) to hold the analyzer in location but allow easy rotation about the azimuthal angle. 

Under the protocol for tilt-free alignment,35 spherical analyzers are rotated about their 

circular symmetry axis until the wafer’s miscut is in the Rowland plane.  For a toroidal VF-BCA, 

the wafer orientation must be determined in a spherical VF-BCA prior to installation into the 

toroidal vacuum form holder with the miscut oriented in the Rowland plane, i.e., in the plane of 

the 1-m major radius of curvature.    The use of magnets inside a plastic 3D-printed part (Fig. 

11.2(c)) allows the VF-BCA to be magnetically mounted rather than mechanically affixed, making 

it particularly convenient to rotate about the necessary axis in the Rowland plane. 

Imaging of the x-ray intensity on the detector plane was performed using a small home-

built CMOS x-ray camera.  This is an updated version38 of an earlier camera39 that has seen good 

use in a lower-energy XES instrument.40-43 The camera has a 3.2 × 5.6  mm2 field of view.  It was 

mounted on a micrometer-driven vertical translation stage and manually repositioned to achieve 

mosaic coverage of the x-ray intensity’s spatial distribution.  Furthermore, the camera’s ability to 

identify both the location and energy of individual x-ray photons allowed the rejection of stray 

fluorescence by energy-windowing. 

Ray tracing software written in Mathematica was used to assess Johann error and beam 

spreading perpendicular to the Rowland plane due to sagittal error, i.e., the use of optics whose 

second radius of curvature is not equal to the perpendicular distance from the optic center to the 

line connecting the source and detector points on the Rowland circle (the sagitta).  Unlike recent 

work aiming to give an advanced treatment of the interplay between strain effects and, e.g., 

dynamical diffraction in SBCAs,44, 45 here we only seek purely geometric optics effects on slightly 

sub-mm length scales.  Consequently, the Monte-Carlo ray tracing code generated x-rays from a 
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1-mm diameter source spot, reflected them from the bent optic using simple, specular Bragg 

reflection assuming zero wafer miscut, and then recorded the position of the intersection of those 

rays with the detector plane.   

Transmission-mode XAFS measurements were performed on a 6-µm thick Ni foil from 

EXAFS Materials.  XES measurements were performed on a 75-µm thick sheet of commercial Cu 

foil.  All measurements were performed with the sample in air under ambient conditions, and a 

helium flight path space was used to reduce air-absorption.  In some cases, small corrections for 

slow leaks in the helium space have been made to ensure that all comparisons are on a common 

efficiency basis.  All XAFS spectra were dead time corrected and subsequently processed in 

Athena where standard background removal and normalization procedures were followed.46  For 

XES, all spectra are dead time corrected and approximately aligned to a common energy scale.   

 

11.3 RESULTS 

Optic performance encompasses both its focal properties, as this is crucial for coupling to 

the final detector, and also its energy resolution.  We begin with focal properties.  In Fig. 11.3 we 

present the x-ray intensity in the detector plane for the commercial, anodically bonded Si (551) 

SBCA and for a Si (711) wafer in VF-BCA-1, VF-BCA-2, and VF-BCA-3 (see Table 1 for the 

definitions of these terms).  Note that these two crystal orientations have the same d-spacing, and 

consequently are identical for present purposes, giving the same energy range over the same span 

of Bragg angles. The qualitative agreement is very good.  All optics show strong in-Rowland-plane 

focusing and also the expected degree of out-of-Rowland-plane focusing subject to sagittal 

distortion. VF-BCA-2 and VF-BCA-3, which are based on machined, unpolished metal forms, 
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have slightly inferior focal properties.  As discussed below, precision polishing of machined 

surfaces is an obvious future direction for improvement.   

 

Figure 11.3: Characterization of the spatial distribution of x-ray intensity on the detector plane 

from (top) a commercial Si (551) analyzer (SBCA);  (second from top) VF-BCA-1 with a Si 

(711) wafer and (second from bottom) VF-BCA-2 with a Si (711) wafer; (bottom) VF-BCA-3 

with a Si (711) wafer, a torus optimized for θB = 70°.  The orientations are defined relative to the 

plane of the Rowland focusing circle.  The colorscale of each frame is independently normalized; 

for a comparison of intensities, see Fig. 11.4. 
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In Fig. 11.4(a), we show the in-Rowland-plane intensity spread across the detector plane 

at different Bragg angles for each of the above optics and a Si (711) or equivalent wafer.  Although 

the in-plane focal qualities of SBCA and VF-BCA-1 are similar, the profile of VF-BCA-2 is found 

to be broader and skewed.  The out-of-Rowland-plane intensity spread is shown in Fig. 11.4(b).  

Near backscatter, the out-of-plane focal quality of both VF-BCA-1 and VF-BCA-2 is found to be 

comparable to the SBCA.  At lower values of θB, VF-BCA-1 and VF-BCA-2 demonstrate clear 

inhomogeneities, although the total refocused intensity remains comparable. 

 

Figure 11.4: (a) Comparison of beam profiles in the Rowland plane for different optics. (b) 

Comparison of beam profiles in the direction perpendicular to the Rowland plane for different 

optics.  The extent of the silicon SDD’s active region is represented by the shaded regions. 

For the out-of-plane focal quality, it is clear that the use of a SBCA sufficiently far away 

from backscatter (θB = 90 deg) results in rapid spreading of the beam in the out-of-plane direction 

as expected from sagittal error.  In this configuration, the out-of-Rowland-plane spread of the beam 
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exceeds the height of the detector’s active area, as shown in Fig. 11.4(b). This raises the question 

of using toroidal optics where the primary radius of curvature is dictated by the Rowland circle 

diameter but where the secondary radius of curvature is chosen for ideal point-to-point focusing 

for a selected ‘design’ Bragg angle θ*.  For the Johann geometry, with a Rowland circle of radius 

D, the secondary radius of curvature R* is given by R* = D sin2 θB.  Ray-tracing calculations for 

the out-of-plane beam height as a function of θB are shown in Fig. 11.5(a) for TBCA’s having 

design θ* varying from 55 to 90°, the lattermost being simply an SBCA.  These simulations 

strongly suggest the TBCA should give a more efficient coupling to the finite-sized detector when 

the secondary radius of the TBCA is chosen to eliminate sagittal error for θ* in the middle of the 

angular range dictated by the energies of interest.  Consequently, in the bottom panel of Fig. 11.3 

we show the intensity distributions on the detector plane for VF-BCA-3 with a Si (711) wafer.  

The out-of-plane focal properties of the TBCA are clearly much superior to the SBCA when θB is 

in the vicinity of the designed θ*. 



313 

 

 

Figure 11.5: (a) The modeled beam height as a function of θB for doubly-curved optics with a 1-

m principal radius of curvature but with secondary curvatures designed for point-to-point focus as 

design Bragg angles θ* varying in 5° steps from 55° to 90°, the latter being for a fully spherical 

analyzer. (b) For a θ* = 70° toroidal optic, the modeled fraction of x-rays hitting three different 

circular detectors with diameters of 5 mm, 10 mm, and 15 mm. 

The improved spectrometer performance when using a TBCA at θB near the designed θ* 

is demonstrated in Fig. 11.6.  Here, the intensity of x-rays refocused at the SDD by each optic is 

shown across the full angular range of the instrument.  The very short detectors used in the test 

studies (~4.6-mm active height) gives an especially high sensitivity to out-of-Rowland-plane beam 

spread, resulting in the narrow experimental Bragg angle range for optimum performance of the 

TBCA.  Ray tracing calculations for TBCA simulating different detector heights are given in Fig. 

11.5(b). In each case, there is an optimal, flat-top region of Bragg angles where all of the reflected 

x-rays are collected by the detector when the height of the reflected beam is smaller than the 
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detector diameter. This agrees well with the experimental data of Fig. 11.6, which shows the same 

flat top near the θ*, and a decrease in count rate far from θ*. Further, the ray tracing demonstrates 

the utility of a larger detector which increases both the width of the flat-top region as well as the 

count rate when θB is far from θ*. 

 

Figure 11.6: Monochromator count rate as a function of photon energy using a Si (551) or 

equivalent wafer.  The sharp features are fluorescence lines, such as the Cu Kβ lines at ~8900 eV 

coming from the anode heatsink of the x-ray tube.  The rapid roll-off for the spherical optics is due 

to the steadily increasing out-of-plane spread upon decreasing Bragg angle, causing the beam to 

become taller than the 4-mm active height of the SDD.  The toroidal optic shows much improved 

performance in the designed Bragg angle range.   

The preceding discussion has only addressed focal properties.  Now we report on the 

energy resolution using the vacuum clamped optics.  The measured Ni K-edge XANES for all 

optics using a Si (551) or equivalent wafer are shown in Fig. 11.7(a).  It can be seen that all optics 

produced nearly identical spectra, suggesting a negligible loss in energy resolution from the 

commercial to vacuum clamped optics.  The high quality of the XANES spectra is typical of 

modern laboratory based XAFS systems.24, 25, 28, 47, 48  Indeed, Fig. 11.8 compares the energy 

resolution of the current measurements to literature results acquired at a synchrotron and confirms 
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the present energy resolution provided by the commercial and temporary optics to be satisfactory 

for chemical analysis.  We show that an 0.8 eV broadening of the nominally 1.2-eV resolution 

synchrotron data removes the small differences between the two spectra; assuming Gaussian 

response functions as a matter of convenience, this suggests a spectrometer energy resolution of 

~1.4 eV.  Calculation of the geometrical broadening in the manner of Bergmann and Cramer,49 

this suggests our commercial optic possesses an energy resolution of ~0.4 eV, in fair agreement 

with the results of Hämäläinen et al.50, 51 and Rovezzi et al.9  Similarly, Fig. 11.7(b) presents again 

Ni K-edge XANES where the spectra are instead measured with the Si (444) reflection by several 

different optics.  Again, spectra are nearly identical, with only minor differences observable in the 

extent of the shoulder at ~8334 eV and in the magnitude of the oscillation at ~8352 eV. 
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Figure 11.7: Representative spectra demonstrating the capability of the vacuum-clamped optics 

to perform high-resolution measurements. (a) Comparison of Ni XANES measured with each optic 

using Si (551) or equivalent wafers. (b) Comparison of Ni XANES measured with each optic using 

Si (444) wafers. (c) Comparison of Cu Kα XES with each optic using Si (444) wafers. 
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Figure 11.8: Spectra demonstrating the energy resolution achievable in the instrument given a 

commercial optic. (a) Ni XANES measured with the Si (551) SBCA (UW) and at the synchrotron 

(Synch.) as referenced in Hephaestus.46 (b) Comparison of a small region of the Ni XANES shown 

in (a) along with a spectrum representing the literature results after convolution with a 0.8 eV 

Gaussian in Athena.46 

In Fig. 11.7(c), Cu Kα XES results are presented for all optics using the Si (444) reflection.  

Here again, spectra were found to be nearly identical, however some small differences in peak 

ratios can be observed in accordance with small differences in energy resolution and also small 

differences in the angular response functions between optics. Recall again that the analyzed 

radiation is being imperfectly focused in the out-of-Rowland-plane dimension, with a spread larger 

than the detector height.  Consequently, small changes in spectrometer alignment can lead to few-

percent differences in net monochromator efficiency as a function of energy. 
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Given the success and limitations shown in this effort to make temporary doubly-bent 

crystal analyzers, there are several future directions that merit comment.  First, the focal quality of 

optics should be improved by lapping and polishing the surfaces of the machined forms, or by 

acquiring precision surface-ground glass forms for the toroidal case, in analogy to the high-quality 

lens used for the spherical case.  While this is not particularly relevant for the ~1-eV resolution 

needed for many measurements in a point-to-point Rowland circle configuration, the same would 

not be true for higher-energy resolution applications or the important case of dispersive 

spectrometers based on spherical analyzers, as is commonly used at synchrotron light sources.52-54  

Second, the efficiency of each optic across wider angular ranges of the instrument could be 

improved by implementing a taller detector.  Third, it would be interesting to explore forms with 

smaller primary radii of curvature or using wafers composed of crystalline materials besides 

silicon, each with the goal of obtaining higher signal levels.   Fourth, although we have only used 

this method for intact round wafers, one should expect that the same apparatus can be used for 

segmented wafers, such as is used in the recent development of 0.5-m radius of curvature SBCAs,9 

or for pieces of multiple wafers integrated to obtain a larger BCA solid angle than could be 

obtained with any single wafer.  This lattermost opportunity is likely relevant for materials where 

the de facto standard 10-cm diameter wafers are not available. 

11.4 CONCLUSIONS 

We report the development and performance of spherically and toroidally bent crystal 

analyzers for use in x-ray absorption and x-ray emission spectroscopies.  Unlike the present 

practice of gluing or bonding the necessary crystalline wafers to a high-precision glass lens, we 

instead use only air pressure to hold the wafer against the shaping form that provides the necessary 

profile. The specifications for the shaping form are found to be rather modest, in that modern 
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machined metal forms suffice and high-precision, high-cost surface ground lenses are not needed.  

The resulting optics demonstrate resolutions and efficiencies comparable to their commercially 

available counterparts as determined by XANES and XES measurements using a laboratory 

spectrometer.  These results establish a considerable convenience, simplicity, and flexibility that 

may prove useful for Rowland circle spectrometers in the lab for XAFS and XES studies, as well 

as at synchrotron and x-ray free electron laser x-ray facilities for XES, HERFD, and RIXS. 
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