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Physics 

 

Hard X-ray spectroscopy is widely used to characterize all states of matter in 

contemporary and relevant materials systems including but not limited to life sciences, catalyst 

materials, batteries and energy storage materials, pharmaceuticals, nuclear fuel and waste, and 

fossil fuels. At the core of these spectroscopy techniques is the measurement of X-ray absorption 

fine structure (XAFS), and the secondary process of X-ray fluorescence.  

Both laboratory and synchrotron hard X-ray spectroscopies demand the use of high-

resolution spectrometers to analyze scattered or fluorescing photons. In the laboratory, 

spectrometers are required for the measurement of both XAFS and X-ray emission spectroscopy 

(XES). At synchrotron light sources, advanced photon-in/photon-out techniques such as high 

energy resolution fluorescence detection X-ray absorption spectroscopy (HERFD-XAS), 

resonant inelastic X-ray scattering (RIXS) / resonant XES, and X-ray Raman Scattering (XRS) 

all require the use of a spectrometer to analyze outgoing photons. Across all of these disciplines, 

the state-of-the-art for large collection solid angles and point-focusing geometries for efficient 
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data collection at high resolution rely on the same diffractive optic: the spherically bent crystal 

analyzer (SBCA). 

The employment of SBCAs for high energy resolution photon analysis across this suite of 

spectroscopy techniques are in the same symmetric geometry. The work within this dissertation 

details the characterization, commissioning, and application of asymmetric Rowland geometries 

of SBCAs to XAFS/XES, HERFD, and XRS. I propose that this is an overlooked and 

underutilized modality for spectrometer design and that it frequently enables improved energy 

resolution and a massively increased energy range for photon analysis; addressing the two largest 

shortcomings of SBCAs in conventional symmetric geometries. Most importantly, the use of 

SBCAs in asymmetric Rowland geometries can drastically reduce the number of unique optics 

required for a sufficient analysis energy range.  

I detail the applications of this geometry in the design and construction of three separate 

spectrometers (laboratory XAFS/XES, synchrotron HERFD, synchrotron XRS), and in all three 

cases we find that it is lowering the resource barrier required for these techniques. The relevance 

of these developments for materials science research is substantial, and some representative 

applications are discussed and presented. 
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Chapter 1. Measuring XAFS 

test 
X-ray absorption fine structure (XAFS) is a powerful, chemical specific spectroscopy 

technique widely applied to solid, liquid, and solution chemistry in fields such as geochemistry, 

catalysis, and energy materials. This chapter provides a phenomenological overview of XAFS, 

basic theory, measurement, and concludes with some applications. Comprehensive reviews and 

textbooks are available from Bunker1, Calvin2, de Groot3,4, Glatzel and Bergmann5, and others6,7. 

 

1. Phenomenology 

X-ray absorption spectroscopy (XAS) represents a broad suite of resonant and non-

resonant techniques concerned with measuring the absorption coefficient, , as a function of 

photon energy, E. The Beer-Lambert law describes the attenuation of radiation intensity through 

a medium, as  

𝐼 = 𝐼0𝑒
−𝜇𝑡 (1) 

where I0 is the incident intensity, t is the sample thickness, and I is the transmitted intensity. 

Thus, a simple XAS experiment measures (E) by monitoring the incident and transmitted X-ray 

intensity through a sample over a range of photon energies. At most energies (E) changes 

smoothly and is roughly proportional to 1/E3, but at certain energies (E) rapidly increases – 

these so-called absorption edges are shown in Figure 1 for two different elements. The energy 

positions of the absorption edges are element specific and depend on the atomic number, Z, and 

they correspond to the binding energies of different electronic shells. 
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Figure 1. X-ray absorption coefficient, (E), of Cu and Ag on a log-log scale. The sudden 

increases in absorbance are absorption edges. 

 

A closer examination of an absorption edge reveals additional structure. The normalized 

Fe K-edge absorption spectrum of Fe2O3 is shown in Figure 2. Note that we use the 

spectroscopic convention that K, L, and M edges refer to principal quantum numbers of 1, 2, and 

3, respectively. The pre-edge features, white line peak, and oscillations extending several 

hundred eVs above the edge are referred to as X-ray absorption fine structure (XAFS). The 

XAFS can be divided into two regimes: X-ray absorption near edge structure (XANES) and 

extended X-ray absorption fine structure (EXAFS). XANES is the pre-edge features and white 

line of the absorption edge and can report oxidation state and local coordination (tetrahedral, 

octahedral, e.g.) of the probed atom. EXAFS are the oscillations extending above the edge and 

can report bond lengths, coordination number, and nearest neighbors of the absorbing atom. 
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Figure 2. Edge-step normalized and background subtracted (E) of the Fe K-edge. The 

XANES and EXAFS regimes of the absorption edge structure are annotated. 

 

The features and modulations of (E) in XANES and EXAFS result from the absorption 

event of the photon in the electronic structure of the probed atom. The corresponding absorption 

and excitation of K-edge XAFS is shown in Figure 3. Consider the Fe K-edge shown in Figure 2 

as the incident photon energy is scanned. When the incident photon energy (E) is below the Fe 1s 

electron binding energy, (E) smoothly varies proportional to 1/E3. At incident energies at the K-

shell binding energy, the 1s electron is excited above the Fermi level (Efermi) into unoccupied 

electronic states of the valence band; this is shown in Figure 3 (left) and results in XANES. At 

incident energies several hundred eV’s above the K-shell binding energy, the 1s electron is 

liberated and a photoelectron originating at the absorbing atom scatters around its nearest 

neighbors; this is shown in Figure 4 (right) and results in EXAFS. 
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Figure 3. Electronic structure diagrams and photon absorption events resulting in (Left) 

XANES and (Right) EXAFS, depending on the energy of the incident photon, ħ. 

 

Following the ideas of Stern et al.8, the modulation of (E) above an absorption edge is 

commonly described as a result of the excited photoelectron originating at the absorbing atom 

scattering around its neighbors. As discussed, these EXAFS oscillations in (E) encode 

information on nearest neighbors and bond lengths around the absorbing atom. Treatment of the 

surrounding atomic array around the emitted photoelectron as a lattice of point scatterers allowed 

theory development to describe the total photoelectron wave function and the isolated oscillatory 

part, (k), in the so-called EXAFS equation8 as 

𝜒(𝑘) =  ∑
𝑁𝑗𝑓𝑗(𝑘)𝑒

−2𝑘2𝜎𝑗
2

𝑘𝑅𝑗
2 sin (2𝑘𝑅𝑗 + 𝛿𝑗(𝑘))

𝑗

(2) 

where f(k) is the scattering amplitude, (k) is the phase-shift, N is the number of neighboring 

atoms, R is the distance to the neighboring atom, and 2 is the mean-square-displacement in the 

bond distance R. The subscript j represents a coordination shell of identical atoms at 
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approximately the same distance from the absorbing atom. Thus, (k) is the summation of 

contributions from each scattering atom type in each coordination shell. The wave number of the 

photoelectron, k, in units of 1/ Å, is defined as 

𝑘 =  √
2𝑚(𝐸 − 𝐸0)

ℏ2
(3) 

where E0 is the absorption edge energy, m is the electron mass, and ħ is Planck’s constant.  

 XAFS, and by extension EXAFS, is a local probe on the order of 1-5 Å around the 

absorbing atoms. Because of this, XAFS is suitable for the study of both crystalline and 

amorphous materials. 

 

2. Detection Modes 

There are several detection channels for monitoring (E). Depending on the detection or 

enforced by the binding energy of the absorption edge, XAFS experiments may be conducted in 

ambient conditions, He environments, or with entire spectrometers under ultra-high vacuum 

conditions. The two primary detection methods in the scope of this chapter and later discussed in 

the Instrumentation section are called transmission mode and total fluorescence yield.  

 

Figure 4. (a) Transmission mode and (b) fluorescence mode detection of XAFS 
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In transmission mode, the transmitted intensity (It) through a sample of uniform thickness 

(t) is monitored with respect to the incident intensity (I0) as a function of photon energy. A 

diagram of transmission mode is shown in Figure 4 (a). Transmission mode requires 

homogeneous samples on the scale of the beam size, variations in sample density or pinholes 

result in so-called thickness effects and non-linearity1,6. Transmission measurements also require 

samples of 1 – 2 absorption lengths thick at the edge of interest for statistically optimal detection 

of It. Thus, transmission mode measurements are standard for hard X-ray spectroscopy of 3d K-

edges and 5d L-edges where attenuation lengths are on the order of microns. For soft absorption 

edges where the attenuation lengths are less than a m, transmission mode XAFS is typically not 

suitable. For transmission mode XAFS with reasonable sample thickness, the energy dependence 

of (E) is given by: 

𝜇(𝐸) =  ln (
𝐼0(𝐸)

𝐼𝑡(𝐸)
) . (4) 

 The fluorescence decay of the core-hole formed in a photon absorption event also 

presents a detection channel to monitor X-ray absorption. In the example of K-shell absorption, 

characteristic K and K fluorescence can occur as the electrons relax from the excited state and 

the intensity of this fluorescence is proportional to the X-ray absorption as a function of incident 

energy. This method is known as total fluorescence yield detection (TFY) and a diagram is 

shown in Figure 4 (b). TFY is suitable for dilute samples as non-linear effects (so-called “self-

absorption”) occur in concentrated samples1,2,6. For fluorescence mode XAFS of dilute samples, 

the energy dependence of (E) is proportional to: 

𝜇(𝐸) ∝  
𝐼𝑓(𝐸)

𝐼0(𝐸)
⁄ . (5) 
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 Other detection methods include total electron yield and Auger electron yield, both of 

which are surface sensitive and where the latter requires vacuum environments; these are more 

commonly used for thin films and surface science9,10. Partial fluorescence yield (PFY) detection 

XAFS, particularly high energy resolution fluorescence detection (HERFD), and non-resonant 

X-ray Raman Scattering (XRS) will be discussed in the following two chapters. The scope of the 

present chapter is limited to transmission and TFY XAFS. 

 

3. Light Sources and Measurement 

The measurement of XAFS requires a suitable X-ray source. Figure 5 shows the photon 

flux and spatial coherence of several X-ray light sources. Here, we focus on measurement of 

XAFS at synchrotron light sources and the measurement of XAFS in the laboratory with X-ray 

tubes. Other light source facilities such as X-ray free electron lasers are discussed elsewhere11. 

 

Figure 5. Photon flux and spatial coherence of different light sources12. 
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a. Synchrotron 

Synchrotron light sources accelerate electrons in a ring, and deviations to the electron’s 

path can produce large amounts of hard X-ray radiation; this is accomplished with a bending 

magnet or undulator insertion device, for example. One synchrotron can support many insertion 

devices and thus many beamlines (X-ray spectroscopy, imaging, diffraction) exist at such a 

facility and operate simultaneously. 3rd generation synchrotron light sources are designed for low 

emittance13. A map of most 3rd generation hard X-ray synchrotron light sources is shown below. 

 

Figure 6. Map of most hard X-ray synchrotron light sources around the world. 

 

Measurement of XAFS at the synchrotron is routine. Spectroscopy beamlines are 

equipped with a monochromator downstream of the insertion device or bending magnet. The 

result is a highly brilliant, monochromatically tunable X-ray source often ranging from ~4 – ~40 

keV. XAFS measurements simply require scanning the monochromator over the absorption edge 

energy of interest. Signal intensities are typically monitored upstream and downstream of the 
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sample by ion chambers and fluorescence intensity monitored with a photon counting or 

spectroscopic detector2. 

The high flux of synchrotrons also lends the facilities for advanced photon-in/photon-out 

spectroscopy techniques. These are discussed in Chapter 3 and Chapter 4. 

 

b. Laboratory 

Laboratory XAFS is undergoing a so-called “rebirth”; XAFS begin in the laboratory, 

migrated to the synchrotrons in the 1970s, and is now a returning laboratory capability over the 

past two decades, enabled by improvements to bent crystal optics, X-ray tubes, and detectors. A 

historical perspective on laboratory XAFS is reported by Malzer et al14. 

The light source for laboratory XAFS measurements is an X-ray tube. A power spectrum 

from the a 50 keV X-ray tube is shown below, where characteristic emission lines from the 

anode material provide a flux of 108, and the underlying broad lower intensity spectrum is 

bremsstrahlung “braking” radiation.  

We note the magnitudes different intensities from X-ray tubes and synchrotron light 

sources. Even X-ray tubes with improved line focus12, rotating anodes15,16, and liquid metal 

anodes17–19 are ~6 orders of magnitude less than synchrotron fluxes. Furthermore, X-ray tubes 

have no monochromation – thus laboratory measurements require an X-ray spectrometer to 

analyze the spectrum at high energy resolution. 
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Figure 7. Broad polychromatic X-ray power spectrum, I0(E), from an electron-impact 

laboratory X-ray source. The smooth lower intensity “background” is bremsstrahlung and the 

intense lines are characteristic emission from the anode (Cu K, for example)20.  

 

Many modern laboratory X-ray spectrometers have been developed the last 20 years20–27. 

A review of laboratory based X-ray spectroscopies is provided by Zimmermann et al28. Here we 

limit the discussion to point focusing spectrometers – an in depth review of both focusing and 

dispersive spectrometers is found at the end of Chapter 4.  

The operating principle of a laboratory XAFS spectrometer is described as the following. 

The energy spectrum from the X-ray tube source is monochromated, typically by a spherically 

bent crystal analyzer (SBCA). The SBCA is a diffractive X-ray optic with a bent profile such 

that it monochromates a narrow energy width (~1 eV) and provides nearly point focusing. The 

SBCA defines a focusing circle, the Rowland circle, where the X-ray source and detector are 

nominally arranged. A high resolution spectrum is collected by scanning the angle of the SBCA 
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while keeping the source and detector on circle. XAFS is measured by scanning the laboratory 

monochromator over the absorption edge of interest. A schematic of the laboratory 

monochromator for measuring XAFS is shown below. A larger discussion on bent analyzers and 

Rowland circle geometry is found in Chapter 2. 

 

 

Figure 8. Schematic of the typical laboratory XAFS monochromator/spectrometer20. 
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4. Applications 

a. Assessing oxidation state of ex situ battery cathode materials 

Vanadium pentoxide hydrate (VOH) is a promising Na+ cathode material in the broader 

class of layered vanadium oxides29–31. However, the interatomic layer spacing of V2O5 is small in 

contrast to the large Na+ ions. The interatomic spacing is tuned by hydrating V2O5 where water 

molecules increase the layer spacing. Strategies to enhance electrochemical performance 

included pre-intercalating the layers with large non-conducting ions such as Y3+ or K+, the latter 

of which forms a unique crystalline phase (KVOH) in addition to intercalation32. The following 

study was part of broader work aimed to examine the structural integrity and cycling stability of 

KVOH when used as sodium ion battery cathodes32. XAFS was used to quantify the changes in 

formal oxidation state of the KVOH phase amongst several reference compounds by examined 

edge shifts in the V K-edge XANES. 

Vanadium oxidation state of bulk samples and reference materials were characterized by 

XANES using a high-resolution laboratory-based hard x-ray monochromator. XANES spectra of 

samples and references are shown below in Figure 9 (left). The strong agreement of VOH, 

KVOH, and KVOHS indicate similar local chemistry, symmetry, and oxidation state of V in the 

bulk. However, here the minor shifts in the rising edge (Figure 9 (right)) were used to estimate 

the differences in formal valence of VOH, KVOH, and KVOHS with respect to known valence 

references. This is shown in Figure 11 the oxidation states calculated in Table 1, with inferred 

oxidation states of 4.82 ± 0.06, 4.84 ± 0.06, and 4.92 ± 0.06 for VOH, KVOHS, and KVOH 

respectively, showing subtle (if any) differences in V oxidation state in the bulk. 
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Figure 9. (Left) Normalized K-edge XANES spectra of V samples and reference material. 

Pre-edge features indicate similar local atomic coordination as V2O5 (V
5+), and shifts in the 

sample’s rising edge indicate oxidation states of samples just below 5+. (Right) Linear regime 

and fits of the rising K-edge XANES. The energies corresponding to a normalized absorption of 

0.5 were used to calculate oxidation state of V. 

 

Table 1. Calculated oxidation states from the shifts in the rising K-edge. 

Sample E(μ) = 0.5 

Inferred ox. 

state 

Error 

V2O3 5477.98 3 N/A 

VO2 5479.17 4 N/A 

VOH 5481.50 4.82 ±0.06 

KVOHS 5481.56 4.84 ±0.06 

KVOH 5481.77 4.92 ±0.06 

V2O5 5482.00 5 N/A 
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b. Operando XANES of Ni2P Nanoparticle Catalyst Corrosion 

Earth-abundant electrocatalysts are a promising avenue for reducing greenhouse gas 

emissions in the manufacture of commodity petrochemicals33–36. Ni2P is a promising earth-

abundant catalyst that has been demonstrated for key reactions such as hydrogen evolution37–40. 

However, Ni2P is susceptible to oxidation and corrosion; characterizing the instability of the 

nanoparticle and its degradation mechanisms is key before any scaling to industrialization. Here, 

a laboratory X-ray spectrometer was used with a custom x-ray transmissive electrochemical cell 

to enable operando Ni K-edge XANES measurements41. 

The application of XAFS enabled the measurement of several quantities during operation. 

First, the magnitude of the absorption edge (0) is a a measure of the amount of absorbing Ni 

atoms in the X-ray beam. This was used as a tool to assess Ni dissolution during the corrosion of 

the cell at different potentials. Second, the collection of several reference XAFS spectra of 

relevant compounds and Ni valence allowed linear combination fitting to determine the Ni2P 

electrode phase evolution as the cell was cycled, shown in Figure 10. The changing Ni K-edge 

XAFS signal during operation is shown in Figure 11. 
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Figure 10. Ni K-edge XAFS of relevant reference spectra used for linear combination fitting 

and phase identification of the operando cell41. 

 

Figure 11. Ni K-edge XAFS of the Ni2P electrode at different cell potentials41 
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Chapter 2. Bent Diffractive Optics and the Rowland 

Circle 

 

 

 

 

 

 

 

 

1. Introduction 

The operation of both laboratory and synchrotron hard X-ray spectrometers rely on either 

a dispersive or focusing optic element that “analyzes” radiation. For dispersive optics, this results 

in a spatial dispersion of analyzed energies on an area sensitive detector and enables a spectrum 

to be captured in a single shot, shown in Figure 1 (a). For focusing optics, this results in point-

focusing and high resolution monochromation of radiation along a focusing circle, which is then 

scanned to collect a spectrum, shown in Figure 1 (b). The selection of an analyzer, (including its 

material, d-spacing, diameter, and surface profile) fundamentally determines the spectrometer 

design, energy range, and overall spatial and energy resolution. This chapter surveys the 

manufacture and use of Johann analyzers in Rowland geometry and the intrinsic, geometric, and 

source size contributions to the overall energy resolution of a spectrometer. 
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Figure 1. (a) Schematic of a dispersive crystal analyzer spatially separating a polychromatic 

point source across an area detector. (b) Schematic of a point-focusing crystal analyzer 

monochromatizing a polychromatic point source and focusing it onto a detector. 

 

2. Diffraction 

Hard X-ray absorption edges and emission lines studied typically range from 5 – 20 keV. 

Diffractive X-ray optics for photon analyses must have appropriate d-spacings for this energy 

range. In this regime, d-spacings on the order of atomic distances are required and perfect single 

crystals are typically used; monochromation is achieved by single crystal diffraction of the 

incident radiation and energy selected via Bragg’s law.  

 

a. Diffraction geometries for perfect single crystals 

Diffraction scattering geometries can be transmissive through the crystal (Laue geometry) 

or reflective to the crystal’s surface (Bragg geometry). Figure 2 (a) shows the symmetric Laue 

diffraction geometry of a perfect single crystal. The Bragg angle, θB, is the angle between the 

incident ray and diffracting planes and is the same angle for the exiting ray. The diffracting plane 

family with lattice spacing d is denoted by reciprocal lattice vector G0 and the crystal’s surface 
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normal unit vector is shown as n̂. In a symmetric Laue geometry, these vectors are perpendicular 

and so the diffracting lattice planes are perpendicular to the crystal’s surface. A similar depiction 

and description is shown in Figure 2 (b) for a symmetric Bragg geometry, note that G0 and n̂ are 

now parallel in the symmetric reflection geometry.  

 

  

Figure 2. Diffraction schematic of a single crystal for (a) symmetric Laue transmission 

geometry, (b) symmetric Bragg reflection geometry and (c) asymmetric Bragg reflection 

geometry.  

 

Similarly, asymmetric diffraction geometries are also allowed, shown for the Bragg 

geometry in Figure 2 (c) for a perfect crystal. In the asymmetric case, the diffracting plane family 

is now denoted as Ghkl which differs from the nominally surface coincident plane family G0. 

Notably these different plane families have different d-spacings, shown as d and d0, respectively. 

The angle between these vectors/plane families is referred to as the asymmetry angle, α, and 

calculated by 

𝛼 =  cos−1(
𝑮𝟎 ⋅ 𝑮ℎ𝑘𝑙
‖𝑮𝟎‖‖𝑮ℎ𝑘𝑙‖

) (1) 
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where hkl is the relevant crystal plane family. Note θB is still the angle between the incident ray 

and diffracting planes. In the case of asymmetric diffraction (Figure 2 (c)), the angle between the 

incident or diffracted ray with respect to the crystal’s surface is θB + α and θB – α, respectively. 

 

b. Bragg’s Law 

Regardless of diffraction geometry, Bragg’s law describes the conditions for the incident 

ray to be diffracted, given by 

𝑛𝜆 = 2𝑑 sin 𝜃𝐵 (2) 

where n is the diffraction order (harmonic), λ is the diffracted wavelength, d is the interatomic 

distance between the diffracting planes, and θB is the Bragg angle in degrees, defined in Figure 2; 

noting that this assumes an index of refraction of unity and is only approximate – a more precise 

model requires dynamical diffraction theory. It is convenient to express Eq. (2) in terms of 

photon energy as 

𝐸 (𝑒𝑉) =  
12398.5 eV ∗ Å 

2𝑑 sin 𝜃𝐵
(3) 

where E is the diffracted photon energy and where the d-spacing is in units of Å. Perfect single 

crystals for hard X-ray optics are typically wafers of Si or Ge, both having the diamond face 

centered cubic crystal structure. The d-spacings of any Si or Ge plane family is given by 

𝑑𝑆𝑖  (Å) =  
5.4309 Å

√ℎ2 + 𝑘2 + 𝑙2
(4) 

𝑑𝐺𝑒 (Å) =  
5.6574 Å

√ℎ2 + 𝑘2 + 𝑙2
(5) 

where h, k, and l are the Miller indices of the diffracting plane. The numerator values are the 

lattice constants (a0) of Si and Ge, respectively1. It is useful to define the diffracted energy at 
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backscatter, where θB = 90o. This value is the minimum photon energy that will diffract from a 

given crystal plane and is calculated by 

𝐸0 (𝑒𝑉) =  
12398.5 eV ∗ Å

2𝑑
(6) 

where E0 is the analyzed energy at backscatter. A final useful identity for the spectroscopist is 

defining Bragg’s law in terms of E0 as 

𝐸(𝜃𝐵) =  
𝐸0
sin 𝜃𝐵

. (7) 

By inspecting equations (3 – 7), some conclusions can already be drawn on spectrometer 

design. First, the meaningful d-spacing range for hard X-ray photon analysis from 5 – 20 keV is 

1.2 – 0.3 Å and necessitates diffraction from crystalline planes. Second, over the typical scanning 

spectrometer operating range (65o ≤ θB ≤ 85o) in the energy range of 5 –10 keV, a single 

reflection (hkl) can reliably cover 500 – 1000 eV; some examples are tabulated in Table 1. Third, 

sufficient photon energy analysis coverage from 5 – 20 keV requires many different reflections.  

 

Table 1. Tabulated energy ranges for arbitrary E0 values in the hard X-ray spectroscopy 

regime. 

E0 (eV) E(θB=85o) E(θB=65o) Range (eV) 

5000 5019 5538 519 

7500 7529 8307 778 

10000 10038 11076 1038 

15000 15057 16614 1557 

20000 20076 22152 2075 
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c. Structure Factor and Scattering Intensity 

I review here some fundamentals of X-ray diffraction from single atoms and crystalline 

unit cells with the goal of providing context for X-ray analyzer optics and their function. A 

comprehensive treatment of kinematic and dynamical X-ray diffraction theory is available from 

Kittel2, Als-Nielsen3, or Cullity4, as well as others.  

The intensity of a given reflection (hkl) is dependent on its atomic and structure form 

factors. The atomic form factor, f, is a measure of the scattering intensity from an isolated atom 

and given by 

𝑓(𝒒) =  ∫𝜌𝑒(𝒓)𝑒
−𝑖𝒒⋅𝒓𝑑𝒓 (8) 

where e(r) is the charge density of the scattering atom and q is the scattering vector (or 

momentum transfer) integrated over the volume dr the scattering electrons occupy3. The atomic 

form factor decreases with increasing q, thus the intensity of diffraction decreases with either 

decreasing θB or increasing photon energy. As a result, diffractive Bragg optics become steadily 

less efficient at higher photon energies, posing technical challenges for X-ray spectroscopy 

above 10 keV. 

The structure factor, F, is the integration of the total charge distribution of all the atoms 

in the unit cell, given by 

𝐹(𝒒) =  ∫𝜌𝑒(𝒓)𝑒
−𝑖𝒒⋅𝒓𝑑𝒓 (9) 

where e(r) is now the charge density of the entire unit cell3. For a unit cell composed of N 

atoms, the integration can be decomposed to a summation of individual form factors, fn, of each 

atom and expressed as  
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𝐹(𝒒) =  ∑ 𝑓𝑛𝑒
𝑖𝒒⋅𝒓𝒏

𝑁

𝑛=1

. (10) 

Because scattering intensity is only observed if the Bragg conditions are satisfied, the structure 

factor Fhkl of a given reflection can be written as  

𝐹ℎ𝑘𝑙 = ∑𝑓𝑛 exp

𝑁

𝑛=1

[2𝜋𝑖(ℎ𝑥𝑛 + 𝑘𝑦𝑛 + 𝑙𝑧𝑛)] (11) 

where xn, yn, zn are the fractional coordinates of each atom in the unit cell2. Finally, the structure 

factor (and so the scattering intensity) depends on the indices of the diffracting reflection, the 

crystal structure, and the atomic form factors of the atoms in the crystal structure (which 

decreases with increasing q and energy). 

For a monoatomic diamond face centered cubic structure (corresponding to Si or Ge), the 

relative magnitude of the structure factor |Fhkl|
2 for a particular hkl is given by 

|𝐹ℎ𝑘𝑙|
2 = {

64𝑓2, ℎ + 𝑘 + 𝑙 = 4𝑁 + 1  

32𝑓2, ℎ + 𝑘 + 𝑙 = 2𝑁 + 1 
0,                 ℎ + 𝑘 + 𝑙 = 4𝑁 + 2 

(12) 

Some further discussion and conclusions on the use of diffractive elements for photon 

analysis in spectrometers is evident on inspecting Eqs. 8 – 12. First, the intensity of the reflection 

depends on the atomic form factor which is greater for higher Z elements. Second, the atomic 

form factor is inversely proportional to q, thus scattering intensity decreases at higher energies 

and decreasing θB. Third, based on |Fhkl|
2, some reflections offer greater reflectivity than others – 

it is desirable to operate on h+k+l=4N reflections when using Si or Ge, for example.  
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d. Darwin Width 

There is a finite angular width over which diffraction occurs at a given Bragg condition 

for a sufficiently thin perfect crystal; this is an outcome of dynamical diffraction. This angular 

width (𝜔𝐷) is the so-called Darwin width and is given by  

𝜔𝐷 = 
2𝑟𝑒𝐹ℎ𝑘𝑙𝜆

2

𝜋𝑉 sin 2𝜃𝐵
(8) 

where re is the classical electron radius, λ is the diffracted wavelength, and V is the 

volume of the unit cell3. Converting this angular width into an energy gives part of the intrinsic 

analyzer resolution, ΔEDarwin, of the reflection before considering the shape of the optic profile, 

strain effects, manufacturing defects, etc. ΔEDarwin / E is approximately constant for a given 

reflection3. ΔEDarwin is relatively narrow compared to other contributing factors to overall 

spectrometer energy resolution, and its value is typically tabulated from online resources. For 

scale, some calculated examples are provided in Table 2. The values are small, thus Darwin 

width is not a limiting factor in dedicated XES, HERFD-XAS, and XRS spectrometers.  

 

Table 2. Tabulated Darwin energy widths for Si reflections in the hard X-ray regime. 

Reflection (hkl) Energy (eV) θB(o) ΔEDarwin (eV) 

331 5000 84.6 0.075 

531 7500 64.2 0.049 

822 10000 75.6 0.030 

975 15000 71.3 0.008 
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3. Rowland Circle Geometry 

With the basis of diffraction established, a brief overview of Rowland circle geometry 

will be provided. 

A geometric principle of rays originating from a point on a circle’s perimeter is that any 

ray will refocus to another common point on the circle’s perimeter. This geometric focusing 

geometry is shown in Figure 3. All rays from the point source refocus to a common point 

elsewhere. The break out view of Figure 3 shows that a common θB can be defined for each ray, 

and the normal vectors of these would-be diffracting planes coincide at a point on the focusing 

circle. This focusing geometry is known as Rowland geometry, wherein a diffractive optic with 

an appropriate surface profile can both monochromatize and focus a radiating point source. The 

analyzed photon energy is tunable by scanning θB and keeping the radiating source on the 

circle’s perimeter. This is a generalization of the famous application of the same ideas to curved 

optical gratings5. 

 

 

Figure 3. Symmetric Rowland circle focusing geometry, where a radiating point source on 

the focusing circle’s perimeter is refocused. A common θB can be defined for any of the radiating 

rays incident on the circle’s perimeter. 
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The Rowland circle geometry does not require reflective Bragg diffraction – a similar 

focusing configuration is achievable with transmission Laue geometry6. Furthermore, the 

Rowland circle geometry does not require a symmetric diffraction geometry as depicted in the 

diagrams here. Further discussion on the kinematics of a scanning Rowland circle and 

asymmetric Rowland geometries is found in subsequent chapters. 

Next, we discus the Rowland circle crystal optic geometric profile in 2D and 3D. The 

profile of a single crystal diffractive optic for reflective Bragg geometry requires a circular 

bending radius equal to the diameter of the Rowland circle; the bending radius of the optic 

defines the Rowland circle7. The two common profiles of bent crystal analyzers are shown in 

Figure 4, the (a) Johannson8 and (b) Johann9 profiles. Johannson profiles perfectly follow the 

Rowland circle perimeter and require both bending and surface grinding of the crystal analyzer. 

Johann profiles approximate the Rowland circle perimeter and require only bending of the 

crystal analyzer; but the Johann approximation worsens at the analyzer’s edges. Due to their ease 

of manufacture, Johann profiles are most common and are only consider for the following 

discussion. 
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Figure 4. (a) Johannson and (b) Johann crystal analyzer profiles in Rowland circle focusing 

geometry. Both define the radius, R, of the Rowland circle by their radius of curvature, 2R. 

 

The consequence of the Johann approximation is evident in Figure 4 (b). Consider a 

polychromatic radiating point source (‘pink’ on the figure) monochromated by the Johann optic. 

The incident angle at the center of the optic is θB as expected. At the analyzer edges, the incident 

angle is slightly larger by δ. Thus, the analyzed photon energy at the edges of the analyzer is 

slightly lower than the center which results in a low energy tail in the analyzer response function. 

This also causes a spatial dispersion of energies at the detector position. This is referred to as 

“Johann error”, and is an energy degradation mechanism of Johann optics, quantified later in this 

chapter. In general, Johann error’s impact on energy resolution worsens as θB moves away from 

backscatter, and as the ratio of optic diameter to optic bending radius increases (doptic / R). 
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In three dimensions (i.e. perpendicular to the Rowland plane), the Johann profile is 

further approximated as a spherical radius of curvature. The consequence is an astigmatic focus 

when operating away from backscatter, shown in Figure 5. The ideal optic profile in three-

dimensions would be toroidal, with the sagittal (out-of-plane) radius of curvature Rs and 

meridional (in-plane) radius of curvature Rm as shown in Figure 6. There has been effort to 

develope toroidal analyzers for Bragg spectrometers10, but they are limited to a “correct” 

curvature at only a single θB, and an astigmatic focus returns everywhere else11.  

 

 

Figure 5. The astigmatic focus of a spherical analyzer 

 

Figure 6. The toroidal analyzer profile to eliminate the astigmatic focus at a given θB. The 

out-of-plane sagittal curvature is defined by the axis between the source and refocusing point. 
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4. Spherically Bent Crystal Analyzers 

Johann-type spherically bent crystal analyzers (SBCAs) are by far the most common hard 

X-ray diffractive optic for photon analysis in Rowland spectrometers12–26. SBCAs offer fine 

energy resolution (1-2 eV), large collection solid angle, and approximate point refocusing for 

efficient signal detection. As a result, laboratory XAFS and XES spectrometers and synchrotron 

HERFD-XANES, RIXS, and XRS spectrometers rely on SBCAs for high-resolution 

spectroscopy. 

 

a. SBCA Manufacture 

 The necessity for high-purity, defect free single crystals for the semiconductor 

industry (Si, Ge) presents an inexpensive source of single crystal boules and wafers for 

diffractive optic manufacture, although alternative materials such as quartz27, sapphire28, and 

mica29 are also sometimes used. The wafers are typically on the order of 300 µm thick and 100 

mm in diameter. The difficulty in manufacture of SBCAs is in forming the wafer into a uniform 

spherical profile while mitigating strains in the wafer, which can cause variations in d-spacing 

and a worse intrinsic resolution of the optic. Broadly speaking, the manufacture of SBCAs 

requires the adhesion of the diffractive wafer to a rigid substrate or form with a spherical 

profile30,31. 

Before bonding, cutting the boule into wafers can introduce errors in the manufacture of 

the optic. Typically, a cut of the crystal is requested (e.g., 531 or 620) and the boule is cut at the 

appropriate angle for the wafer surface to be nominally parallel with the desired plane family. 

However, deviations between the cut analyzer surface and selected plane can occur. This angular 

deviation is referred to as crystal miscut, αmiscut, and introduces a small amount of asymmetry to 
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the diffraction geometry as shown in Figure 7. αmiscut is generally small (~0.1 to 0.5 deg) and can 

be accounted for in Rowland spectrometers by two-axis analyzer tilt stages32 or by a tilt-free 

azimuthal rotation of the optic with a θB offset33. 

 

 

Figure 7. Exaggerated schematic depicting crystal miscut in a nominally symmetric Bragg 

diffraction geometry. Here G0 and n̂ are not parallel and separated by angle αmiscut. 

 

The simplest bonding method is the use of a liquid adhesive such as a thermal curing 

epoxy or thermoplastic polymer to solidify and bond the wafer to a spherical glass substrate34. 

The wafer is elastically bent by a stamp or press into the form of the spherical substrate. This 

process requires a very thin layer of adhesive to ensure uniform distribution and high energy 

resolution is difficult to achieve relative to other techniques35. An exception is the so-called 

‘diced-flat’ optic, by using ~12,000 independent diced Si square pixelites ~0.5 mm in width 

individually glued to a spherically substrate which can provide very high energy resolution as 

each pixelite is unstrained. The optic is “diced-flat” despite the overall spherical profile as each 

Si pixelite has a flat surface30,31. However, diced-flat optics require operating very close to 

backscatter as they become dispersive at smaller θB, and thus are limited to non-resonant 

inelastic X-ray scattering experiments36, and easier methods for their manufacture have been 

developed. 
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Most contemporary SBCAs are manufactured by anodic bonding, shown in Figure 8. In 

anodic bonding, a hermetic seal is achieved between two materials without the use of an 

adhesive. In the anodic bonding process, Na+ ions in the borosilicate glass substrate (anode) are 

driven by a voltage at elevated temperature to diffuse into a semiconductor wafer (cathode) while 

O2- ions diffuse towards the glass substrate. A thin layer of oppositely charged ions are trapped 

near the substrate wafer interface; this electrostatic attraction results in the formation of a SiO2 

oxide layer at the interface and a permanent covalent bond remains after the driving potentials 

are removed37.  This method was first applied to spherical X-ray optics by Verbeni et. al, 200530 

and is a reliable manufacture technique for high-resolution SBCAs36. 

 

 

Figure 8. Anodic bonding process. Figure from Ketenoglu, 202137. The anode is the glass 

substrate, the cathode is the semiconductor wafer. 

 

An emerging adhesion method uses air pressure to temporarily adhere and shape a wafer 

or pixelated wafer against a spherical form. The benefits of this technique are only a library of 

flat diffractive wafers and a single vacuum form could function as a suite of SBCAs. The earliest 

example of temporary vacuum formed analyzers was demonstrated by Jahrman et al., 201810. A 

Kapton film on the front face of the assembly pushed wafer against a CNC-machined spherical 
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or toroidal form when the chamber pumped down to vacuum. Later work applied vacuum 

pressure instead to the back of the wafer by using a microporous ceramic38 or aluminum39 

spherical form, pulling the wafer into form. 

Regardless of the adhesion method, the manufacture of SBCAs necessitates the 

minimization of strains in the wafer crystal for best resolution. In the pursuit of larger collection 

solid angle, SBCAs have trended towards tighter bending radius (0.5 m) while maintaining a 

large optic diameter (100 mm). This results in a significant manufacture challenge to 

accommodate and minimize the high strains on the wafer; the standard approach of elastically 

bending the wafer against the form is insufficient for this form factor. Instead, strain-relieving 

cuts are made on the wafer surface. The typical process involves cutting the 100 mm wafer into 

strips or squares of 10 – 15 mm in width. These elements are held together by a conductive tape 

(typically aluminum) during the anodic or epoxy bonding process against a spherical form. The 

resultant optic has improved energy resolution compared to an only elastically bent optic40,41. 

For an XRS, XES, HERFD-XANES, or laboratory XAFS spectrometer where the energy 

resolution requirements are ~1 eV, the contemporary optic is an anodically bonded 0.5-m SBCA 

either elastically bent, strip-bent, or diced-bent. Non-resonant inelastic x-ray scattering 

measurements requiring very high resolution (~100 meV) necessitate pixelated diced-flat SBCA, 

which are outside the scope of this chapter. Figure 9 shows 0.5-m curvature SBCA (a) bent, (b) 

sliced-bent, and (d) diced-bent, in addition to less common azimuthally sliced optics (c), (e). 
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Figure 9. Different slice patterns for strain relieving SBCAs. Adapted from Diao, 202341. 

 

b. Calculation of Strain Effects on Bent/Sliced/Diced SBCA Resolution 

 Understanding the effect of slicing, dicing, and mechanical strains on the wafer of 

an SBCA are crucial for the design and optimization of Rowland spectrometers. The equations 

describing the propagation of radiation through a deformed crystalline structure were described 

by both Takagi42,43 and Taupin44 in the 1960s. Significant research effort by Honkanen and 

collaborators the past two decades has developed the theory and method to calculate the elastic 

deformation of bent and strain-relieved cut crystal wafers11,45–48. The development and treatment 

of this theory will not be reviewed here, but it is noted that this provides the framework for the 

calculation of the intrinsic energy resolution of bent, sliced-bent, and radial-bent SBCAs 

discussed later in this chapter. 
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c. Typical Dimensions of an SBCA 

A common supplier of Si and Ge bent, sliced, and diced SBCAs in the United States is 

XRS Tech LLC located in New Jersey. Their manufacture methods are proprietary, but it is a 

useful reference for SBCA dimensions; a computer aided design dimensioned drawing of a 0.5-

m radius of curvature diced SBCA and isometric view are shown in Figure 10. Of note, the wafer 

is typically 300 µm thick and 100 mm in diameter anodically bonded to a 4” glass substrate49. 

The radius of curvature can vary as much as 20 mm from the target of 500 mm and is not known 

a priori. The square dicing is typically 10 x 10 mm, and the strip slicing 15 mm wide.  

 

Figure 10. (Top) Dimensioned section view through the diameter of the nominally 0.5-m 

radius of curvature spherically bent crystal analyzer from XRSTech LLC, Freehold, NJ49. 

(Bottom) Isometric view of the spherical analyzer surface with a 10x10 mm square dice. The 

dicing cut depth is exaggerated for clarity and not to scale. 
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d. Solid Angle 

A common metric for assessing scattered or fluorescing signal collection efficiency of an 

optic is the collected “solid angle”, Ω, in steradians, sr. Consider a point source and SBCA in 

Rowland circle geometry near backscatter. The angular size of the optic, γ, is given by 

γ (rad) = 2 sin−1 (
𝑑𝑥𝑡𝑎𝑙
2𝑅

) (9) 

where dxtal is the diameter of the SBCA and R is the bending radius of the SBCA (or similarly 

the diameter of the Rowland circle). The solid angle is then given by the equation for subtended 

angle of a spherical cap on a unit sphere 

Ω (sr) = 4𝜋 sin2 (
γ

4
) . (10) 

Some small angle approximations can be made for convenience in (9) and (10), and Ω reduces to 

Ω (sr)  ≈ 𝜋 (
𝑑𝑥𝑡𝑎𝑙
2𝑅

)
2

. (11) 

 Now, consider that a spherically radiating point source is 4π sr of solid angle. A 100 mm 

diameter, 1-m radius of curvature optic subtends ~8 msr of solid angle, or 0.06% of all the 

radiation emanating from the point source. Moving to 0.5-m radius of curvature increases the 

subtended solid angle by a factor of 4x, as shown in Figure 11. 
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Figure 11. Schematic of the angular size and solid angle subtended of the XRSTech optics at 

1-m and 0.5-m bending radius. A 4x improvement in signal collection is achieved per optic when 

going from 1-m to 0.5-m. 

 

From this, some conclusions can again be drawn for spectrometer design and maximizing 

the signal acquisition efficiency. In the case of a single SBCA spectrometer, it is vastly 

beneficial to work at 0.5-m bending radius for the smaller instrument footprint and improved 

signal collection. Second, when smaller bending radii cannot be accommodated or the energy 

resolution compromised, building arrays of analyzers can also improve signal collection albeit 

with the added complexity of multiple Rowland circle trajectories in a scanning 

spectrometer13,14,19,20. Some discussion on the latter point in the context of multi-element 

HERFD-XANES instruments is found elsewhere in this dissertation. 

 

5. Energy Resolution of SBCA Rowland Circle Spectrometers 

Finally, in the design and commissioning of Rowland spectrometers, it is crucial to 

understand the energy resolution of the instrument and the X-ray source. This is particularly true 

while running an experiment or assessing the alignment of a spectrometer. We’ve divided the 

energy resolution of the spectrometer into three parts: intrinsic (the analyzer itself), geometric 

(the spread of θB due to the analyzer’s surface), and source size (the volume of the radiating 

source w.r.t the Rowland circle and its placement nominally on the circle’s perimeter). 

 



38 

 

a. Intrinsic Resolution 

There are different definitions of the “intrinsic” resolution of an SBCA. We choose to 

define this as the contributions of Darwin width, crystalline defects, and strain effects from wafer 

bending and bonding that can cause variations in d-spacing. Thus, bent, sliced, and diced and 

diced SBCAs will have different intrinsic resolutions.  

We begin with Darwin width, the angular acceptance size of a given reflection. The 

energy resolution due to 𝜔𝐷 is given by 

Δ𝐸𝑑𝑎𝑟𝑤𝑖𝑛 = 𝜔𝐷𝐸 cot(𝜃𝐵) (12) 

and Δ𝐸𝑑𝑎𝑟𝑤𝑖𝑛 is most dependent on the material and selected reflection (hkl). In the hard 

X-ray regime for Si and Ge (~10 keV), 𝜔𝐷 is on the order of 10 -100 rad and  Δ𝐸𝑑𝑎𝑟𝑤𝑖𝑛 is ~100 

meV or less50. 

 The other intrinsic resolution is the strain effects of wafer bending and bonding to 

make the spherical form. In general, elastic bending provides the largest degradation of energy 

resolution, followed by bent-sliced and then bent-diced, where bent-diced provides the best 

energy resolution. Sala et al.51 provides an equation for estimating the resolution of spherically 

bent wafers as  

Δ𝐸𝑏𝑒𝑛𝑡 = 𝐸
t

𝑅
(
cos2(𝜃𝐵 − 𝛼)

sin2(𝜃𝐵 + 𝛼)
− 2𝜐) (13) 

where t is the absorption length of the material at the given photon energy and ν is its Poisson’s 

ratio (0.22 for Si and 0.27 for Ge) and R is the Rowland circle diameter. However, there are no 

quick solutions for the resolution of bent-diced or bent-sliced SBCAs without resorting to strain 

calculations and modelling. Instead, it is easier to refer to experimentally characterized optics for 

the resolution of 0.5-m strain relieved SBCAs. In the case of bent-sliced 0.5-m Si SBCAs, 
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Rovezzi et al.40 reports a resolution of ~0.4 eV. Thus, the overall intrinsic resolution of an SBCA 

is calculated by 

Δ𝐸𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 = √Δ𝐸𝑑𝑎𝑟𝑤𝑖𝑛
2 + Δ𝐸𝑠𝑡𝑟𝑎𝑖𝑛

2 (14) 

where Δ𝐸𝑠𝑡𝑟𝑎𝑖𝑛 is the bent, diced, or sliced resolution, for example. Again, for Si and Ge SBCAs, 

the overall intrinsic resolution is on the order of 0.4 – 0.6 eV for strain relieved optics. 

 

b. Geometric Contributions 

Assuming a bent analyzer in Rowland circle geometry with a point source on the circle 

perimeter, energy degradation mechanisms result due to the range of θB made across the 

analyzer’s surface as a result of the geometric profile of the analyzer. The Johann approximation 

for SBCA’s results in a non-uniform θB in the Rowland plane. Additionally, the spherical 

approximation (rather than a toroidal surface) perpendicular/out-of the Rowland plane also 

results in a non-uniform θB on the optic’s surface. The in-plane error is referred to as Johann 

error, Δ𝐸𝐽, and the out-of-plane error we refer to as sagittal error, Δ𝐸𝑠. Two equations for Δ𝐸𝐽 

exist in literature, one provided by Sala et al.51 and another cited here by Glatzel et al.52 but 

reported by many others as  

Sala: Δ𝐸𝐽 = 𝐸
[

𝑑𝑥𝑡𝑎𝑙
𝑅 sin(𝜃𝐵 + 𝛼)

]
2

8 tan(𝜃𝐵 + 𝛼)
cot 𝜃𝐵 (15)

 

Glatzel: Δ𝐸𝐽 =
1

2
E (
𝑑𝑥𝑡𝑎𝑙
2𝑅

)
2

cot2(𝜃𝐵 + 𝛼) . (16) 

Of the two equations, Eq. 16 is much more commonly reported in spectrometer design 

papers but is said to only be accurate close to backscatter. In practice, the most precise 

calculation of such geometric aberrations of SBCAs are reported by simulated ray tracing from 
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packages such as X-Ray Tracer (xrt)53. Δ𝐸𝑠 is often ignored as it is exponentially weaker than 

Δ𝐸𝐽 but is calculated by52 

Δ𝐸𝑆 =
1

2
E (
𝑑𝑥𝑡𝑎𝑙
2𝑅

)
2

cot4(𝜃𝐵 + 𝛼) . (17) 

The overall geometric contribution of the SBCA, Δ𝐸𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 is then given by the 

quadrature sum of Δ𝐸𝐽 and Δ𝐸𝑠 in the same fashion as Eq. 14. 

 

c. Source size and off-circle contributions 

The discussion and calculations of SBCAs in Rowland circle geometry have assumed a 

point source. In practice, the radiating source is volumetric. The size of the source causes a 

dispersion of θB incident on the analyzer and thus impacts energy resolution. This is also true 

even for a point source that is not placed on the Rowland circle perimeter. In both cases, this is 

referred to as source size broadening or “off-circle” contributions. 

To calculate these, it is important to define a frame of reference with respect to the 

analyzer. This is described in Figure 12. To be technically correct, the “off-circle” contribution is 

given by displacements along sx. It is immediately evident that the most unfavorable source 

dimension is sz, as that lies along the dispersive direction of the SBCA and gives the biggest 

spread in energies for a given length. 
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Figure 12. Cartesian coordinates for the calculation of source-size broadening in Rowland 

circle geometry. Note Sy is in-to/out-of the plane. 

 

The energy resolution contributions in each direction are given by the following 

equations: 

Δ𝐸𝑧 =  𝐸 
𝑠𝑧

𝑅 sin(𝜃𝐵 − 𝛼)
cot 𝜃𝐵 (18) 

Δ𝐸𝑦 =  𝐸 [
𝑠𝑦

𝑅 sin(𝜃𝐵 − 𝛼)
]
2

(19) 

Δ𝐸𝑥 =  𝐸 
𝑠𝑥

𝑅 sin(𝜃𝐵 − 𝛼)
cot2 𝜃𝐵 (20) 

The overall source size contribution to energy resolution, Δ𝐸𝑠𝑖𝑧𝑒 is again given by the 

quadrature sum of these three quantities. 

 

d. X-ray Source Resolution 

In the case of synchrotron experiments, an upstream monochromator provides an already 

monochromatic beam incident upon the sample before a spectrometer is employed. This also 
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effects the overall resolution of spectrometer measurements at the synchrotron. We denote this as 

Δ𝐸𝑚𝑜𝑛𝑜. Typically, for a Si(111) double crystal monochromator operating at 10 keV the 

resolution is ~1.3 eV. In the case of laboratory measurements with an X-ray tube source, the 

spectrometer is the monochromator and thus this factor is not present. 

 

e. Overall Resolution 

We conclude with the obvious but worth stating equation for calculating the overall 

resolution of a Rowland geometry X-ray spectrometer employing SBCAs: 

Δ𝐸 = √Δ𝐸𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐
2 + Δ𝐸𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐

2 + Δ𝐸𝑠𝑖𝑧𝑒
2 + Δ𝐸𝑚𝑜𝑛𝑜2 (21) 
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Chapter 3. X-ray Raman Scattering Background 

 

1. Theory 

This section provides a theory basis for inelastic X-ray scattering. The goal is to provide 

insight on the core-electron transitions inelastic scattering can probe and highlight similarities 

and differences with resonant XAFS. A complete foundational theory on resonant and non-

resonant inelastic X-ray scattering is found in the textbook by Schulke1. 

Inelastic x-ray scattering (IXS) is an incoherent photon-in/photon-out scattering process 

where an incident photon interacts with the electron cloud and imparts some of its energy. This 

transferred energy can excite electrons or vibrational modes in the system and results in a 

scattered photon with less energy than its incident counterpart. The kinematics of this process are 

shown in Figure 1. 

 
 

Figure 1. Schematic of the inelastic scattering process. An incident photon with wave 

vector k1, energy ℏω1, and polarization vector ε1 is inelastically scattered and imparts some 

energy and momentum exciting an electron to an unoccupied state. The remainder of the initial 

photon’s energy and momentum are accounted for in the scattered photon. The scattering angle 

2 determines the momentum transfer, q, of the scattering process. 
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IXS can probe different types of excitations depending on the magnitude of the energy 

loss of the incident and scattered photon, which can span losses of 1 meV to several keV. A 

schematic for the IXS energy loss spectrum is shown below2. Of particular interest is the core 

electron excitation on the order of a few 100 eVs, sometimes rereferred to as non-resonant 

inelastic x-ray scattering (NIXS or NRIXS)3, but here will be defined as x-ray Raman scattering 

(XRS). 

 
    

Figure 2. A diagram of the non-resonant IXS energy loss spectrum and the manner of 

excitations it can probe2. 

 

XRS is a photon-in photon out spectroscopy technique that is well suited for studying the 

soft x-ray absorption edges of lighter elements4. Because XRS studies the energy loss, the 

incident photon energy can be arbitrarily selected in the hard x-ray regime and experiments are 

performed in an ambient environment5–7. Studying soft electron binding energies with 

conventional techniques such as XAFS, electron-energy loss spectroscopy (EELS, the electron 

spectroscopy analogue of XRS as both measure the energy-loss function), and x-ray 
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photoelectron spectroscopy (XPS) require the sample and accompanying spectrometer system in 

vacuum and are highly surface sensitive8. 

The signal measured in XRS is proportional to the non-resonant portion of the double 

differential cross section given by 

d2𝜎

dΩd𝜔
= (
d𝜎

dΩ
)
Th
𝑆(𝒒, 𝜔). (1) 

In this expression, (
d𝜎

dΩ
)
Th

describes the photon-electron coupling known as the Thomson 

scattering cross section 

(
d𝜎

dΩ
)
Th
= 𝑟𝑒

2 (
𝜔2
𝜔1
) (𝜺̂𝟏 ∙ 𝜺̂𝟐)

2 (2) 

and 𝑆(𝒒, 𝜔), the dynamical structure factor containing all information about the many-body 

electron system, is 

𝑆(𝒒, 𝜔) =  ∑|⟨f| exp(𝑖𝒒 ∙ 𝒓) |i⟩|2𝛿(𝐸𝑖 − 𝐸𝑓 + ℏ𝜔)

𝑖,𝑓

(3) 

where re is the classical electron radius, (𝜺̂𝟏 ∙ 𝜺̂𝟐)
2 is the X-ray polarization factor, q is the 

momentum transfer (k2 – k1, refer to Fig. 1), ℏ𝜔 is the photon energy loss, and i and f are the 

electron’s initial and final states1. A basis for all nonresonant IXS transitions (features of Fig. 2) 

is described by substituting Eqs. 2 and 3 into Eq. 1 as 

d2𝜎

dΩd𝜔
= 𝑟𝑒

2 (
𝜔2
𝜔1
)∑|⟨f| exp(𝑖𝒒 ∙ 𝒓) |i⟩|2𝛿(𝐸𝑖 − 𝐸𝑓 + ℏ𝜔)

𝑖,𝑓

. (4) 

The allowed electronic transitions XRS probes are momentum transfer (q) dependent. 

XRS measurements within or beyond the dipole approximation is determined by the magnitude 

of 𝒒 ∙ 𝒓, where r is the core radius of the probed element. r can be estimated as a0/Z for core-

electron excitations in the K-shell and 4a0/Z for the L shell, where a0 is the Bohr radius (0.53 Å) 
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and Z is the atomic number. The following discussion is divided into XRS measurements within 

the dipole limit (𝒒 ∙ 𝒓 ≪ 1) and beyond the dipole limit. 

 

a. XRS within the dipole limit (𝒒 ∙ 𝒓 ≪ 𝟏) 

Consider the case where 𝒒 ∙ 𝒓 ≪ 1. The transition operator exp(𝑖𝒒 ∙ 𝒓) of Eq. 4 can be 

expanded by a Taylor series as 

 exp(𝑖𝒒 ∙ 𝒓)  ≈ 1 + 𝑖𝒒 ∙ 𝒓 − 
(𝑖𝒒 ∙ 𝒓)𝟐

2
+⋯ , (5) 

and the evaluation of Eq. 5 is dominated by the second term, and mostly dipole transitions are 

probed (l =  1). The dynamical structure factor (Eq. 3) then reduces to 

𝑆(𝒒, 𝜔)
𝒒∙𝒓≪1
→    ∑𝑞2|⟨f|𝒒 ∙ 𝒓|i⟩|2𝛿(𝐸𝑖 − 𝐸𝑓 + ℏ𝜔)

𝑖,𝑓

(6) 

which compared to the X-ray absorption coefficient,  

𝜇 =∑
4𝜋2𝑒2

𝑚2𝑐𝜔1𝑛
|⟨f|𝜺 ∙ 𝒓|i⟩|2𝛿(𝐸𝑖 − 𝐸𝑓 + ℏ𝜔1)

𝑖,𝑓

(7) 

shows proportionality between XRS within the dipole limit and the X-ray absorption process 

(XAFS)9. Thus, from inspection of Eq. 6 and 7, when within the dipole approximation, XRS 

probes the same states and provides the same information as XAFS. 

 

b. XRS beyond the dipole limit (𝒒 ∙ 𝒓 ≮ 𝟏) 

When beyond the dipole approximation, XRS can probe non-dipole transitions beginning 

with l = 0 and l =  2 transitions9. A greater depth of information is available from XRS as 

non-dipole transitions are forbidden in the resonant X-ray absorption process10–16. In the case of 

XRS outside the dipole approximation, higher order selection rules are relevant. Instead of a 
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Taylor series expansion approximation of the transition operator, at larger q an expansion of the 

transition operator in terms of spherical harmonics is preferred 

exp(𝑖𝒒 ∙ 𝒓) = 4𝜋∑𝑖𝑙𝑗𝑙(𝑞𝑟)𝑌𝑙𝑚
∗ (𝒒̂)𝑌𝑙𝑚(𝒓̂)

𝑙,𝑚

(8) 

exp(𝑖𝒒 ∙ 𝒓) = 4𝜋∑𝑖𝑙𝑗𝑙(𝑞𝑟)𝑌𝑙𝑚
∗ (𝜃𝑟 , 𝜑𝑟)𝑌𝑙𝑚(𝜃𝑞 , 𝜑𝑞)

𝑙,𝑚

(8) 

where jl are spherical Bessel functions and Ylm are spherical harmonics with r and q vectors in 

spherical coordinates4. This can be substituted into the matrix element of the dynamical structure 

factor (Eq. 3) as 

|⟨f| exp(𝑖𝒒 ∙ 𝒓) |i⟩|2 = ∑|4𝜋𝑖𝑙⟨f|𝑗𝑙(𝑞𝑟)𝑌𝑙𝑚
 (𝒓̂)|i⟩|2.

𝑙,𝑚

(9) 

 From Eq. 9, the q dependence is in the spherical Bessel function (jl). Within the dipole 

limit. As q increases, higher order transitions (quadrupole, octupole, etc.) gain weight in the 

dynamical structure factor17. As a result, XRS can probe the entirety of the unoccupied density of 

states beyond just dipole allowed transitions18. 

 

c. XRS Cross-section 

The magnitude of the XRS cross-section is the biggest drawback of the technique 

compared to XAFS19. Photon cross-sections are shown below in Figure 3 for carbon and lead20. 

tot is dominated by the photoelectric cross-section (resonant XAFS, for e.g.) whereas the XRS 

cross-section is a small fraction of the total incoherent scattering cross-section, incoh. In both 

low- and high-Z elements, the XRS cross-section is many magnitudes smaller than the 

photoelectric cross-section and is an extremely weak signal of all photon-in/photon-out 
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interactions. As a result, highly brilliant photon sources, i.e. synchrotron X-ray light sources, and 

efficient collection of XRS signal are required for XRS measurements1,4,9,19. 

 

Figure 3. Photon cross-sections as a function of energy for carbon (left) and lead (right). 

The XRS cross-section is part of the incoherent scattering cross section, incoh, and is magnitudes 

lower than the photoelectric cross-section, 20. 

  

2. XRS Instrumentation and Measurement Techniques 

XRS measurements require brilliant light sources due to the very small incoherent 

scattering cross-sections and thus are reserved for synchrotron sources or similar. The end station 

spectrometers are simple in principle and typically employ spherically bent crystal analyzers 

(SBCAs) in fixed, non-scanning Rowland circle geometries. A schematic of the upstream 

beamline and XRS spectrometer is shown below. The beamline provides a tunable (i.e., energy 

scannable) monochromatic beam (Ei) at the sample location. The scatterer, SBCA, and detector 

are arranged symmetrically on the Rowland circle. The SBCA, at fixed Bragg angle typically 

near backscatter for best energy resolution, analyzes a fixed photon energy (Ef) and focuses upon 
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the detector. The energy loss spectrum (Ei – Ef)  is collected by scanning the monochromator 

energy while keeping the analyzed XRS spectrometer energy fixed. 

 

Figure 4. XRS beamline and measurement schematic. The beamline provides a  tunable 

(i.e., energy scannable) monochromatic beam (Ei) at the sample location. The scatterer, SBCA, 

and detector are arranged symmetrically on the Rowland circle. The SBCA only focuses photons 

of a fixed energy (Ef) upon the detector.  

 

In principle, XRS measurements are kinematically simple only requiring scattered x-ray 

analyzers in a static configuration while scanning incident photon energy via an upstream 

monochromator. In practice, XRS is hampered by extremely small scattering cross-sections, 

requiring brilliant light sources and efficient signal gathering for expedient data collection. With 

the advent of 3rd generation synchrotron light sources, several dedicated non-resonant IXS and 

XRS end stations have been constructed at dedicated user facilities5–7,21–26. 

  

monochromatic 

tunable beam,   
sample

SBCA
detector

Rowland 

circle

K-B focusing mirrors

monochromator
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a. XRS End stations 

The following review of dedicated XRS synchrotron end stations is complete, with the 

exception of an IXS/XRS instrument at the Shanghai Synchrotron Research Facility. In general, 

an XRS spectrometer requires large collection solid angle for expedient measurement and 

reasonable signal-to-background ratio, Bragg angles near 90o to minimize energy resolution 

degradation from optic aberrations, and large diameter Rowland circles (1-m) for space for 

sample environments. Unless noteworthy, the specifications (optic, optic diameter, source-

detector clearance, detector) for each instrument are reported in Table 1 at the end of this section. 

All XRS end stations are in symmetric Bragg Rowland geometry. 

 

i. Stanford Synchrotron Radiation Light source (SSRL): 6-2b 

SSRL has a dedicated beam line (6-2b) for high resolution hard x-ray spectroscopy, with 

a 14-crystal analyzer spectrometer for high-q measurements at backwards scattering angle and a 

40-crystal analyzer spectrometer for low-q measurements at forwards scattering angle7. The 6-2b 

XRS spectrometers are at fixed scattering angles and q-selection beyond the subtended scattering 

angle captured by an array is not possible. The platform can support simultaneous low-q and 

high-q detection using two detectors. 
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Figure 5. SSRL 6-2b XRS end station layout, with high-q and low-q analyzer arrays7. 

 

ii. SOLEIL: GALAXIES 

The GALAXIES beamline has a dedicated IXS end station with two integrated analyzer 

systems (one single optic scanning spectrometer and a multielement array)25. The single optic is 

more suitable for resonant IXS so only the array will be described. Unlike 6-2b at SSRL, the 

GALAXIES multielement array is on a motorized arm with a circular degree of freedom around 

the sample which allows for a selection of scattering angles from 0 – 180 deg in the horizontal 

plane. Furthermore, the array has recently been upgraded from a 4-element array to a 40-element 

array; photographs of the instrument and the new 40-element array are shown below in Figure 

625.  
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Figure 6. (Left) The two integrated spectrometers at the GALAXIES end station with the 

original 4-element NRIXS multi-analyzer array. (Right) The 40-element Si(110) 1-m  SBCA 

multi-analyzer array upgrade25. 

  

 

iii. SPring-8: BL12XU 

The Taiwan inelastic X-ray scattering beamline (BL12XU) hosts a non-resonant IXS and 

XRS end station at Spring-823, shown below in Figure 7. Similar to GALAXIES, the 15-element 

analyzer array is mounted on a circle curved rail for selecting scattering angle in the horizontal 

plane. However, here the array is also mounted on a motorized arm that can accommodate 

Rowland circle diameters from 1-m to 3-m, where larger diameters provide higher energy 

resolution with diminished collection solid angle.  
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Figure 7. (Top) Design rendering of the BL12XU IXS end-station (Bottom) Photograph of 

the IXS end-station in a forward scattering geometry23. 

 

iv. PETRA III: P01 

The P01 IXS/XRS spectrometer at PETRA III is a 12-element array on a circular rail in 

the vertical plane for free selection of scattering angle21,26. A schematic representation of the 

instrument is shown below with a transparent view of the array in Figure 8 (left). Unlike prior 
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examples, this instrument has a dedicated rigid enclosure around the array providing a He flight 

path through most of the spectrometer, shown in Figure 8 (right). A He flight path increases 

transmitted intensity and reduces stray scatter, thus improving signal-to-noise and collection 

efficiency.  

 

Figure 8. (Left) Design rendering of the P01 IXS/XRS 12-element spectrometer in a 

forward scattering geometry26 (Right) Photograph of the P01 spectrometer in a back scattering 

geometry. A rigid enclosure provides a He flightpath through the spectrometer21.  

 

v. ESRF: ID20 

The ID20 XRS spectrometer at ESRF consists of 6 modules, 3 in the horizontal scattering 

plane and 3 in the vertical scattering plane, each with continuous circular degree of freedom for 

selecting the momentum transfer studied27. Each module is a 12-element array of similar design 

to the PETRA III P01 spectrometer for a total of 72-elements; the ID20 instrument has the 

largest collection solid angle of all dedicated XRS end stations. Unlike P01, the ID20 instrument 

can measure XRS at six different q simultaneously.  
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Figure 9. (Left) CAD rendering of the 6 module array of ID20’s XRS spectrometer. (Right) 

A single array contains 12 1-m SBCA’s each and its own pixelated area detector6. 

 

 

Figure 10. Photograph of the ID20 XRS spectrometer6. 
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vi. Brazilian Synchrotron (Sirius): EMA 

The extreme condition beamline (EMA) at Sirius is developing a dedicated XRS end 

station. A 36-element array is mounted on 6+2 diffractometer providing large freedom in 

selecting scattering geometry24; a rendering of the instrument is shown below in Figure 11. 

Instrumentation development was slowed due to funding freezes in 201928.  

 

 

Figure 11. Rendered schematic of the XRS spectrometer at the EMA beamline24. 
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vii. Advanced Photon Source (APS): 16-ID-D 

The dedicated IXS / XRS spectrometer at Sector 16-ID-D at APS is targeted for in situ 

measurements of samples under high pressure22. The spectrometer uses a 17-element array 

consisting of three rows of analyzers along the vertical plane. Notably, these optics are 50 mm in 

diameter. A collimating slit at the detector is employed to reject background and improve signal 

collection efficiency; the author’s note background rejection is critical for high-pressure 

experiments where signals are low and unwanted scatter from windows and pressure media can 

further contaminate signal. 

 

 

Figure 12. The 17-element IXS / XRS spectrometer at 16-ID-D of APS. The inset (bottom 

right) shows the sample environment which is a diamond anvil cell22. 
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viii. APS: LERIX (decommissioned) 

The “LERIX” XRS spectrometer at 20-ID of APS employs 19 SBCAs over a wide range 

of q arranged symmetrically on the Rowland circle5. The analyzers provide up to 19 

simultaneous but independent measurements of q-dependent XRS and focus to their own 

independent detector at a fixed Bragg angle of 88.2o. Except for motorized degrees of freedom 

for tuning the optics, the instrument is entirely fixed. LERIX can simultaneously measure  and 

distinguish momentum transfers from 0.8 – 10.1 Å-1.  

 

  
 

Figure 13. (Left) Perspective line drawing of the LERIX spectrometer with 10 of the 19 

analyzers shown. (Right) Ray tracing schematic of a single SBCA collecting signal and focusing 

it to its associated detector5. 
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b. Summary of Dedicated XRS End Stations 

A summary of all dedicated XRS / NRIXS end stations at user facilities is shown below 

in Table 1, except for the SSRF instrument. The conclusions are the following. First, all 

instruments employ Johann-type SBCAs in symmetric Bragg diffraction Rowland circle focusing 

geometries with 1-m bending diameter for reasonable clearances between sample and detector, 

despite availability of 0.5-m optics. Second, a high number of optics (from 12 – 72) are needed 

for efficient signal collection. Third, only the LERIX, PETRA III, and ESRF instruments had 

dedicated rigid He flightpaths. Lastly, only the LERIX, SSRL, and ESRF spectrometers can 

support simultaneous q measurements. 
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Table 1. Summary of all dedicated synchrotron XRS end stations. 

Facility Beamline Optic 
# of 

optics 

Solid 

angle 

(msr) 

θB (o) 2θ (o) 

Sample 

clearance 

(mm) 

Detectors 

SSRL7 6-2b 
diced 

Si(110) 
54 420 88 

15–65, 

125–165 

70, 

125 
SDD 

SOLEIL25 GALAXIES 

diced 

Si(110)/ 

Si(111) 

40 320 89 0–180 75 

SDD 

APD 

PAD 

SPring-823 BL12XU 
bent 

Ge(111)  
15 120 88.9 5–175 75 SDD 

PETRA III21 P01 
bent 

Si(110)  
12 95 88.3 0–180  125 PAD 

ESRF6 ID20 
bent 

Si(110)  
72 450 88.9 0–175 75 PAD 

Sirius24 EMA --- 36 280 --- --- --- --- 

APS22 16-ID-D 
bent 

Si(111)  
17 34* 87.7 0–90 65 SDD 

APS5 LERIX 
bent 

Si(111)  
19 150 88.2 6–175 65 Sc 

SDD – silicon drift diode, APS – avalanche photodiode, PAD – pixelated area detector, Sc – 

scintillator  

*50 mm optic diameter  
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c. Sub-techniques Enabled by Area Detectors 

The use of pixelated 2D area detectors in XRS instruments can improve energy resolution 

or be used to spatially image a scattering sample and its environment. These additional sub-

techniques and methods will be discussed. We note the improved energy resolution with 

pixelated area detectors is general to all bent crystal spectrometers. 

 

i. Improved Energy Resolution 

All dedicated XRS end stations employ high resolution SBCAs in backscattering 

geometries, which minimizes the intrinsic, geometric, and source-size contributions to energy 

resolution. Even in this mitigating geometry, distortions and strains in the crystalline wafer can 

still reasonably degrade energy resolution. These strains result in a spatial dispersion of analyzed 

energies at the detector position.  

Unlike a scintillator or spectroscopic detector, a photon counting pixelated 2D area 

detector records a complete spectrum for each pixel. Thus a spatial dispersion of energies at the 

SBCA focus can be corrected by shifting each pixel’s spectrum to a centroid energy. The 

principle of sub-analyzer compensation and peak alignment to a centroid energy is shown in 

Figure 14. This so-called dispersion-compensation correction was first demonstrated by Huotari 

et al. (2005) using an area detector on the Rowland circle perimeter and post-processing to 

improve the energy resolution response function of a diced-flat SBCA29. This reduced cube-size 

contributions for IXS measurements and improved energy resolution from 213 meV to 23 meV 

at 9.9 keV29. 
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Figure 14. Post-processing dispersion compensation where the shifting of each pixel’s 

spectrum before summation yields improved energy resolution30. 

 

An improvement to the technique was later reported by Honkanen et al. (2014)30. 

Placement of the area sensitive detector inside the Rowland circle further dispersed the imaging 

across the detector and allowed easier mapping of the energy distribution of the analyzer surface, 

shown in Figure 15. This method was demonstrated with XRS and improved the overall 

resolution from 1.0 eV to 0.46 eV. 

 

Figure 15. Off-focus imaging used to achieve a larger spatial dispersion of energy30. 
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ii. “D rect Tomography” 

When using a position sensitive detector on the Rowland circle perimeter, XRS can be 

used as phase-contrast mechanism for imaging. The transmission of the incident beam through a 

sample creates a line or volume scatterers along the Rowland circle. Any scattering point 

illuminated by the incident beam is projected  by the SBCA to a unique point on the area 

detector, shown in Figure 16. Thus scanning the incident beam across a sample can map a 3D 

structure. The technique, so-called “direct tomography” (owing to it not requiring the 

reconstruction of many tomograms to make a 3D image) or “X-ray Raman imaging” was first 

reported by Huotari et al. (2011)31. Later improvements by Sahle et al. (2016) improved the 

spatial and statistical accuracy with the development of a reconstruction algorithm for imaging 

with multiple analyzers simultaneously32. This 3D mapping technique has been applied to 

systems such as carbon speciation of organic fossils33. 

 

Figure 16. The direct tomography technique where each voxel illuminated by the incident 

beam is refocused by the SBCA to a unique point on the detector.31 
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The draw backs of the 3D mapping and particularly 4D spectral mapping of direct 

tomography are the slow acquisition times and prolonged beam exposure, which can damage 

organic samples. Recent work by Cazals et al. (2025) used a digital twin to reduce acquisition 

times by a factor of 10 for 4D XRS direct tomography spectral imaging34. More applications of 

direct tomography on radiosensitive samples may be seen in the future. 

Frequently, a complete 4D spectral map of a sample is not necessary. Significant benefits 

exist for in situ and operando measurements where the sample is within an enclosure. Here, 

rather than direct tomography, we refer to this as X-ray Raman imaging. A pixelated area 

detector is used to spatially reject scatter from the sample enclosure, such as gaskets, pressure 

media, and cell windows and allow a region of interest selecting only sample scatter35. This 

significantly enhances signal acquisition by eliminating non-sample scatter. X-ray Raman 

imaging is frequently applied and optimized for in situ measurements of diamond anvil cells, an 

example is shown in Figure 17 below. 

          

Figure 17. (Left) X-ray Raman imaging, used to spatially image a sample within an 

enclosure. Here, the beam is scanned to generate a 2D image through a diamond anvil cell35. 

(Right) With the beam fixed and transmitting through the center of the diamond anvil cell, a 

region of interest can select scatter from only the sample isolated from its surroundings, shown 

as the signal of “iter. 2” (red)35. 
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3. XRS Applications 

In the past 20 years, XRS has developed into a mature technique accomplishing science 

beyond demonstrative studies of simple model systems36. Here, we review and highlight some of 

the many applications of the technique across different fields of materials characterization. 

 

a. High-pressure Science 

Arguably the largest materials characterization niche XRS is applied to is high-pressure 

science, frequently in situ measurements within diamond anvil cells (DACs). XRS is one of the 

only X-ray techniques that can probe soft absorption edges of the bulk sample with sufficient 

penetrating power to do so in situ. Thus XRS is a valuable tool for high pressure studies, and 

several reviews of this application are provided by Lee et al.37, Sahle et al38, Hiraoka et al.39, 

Sterneman and Wilke40, and Hiraoka and Cai41. 

 

 

Figure 18. In situ XRS measurement of -quartz O K-edge in a DAC at varying pressures. A 

change to six-fold coordination is observed at 24 GPa35. 
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We highlight one such example from Sahle et al. (2017). Here, they monitor the O K-

edge of -quartz in a DAC at increasing pressure using XRS35. At ambient conditions, O is 

twofold coordinated with Si. As shown above in Figure 18, a broad feature in the O K XANES at 

24 GPa indicate a transition to sixfold coordination. This is further proved by comparison to a 

stishovite reference sample, a known sixfold coordinated reference. 

 

b. Battery Science 

XRS is a powerful tool for bulk measurements of the conductive ions (Li, Na) or anions 

(O) K-edges, 3d transition metal cathode L-edges, and graphite electrode C K-edges at ambient 

conditions, often in situ. Here, we highlight some examples of XRS applied to battery materials. 

Nonaka et al. (2019) used XRS to study the lithiation of lithium-intercalated graphite 

anodes42. A specially developed in situ cell was used for measurement, and C K-edge of LiC6, 

LiC12, and pure graphite were obtained during discharging of a Li-graphite pouch cell. The C K-

edge at varying cell voltages is shown in Figure 19, and the spectral changes are attributed to 

change in electronic structure of the graphite electrode. Nonaka et al. highlights the technique for 

future studies of graphite electrodes. 

 

Figure 19. C K-edge XRS spectra of the in situ graphite coin-cell during discharging42. 
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Fehse et al. (2019) used XRS to understand the charge compensation in electrodes. Here, 

they examined the Fe L-edge and O K-edge of a Li2FeSiO4 electrode using XRS43. The note the 

transition metal L-edge as a direct probe of redox activity. Figure 20 (left) shows a sensitivity to 

formal oxidation state and spin-state during the charge cycle of the battery43. Unlike Fe, they find 

the O K-edge formal oxidation state is unchanged during charging but note changes in a pre-edge 

feature and twin peak in the white line, shown in Figure 20 (right). The increase in oxygen pre-

edge intensity is attributed to metal-oxygen hybridization43. 

 

  

Figure 20. XRS in situ monitoring of a charging Li2FeSiO4 electrode’s (Left) Fe L-edge and 

(Right) O K-edge. The electrode begins fully discharged in ‘A’ and fully charged in ‘E’43. 

 

A final example is presented from Huang et al. (2024) where XRS was used to 

understand the lithiation of Li/SiOx batteries44. Here, Li/SiOx samples were electrochemically 

prepared to different lithiation states and measured ex situ. They find, after fitting the Li K-edge 

spectra (Fig. 21) to pseudo-Voigt peaks and comparing to theory, an earlier formation of LixSiOy 

before LixSi during lithiation44. 
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Figure 21. Ex situ Li K-edge XRS spectra at varying electrochemically prepared states of 

lithiation of Li/SiOx
44. 

 

c. Catalyst Science 

XRS is also suitable for ex situ and in situ measurements of catalyst materials. Here, we 

report two contemporary applications of XRS to catalyst science. 

Das et al. (2024) used XRS to characterize a Ni/MgFeAlO4 catalyst for the dry 

production of methane45. A catalytic cell was prepared and measured in situ with flow. The cell 

was cycled from pristine to different phases of reduction / reoxidation, and held at these 

conditions during XRS measurements. The Al L-edge and O K-edge are shown in Figure 22. The 

Al is in the spinel support of the catalyst, and they find changes in the cation distribution in the 

spinel structure effects the Al white line intensity45. Combining theory with the O K-edge signal, 

they find the main peak and shoulder ratio of the white line indicative of electron transfer 

between the oxygen and transition metals45. 
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Figure 22. XRS spectra of a Ni/MgFeAlO4, monitoring the (left) Al L-edge and (right) O K-

edge45. 

 

Ceria (CeO2)is an important catalyst support material for its ability to support oxygen 

vacancies. Longo et al. (2023) used XRS to measure the O K-edge (Figure 23) and Ce N4,5-edge  

of a Au/CeO2 catalyst during a CO oxidation reaction46. Combining XRS with density functional 

theory and multiple simulations, they find that the clustering of O vacancies is not limited to the 

surface but dispersed through the bulk of the ceria support46. 
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Figure 23. XRS O K-edge of CeO2 before and after CO treatment. The right panel identifies 

subtle features by the difference of CeO2 and CO-treated spectra46. 

 

d. Momentum Transfer Dependence 

Lastly, XRS is also capable of momentum dependent measurements, as previously 

discussed in Section 1, and we aim to highlight some of the applications of q-dependent XAFS 

and its depth of information here. 

Mattila et al. (2005) used q-dependent XRS spectra to investigate the electronic structure 

of a single crystal of MgB2, a superconductor13. Their goal in a q dependent study was to 

separate different excitations (monopolar, dipolar, quadrupolar) at different q. They find a large 

density of pxy and pz states and highlight the pxy density of states in the superconducting 

properties of MgB2
13. Their method combined experimental XRS measurements with theory 

calculations, q dependent B K-edge spectra are shown below in Figure 24. 
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Figure 24. q-dependence of MgB2 B K-edge measured via XRS in two orientations, (left) 

[100] and (right) [001].The experimental results are on the bottom, theory calculations are the 

center and top13. 

More generally, Fister et al. (2006) reports the q-dependent oscillations in the XRS 

measured dynamic structure factor above an absorption edge (extended X-ray absorption fine 

structure (EXAFS) analogue) can be enhanced with increasing q10. Simulations of the magnified 

oscillations with increasing q are shown below in Figure 25 for the Al L2-edge. This was 

experimentally verified in the same work as a method for easier measurement of low-Z 

“EXAFS” via XRS. Later work by Huotari et al. (2011) reported on the analysis of XRS-EXAFS 

beyond the dipole limit, and found a diminishing signal-to-noise ratio with increasing q and 

increased sensitivity to multiple-scattering paths of the photoelectron at high q in the case of C 

K-edge EXAFS of polycrystalline diamond16. 



75 

 

 

Figure 25. Theory calculated extended oscillations in the dynamical structure factor of the Al 

L2-edge from 0.8 Å-1 to 10.1 Å-1 (10). 
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Chapter 4. High Energy Resolution Fluorescence 

Detected X-ray Absorption Spectroscopy Background, 

Applications, and Instrumentation 

 

1. Core-hole Lifetime Broadening in XAS measurements 

X-ray absorption spectroscopy (XAS) is a widely applied technique for studying the 

electronic structure of materials and probing the unoccupied density of states (DOS). For 

example, pre-edge features of the XANES can inform local symmetry (tetrahedral, octahedral) 

and orbital angular momentum character, whereas the position of the absorption edge can inform 

the formal oxidation state of the probed species1.  

The simplest measurement of XAS of the K-edge, for example, involves scanning the 

incident energy over the 1s binding energy of the probed element. Photo absorption occurs when 

the incident energy ≥ 1s binding energy, the 1s electron is excited to an intermediate state, and a 

core hole vacancy is left behind in the K-shell (Figure 1 (a)). This excited intermediate state with 

a core hole vacancy is short lived (~femtoseconds); an electron from a higher shell fills the core 

hole and releases energy, either characteristic fluorescence (see Figure 1 (b)) or through Auger 

electron decay.  
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Figure 1. (a) The X-ray absorption process generates a core-hole and creates a short-lived 

excited state (b) The X-ray emission process fills the core-hole with an electron from a higher 

shell and a characteristic X-ray is fluoresced. 

 

In the excited state following a photo absorption event (Fig 1 (a)), the Heisenberg 

uncertainty principle dictates that the short core-hole lifetime is inversely proportional to the 

energy uncertainty of the state. This energy uncertainty is termed the “natural line width” or 

more precisely, core-hole lifetime broadening. This intrinsic energy broadening is common to all 

X-ray absorption measurements and represents the energy resolution “limit” for an absorption 

edge. Even with the sharpest monochromator energy resolution, a transmission or total 

fluorescence mode XAFS spectrum will be broadened by the core-hole lifetime. 
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Core-hole lifetime increases with atomic number (Z) of the probed species and is also 

dependent on the absorption edge. For 3d transition metal K-edges, core-hole lifetime 

broadening is ~1.0 eV, for 5d transition metal L1-edges and L2,3-edges is ~10.0 and 5.0 eV, 

respectively, and for actinide L1-edges and L2,3-edges is ~14 eV and 7.0 eV, respectively. 

Tabulated theoretical and experimental core-hole lifetime broadenings for the periodic table are 

found elsewhere2. Broadly speaking, the natural line width of any L-edges and for K-edges with 

binding energies above 10 keV presents a real limit to the science possible from XANES 

measurements due to the smearing of near-edge features. 

 

2. X-ray Emission Spectroscopy 

The emission of a characteristic X-ray, in the case of Figure 1 (b), a Kα emission of a 2p 

electron filling a 1s core-hole, is referred to as X-ray fluorescence. Measuring a fluorescence 

spectrum at coarse resolution (>150 eV) is referred to as X-ray fluorescence (XRF) spectroscopy 

or the collection of an ‘energy dispersive X-ray (EDX) spectrum . Detection of characteristic X-

ray lines is a fast method for identifying the elements present in a system, shown in Figure 2. 

 

Figure 2. An XRF spectrum of a book cover from the London warship wreckage3. 
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Collecting an XRF spectrum at high energy resolution we denote as X-ray emission 

spectroscopy (XES), a powerful spectroscopic tool for assessing the occupied electronic states of 

a system. When performed at the valence level, XES is frequently referred to as complementary 

to XAS, which probes the unoccupied density of states4,5. Furthermore, XES is a secondary 

process as demonstrated in Figure 1; a characteristic fluorescing photon is emitted in the filling 

of a core-hole made from a photo absorption event. 

The “high-resolution” that differentiates XES from XRF is on the order of the core-hole 

lifetime broadening, ~1 – 5 eV. Notably, XES can be performed both in the laboratory with an 

X-ray tube6–8 or at a light source such as a synchrotron9–11. In either case, this requires the use of 

a spectrometer to analyze the fluorescence; the final portion of this chapter is dedicated to 

reviewing XES spectrometers.  

XES of core-shell characteristic fluorescence is a powerful technique for characterization 

materials. An example of the Cr Kα emission spectrum from Jahrman et al.12 is shown below 

(Figure 3). The Kα peaks show sensitivity to the Cr oxidation state and this serves as a method to 

quickly assess Cr speciation as carcinogenic (Cr VI) and non-carcinogenic (Cr III). Note there 

are two peaks in the Kα emission spectrum unlike the single lines observed in the XRF spectrum 

of Figure 2. The doublet lines observed in XES is characteristic of all Kα spectra and are denoted 

as Kα1 (higher energy) and Kα2 (lower energy). Kα emission is from a 2p electron filling a 1s core 

hole. The doublet feature is a result of spin-orbit splitting in the 2p orbitals resulting in two 

different states (2p1/2 and 2p3/2) with two slightly different binding energies. The intensity ratio 

of Kα1 and Kα2 is a consequence of the degeneracy of each spin state – 2p3/2 having 4 electrons 

and 2p1/2 having 2 electrons, the intensity ratio of Kα1 to Kα2 is 2:1. 
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Figure 3. Kα XES of Cr samples and references. Spectral shifts are a result of Cr oxidation 

(6+ and 3+)12 

  

Many core-to-core emissions are possible and can provide different information on the 

probed species. Instead of a 2p electron filling a 1s core-hole, a 3p electron filling a 1s core hole 

results in a Kβ emission, at slightly higher energy than Kα owing to the electron filling from a 

higher shell. Due to 3p-3d exchange interaction when the 3p electron fills the 1s core hole and 

creates a 3p vacancy, Kβ is sensitive to high/low spin. Figure 4 shows a satellite (Kβ’) of varying 

intensity at lower energy of the Kβ1,3 main-line13. The intensity of this satellite is dependent on 

the spin of the fluorescing atom; a more intense satellite is observed with increasing number of 

unpaired 3d electrons. In the presented example, Rueff et al. observe a high to intermediate spin 

transition of SrFeO2 with increasing pressure13. 
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Figure 4. Fe Kβ XES of SrFeO2 under pressure, plotted with high, low, and intermediate 

spin Fe reference spectra. The lower energy satellite beside the main line is sensitive to spin.13 

 

In addition to core-to-core emissions, XES can also be used to detect valence-to-core 

(VtC) emissions. Continuing with the examples of the K-shell 1s absorption, the K-shell VtC 

characteristic emission would be from a valence electron filling the 1s core-hole. The VtC 

measures the occupied density of states near the Fermi level. It is a very local probe and can be 

highly sensitive to first shell coordination14. Figure 5 shows an example of Zn VtC of Zn2+ 

electrolytes in solution of increasing molarity from dilute to super concentrated15. The observed 

peaks in the VTC correspond to octahedral and tetrahedral coordination of aqueous Zn2+ with Cl-
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, and the isosbestic point indicates a linear combination of the two coordination geometries as a 

function of solution concentration. 

 

Figure 5. Zn K-shell VtC of Zn ions in solution. The coordination geometry around the 

Zn2+ correspond to the observed peaks (blue – octahedral, red – tetrahedral).15 VtC is an 

extremely local probe. 

 

3. High Energy Resolution Fluorescence Detection (HERFD) Background 

With this XES background established, we return to the discussion of the intrinsic core-

hole lifetime broadening of absorption edges. Reconsider the absorption process described in 

Figure 1 (a) and the emission process of Figure 1 (b). Consider an L3 absorption event of a rare-

earth ion. A 2p → 4f absorption event occurs and leaves a core-hole in the L-shell with the 

associated intrinsic 2p core-hole lifetime previously discussed. Then, a 3d → 2p emission occurs 

as a 3d electron fills the 2p core-hole and fluoresces. The 3d → 2p fluorescence intensity is 

dependent on the number of 2p core-holes; thus monitoring 3d → 2p fluorescence while the 
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incident energy is scanned over the 2p absorption edge would record XAFS. However, in the 

case that the 3d → 2p fluorescence is recorded at high resolution (~1 eV) while the 2p absorption 

edge is scanned, the experiment conducted will have measured the 2p → 4f absorption spectrum 

with the core-hole lifetime broadening of the 3d core-hole created from the 3d → 2p 

fluorescence.  

In other words, this method of monitoring fluorescence of a specific emission at high 

resolution whilst scanning the absorption edge has replaced the 2p core-hole lifetime broadening 

with that of the 3d core-hole lifetime broadening. Notably, the 3d core-hole has much narrower 

resolution compared to the 2p core-hole and a sharper, higher resolution XAFS spectrum is 

recorded. This description mirrors the first demonstration of the technique from Hamalainen et 

al. in 1991 on the Dy L3 edge whilst monitoring the Lα1 emission signal at high resolution with a 

crystal analyzer spectrometer16. The result of Hamalainen’s experiment is shown in Figure 6 and 

a significant sharpening of the absorption edge is observed. 

 

Figure 6. Transmission XAFS and HERFD-XAFS of the Dy L3 absorption edge.16 
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Today, this technique is referred to as high-energy resolution fluorescence detection 

(HERFD) and is often seen denoted also as HERFD-XAFS, HERFD-XAS, HERFD-XANES, 

partial fluorescence yield (PFY)-XAFS or even high resolution (HR)-XAFS. It is in the larger 

umbrella of advanced X-ray spectroscopies known as photon-in/photon-out, referring to the 

incident absorbed and fluoresced photons. Furthermore, HERFD is an outcome of a particular 

spectroscopy known as Resonant Inelastic X-ray Scattering (RIXS), where a 2D energy plane of 

incident and scattered/fluoresced photons is recorded at an absorption edge and emission 

line5,17,18. HERFD is a “slice” through this RIXS plane. A discussion of RIXS is beyond the 

scope of this chapter. 

HERFD measurements require a monochromatically tunable X-ray source and a 

spectrometer; effectively both the incident and fluoresced photons require a monochromator. 

Thus, HERFD is reserved for the synchrotrons and crystal analyzer spectrometers are employed 

to analyze the fluoresced photons at high resolution.  

 

Figure 7. (Left) Y Kα emission XES with HERFD emission channel at Kα1 peak. (Right) 

The sharpened HERFD Y K-edge (solid) with traditional TFY XAFS (dashed). 
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4. Applications 

a. Site-Selective XAFS 

Consider, for example, the characteristic high-spin Kβ’ feature of Figure 4 or the 

tetrahedral VtC feature of Figure 5. Using these examples, performing conventional XAFS on 

the mixed system of low- and high-spin Fe or tetrahedral and octahedral Zn yields XAFS that is 

a weighted combination of the different sites the probed species occupies. However, if HERFD is 

instead measured where the monitored emission channel corresponds to the high-spin Kβ’ feature 

or the octahedral VtC signal, then the recorded XAFS would be site-specific to only high-spin Fe 

or octahedrally coordinated Zn. This is a powerful tool for materials characterization. 

This HERFD technique was first proposed and outlined by de Groot (2000) in the context 

of catalysis research19. In catalyst science, the important chemistry typically occurs on the 

surface of, for example a nanoparticle, but conventional XAFS largely reports the chemistry of 

the bulk. Thus, site-selective HERFD can provide XAFS of , for example, a nanoparticle surface, 

in the case a suitable emission channel is present.  

An early study demonstrating this approach was reported by Glatzel et al. (2002) on the 

Fe K-edge of Prussian Blue (PB), a mixed valence compound20. PB has two unique Fe sites with 

a bulk ratio of high-spin Fe3+ to low-spin Fe2+ of 4:3. Glatzel et al. determined the three most 

spin-sensitive HERFD channels in the PB Fe Kβ emission spectrum by measuring Fe3+ (Fe2O3) 

and Fe2+ (K4Fe(CN)6) reference compounds, shown in Figure 8 (left). The measured XAFS was 

still admixtures of both Fe species in KB, but they were admixtures of “known” (assumed from 

the model compounds) high-spin:low-spin ratios20. The deduced site-selective EXAFS is shown 

in Figure 9 (right). 
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Figure 8. (Left) PB Fe Kβ emission spectrum with Fe3+ and Fe2+ references. The lower 

panel shows the difference contrast between reference spectra and the three HERFD channels. 

(Right) Deduced site-specific Fe XAFS of high-spin (HS, top) and low-spin (LS, bottom)20. 

 

A similar technique following Glatzel et al.’s approach was applied to obtain site-specific 

HERFD XAFS for active sites of [FeFe]-hydrogenase (a mixed valence enzyme for biologic H2 

production)21–24, for a Co Prussian Blue analogue measured in situ25, and from a RIXS plane of 

Fe-doped lithium niobate crystals26. 

Site-specific HERFD has also been applied to nanoparticles, distinguishing sites at the 

surface from the bulk-like interior. The first example was presented by Kuhn et al. in 201127, 

where mixed valence Co nanoparticles were studied. The nanoparticles were assumed to have a 

metallic core and a Co-O/C shell with Co2+ valence. The Co HERFD data was acquired by 

measuring the entire RIXS plane and slicing where the Co Kβ1,3 differed the most between the 
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two valences, shown in Figure 9 (left). Like Glatzel et al.’s method, their measured HERFD 

result was admixtures of known quantities between Co0 and Co2+ (Figure 9 (right)), which were 

decomposed into site-specific XAFS of the oxide shell and metallic core27. Later work from 

Kuhn et al. followed the same methodology to extract site-selective EXAFS of Co 

nanoparticles28. 

 

  

Figure 9. (Left) Co XES of the nanoparticle, oxidized nanoparticle, and metal foil. (Right) 

The HERFD Co0/Co2+ mixtures measured at the three identified emission energies with the 

greatest distinction between Co0 and Co2+(27).    
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b. Catalyst Science 

Generally, the enhanced resolution afforded by HERFD is beneficial to all studies of 

narrow XANES features. As an example, an operando applications of HERFD to catalyst 

research is highlighted here. 

Friebel et al. used operando HERFD on a mixed Ni,Fe-oxyhydroxide (Ni1-xFexOOH) 

oxygen evolution reduction catalyst in alkaline electrolyte. HERFD revealed Fe3+ was 

octahedrally coordinated and the structure was nearly optimal for OER, whereas Ni sites were 

not active29. The local symmetry of the Ni and Fe sites at different operating potentials were 

informed by the pre-edge features shown in Figure 10, which are enhanced from HERFD. The 

centroid of the pre-edge feature also reports oxidation state of the transition metal. 

 
Figure 10. Pre-edge and main edge of the transition metal catalyst (Top) Fe K-edge and 

(Bottom) Ni K-edge29. 
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c. Actinide Chemistry 

Informative element specific probes are critical in actinide chemistry at all parts of the 

fuel cycle from mining, refining, waste disposal, and separations chemistry30–32. Understanding 

radionuclide mobility and solubility is paramount to nuclear waste storage and public safety. 

Several actinide chemistry dedicated beamlines have been developed33–37 in addition to 

laboratory XAFS/XES spectrometers38,39 for L- and M-shell spectroscopy on actinides. HERFD 

is a key part of this characterization suite; especially because theory and computational models 

of the many electron 5f elements are difficult40 and the actinide edges have large core-hole 

lifetime broadening that hinders conventional XAFS. High resolution actinide XANES data 

obtained through HERFD improves both theory, computation, and analytical chemistry of these 

elements. 

iii. L-edges 

Here, Bes et al. (2016) compare an ab initio calculations from FDMNES to U L3 

absorption edge acquired through the FDMNES modelling software41. U L3 HERFD was 

measured with the Lα1 emission channel. They find that the L3 pre-edge feature is sensitive to 

local environment and valence state and good agreement between theory and experiment. 

 

Figure 11. U L3 HERFD spectra of UO2 compound and standard oxide references41. 
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iv. M-edges 

Actinide M-edges in the tender X-ray regime (~3.5 keV) such as the M4,5 edge are more 

difficult to measure than their L3 counterparts, owing to significant signal attenuation from air 

absorption. However, the M-edges can report the oxidation state, 5f occupancy, covalency, 

charge transfer effects, local symmetry, and speciation42. 

 

Figure 12. U M-edge HERFD data for 4+, 5+, and 6+ oxides in different crystal structures42.  

 

5. HERFD (and RIXS) Instrumentation 

This chapter concludes with a review of the state-of-the art of scanning 

XES/RIXS/HERFD spectrometers. Both dispersive and point-focusing spectrometers are 

discussed. A large portion is spent on the point-focusing spectrometers, their reference frames, 

degrees of freedoms, and commonalities. Most notably is the prevalence of spherically bent 

crystal analyzers (SBCAs), the similar motorized degrees of freedom, and the multiplexing of 

scanning Rowland circles to maximize collection solid angle. We note here that all point 

focusing spectrometers reviewed operate in symmetric Rowland geometry and to our knowledge 

no dedicated asymmetric Rowland spectrometers have been overlooked. 
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a. Dispersive HERFD / RIXS Geometries 

Generally, energy dispersive resonant inelastic x-ray scattering (RIXS) spectrometers are 

less common than their point focusing energy scanning counterpart. The pmost common energy 

dispersive spectrometers utilize a cylindrically bent crystal analyzer in a so-called von Hamos43 

geometry with an area detector; this allows a spectrum to be collected in a “single-shot”. Energy 

dispersive spectrometers can require no moving parts and are mechanically and kinematically 

simple if motorized.  

In the context of XES, and by extension RIXS where a two-dimensional energy plane of 

incident vs. emitted/scattered photon energy is collected, a dispersive set-up simplifies the data 

collection by collecting the photon-out spectrum in a single shot. These are particularly effective 

for pulsed light sources such as X-ray free electron lasers (XFELs) and suitable for time-

dependent studies.  

There are several drawbacks in the design of dispersive spectrometers; here I focus on 

those of von Hamos geometry with cylindrically bent diffractive optics. First, the focusing 

geometry yields a point to line focus. The large area of the line focus across a pixelated area 

detector results in a lower signal-to-background ratio than non-dispersive point focusing 

geometries. Second, only a small portion of the total solid angle analyzes a specific energy, thus 

dispersive set-ups are inefficient for only monitoring one emission channel. However, this can 

also be seen as a benefit if the goal is the collection of an entire RIXS plane to slice for HERFD  

later. Here, we review some dispersive set-ups used for XES, RIXS, and HERFD. 
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i. Review of Dispersive Instruments 

One of the earlier dispersive hard X-ray RIXS spectrometers is reported by Mori et al 

developed and commissioning at the linear coherent light source (LCLS) at SLAC National 

Accelerator Laboratory in 2012 27. They used 16 cylindrically bent crystal analyzers (CBCAs) of 

500 mm radius of curvature in a modified von Hamos geometry (Figure 13 (left)) to disperse the 

spectrum on a pixelated area detector. It is a “modified” von Hamos geometry because the out of 

plane CBCAs on the edges of the spectrometer have to be tilted so they diffract the same Bragg 

angles and energy range as the center CBCAs in the array, seen in Figure 13 (right). The 

spectrometer is motorized to scan the CBCA array vertically, allowing control of the dispersed 

energy range by changing the incident Bragg angles on the CBCA array; but the spectrometer is 

fixed during the collection of a scan.  They report a resolution of 0.5 eV using Si(440) at 6.5 

keV, and applications for XES, XRS and RIXS. 

 

 

Figure 13. (Left) Von Hamos dispersive geometry of a flat crystal (Right) the LCLS 

dispersive spectrometer with 16 0.5-m radius CBCAs in a 4x4 array44. 
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A later implementation specifically for RIXS studies is reported by Mei et al. in 2019 at 

the BL14W1 beamline of the Shanghai Synchrotron Radiation Facility45. Again, the dispersive 

set-up is accomplished in von Hamos geometry, described in Figure 14 (a) for CBCAs. Here, 

Jiang et al. report a spectrometer with a single Si(444) CBCA of 250 mm bending radius and 100 

mm long in the dispersive direction; at 8 keV this provides an energy range of 575 eV. Unlike 

the prior spectrometer, here they use only one Si(444) CBCA and rely on harmonics and vertical 

translation to coarsely and finely adjust the dispersed energy range. The spectrometer is 

optimized specifically for in situ K- and L-edge RIXS of 3d and 5d transition metals from 8 – 9 

keV. 

 

Figure 14. (a) Von Hamos geometry of a CBCA (b) the dispersive RIXS spectrometer at 

SSRF45. 

 

We conclude this brief review of dispersive RIXS instrumentation with the work from 

Ditter et al. in 202046. Unlike the prior von Hamos spectrometers, Ditter et al. reports a RIXS 

spectrometer in a so-called dispersive Rowland refocusing (DRR) geometry. In a point-focusing 

spectrometer, a bent optic defines a focusing circle (the Rowland circle), and placement of a 
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radiating source on the circle’s perimeter results in point-focusing elsewhere on the perimeter 

and a monochromatization of the X-rays, shown in Figure 15 (a). Placement of the radiating 

source inside the Rowland circle in DRR geometry results in a dispersion of energies along the 

circle perimeter, shown in Figure 15 (b).   

 

Figure 15. (a) Rowland circle geometry, yielding point-to-point focusing and 

monochromatization of an X-ray source and (b) dispersive Rowland refocusing (DRR) 

geometry, where placement of a source inside the Rowland circle yields a spatial dispersion of 

energy at the detector46. 

 

The advantage of DRR is an extremely compact dispersive spectrometer, Ditter reports 

the use of 100 mm curvature CBCA at median Bragg angles of 65 degrees47. The compact 

footprint of the DRR spectrometer lends it for use in soft or tender regime measurements such as 

S K-edge, as the entire spectrometer can easily be placed under He or vacuum and the flight 

paths are short. The instrument is shown in Figure 16 (b) and at the beamline in Figure 16 (a). 

They demonstrated the spectrometer at BL 4-3 of the Stanford Synchrotron Radiation 

Lightsource (SSRL), collecting RIXS on U M-edge and S K-edge in the soft X-ray regime. They 
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report the portability of the instrument is suitable for travel between unfocused beamlines and 

highlight the spectrometer for RIXS measurements even at non-dedicated end stations in the 

tender regime, of which there are only a few beamlines that operate in this energy range. Thus 

the flexibility of a portable instrument to make RIXS possible at any tender beamline is 

beneficial. 

  

Figure 16. (a). The spectrometer in the synchrotron endstation (b) CAD rendering of the 

spectrometer and ray traced flight path46. 

 

b. Non-Dispersive Scanning HERFD / RIXS Geometries 

The vast majority of photon-in/photon-out spectrometers for HERFD, and by extension 

RIXS and XES, utilize spherically bent crystal analyzers (SBCAs) in Rowland circle geometry. 

The relative ease of manufacture of Johann-type48 SBCAs lends to their prevalence and 

application to these spectrometers. Nominally, during spectrometer operation the same Bragg 

angle is made across the entire SBCA, and point-focusing and monochromatization is achieved. 

This yields high signal-to-noise ratios and large collection solid angle at high resolution. A 

spectrum is collected by scanning the incident Bragg angle which scans the analyzed photon 

energy.  
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Mechanically, scanning the spectrometer during collection is non-trivial: the trajectory of 

the spectrometer elements need to remain on the Rowland circle perimeter to maintain best 

energy resolution. This becomes more challenging when arrays of optics are used, as each optic 

has its own scanning Rowland circle, and the arrays are typically designed for all the analyzers to 

refocus to a common point for maximum collection efficiency with a single detector. 

We limit my discussion here only to symmetric Rowland geometries and detector 

placement at the meridional (on-circle) focus. This is to provide a thorough “state-of-the-art” as a 

basis for later discussion of asymmetric Rowland geometries and their applications to scanning 

XES/HERFD spectrometers. We focus here on two common reference frames of the point-

focusing scanning spectrometer: the “table-scan” (Figure 17 (a)) and the “tilt-scan” (Figure 17 

(b)) geometries. In both geometries, the source is fixed.  

 

Figure 17. Scanning symmetric Rowland trajectories in two different reference frames: (a) 

table-scanning and (b) tilt-scanning. 

 

The table-scan spectrometer translates the analyzer vertically to scan Bragg angle, and 

closer/further towards the sample to keep all elements on the Rowland circle. The analyzer only 

translates linearly. In a table-scan geometry, the detector is always vertically aligned with the 
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source, shown by the dashed vertical axis in Figure 17 (a). This trajectory can be accomplished 

with only linear translators and is kinematically simpler. 

The tilt-scan spectrometer tilts the analyzer along the dispersive direction (i.e. tilts within 

the Rowland plane) to scan Bragg angle, and translates closer/further towards the sample to keep 

all elements on the Rowland circle. The analyzer both tilts and translates. In the tilt-scan 

geometry, the detector is always cantilevered in front of the source to remain on circle, and the 

angle of the axis between source and detector changes as the spectrometer scans in energy, 

shown by the two dashed lines in Figure 17 (b). This trajectory is kinematically more complex, 

and its simplest implementation requires the SBCA exactly at the rotation axis of a 

rotation/tilt/goniometer stage. 

Lastly, note the detector placement with respect to the source as the spectrometer scans. 

This is crucial in the design of arrays of optics that scan the Rowland circle and refocus to a 

common point. In table-scanning, multiplexing is simple: revolving the analyzer around the 

vertical axis of source and detector patterns a plane with analyzer positions. A multiplexed table-

scanning spectrometer will have all analyzers refocusing at the detector with no additional 

kinematic considerations, shown in Figure 18 (a), at all Bragg angles.  

 

Figure 18. Top views diagrams of multiplexed (a) table scan and (b) tilt scan spectrometers. 
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Now consider multiplexing the tilt-scanning spectrometer. Choosing either of the two 

source-detector axes at two different Bragg angles to revolve the analyzers around patterns a 

plane with analyzer positions that only focus to a common point at one Bragg angle. Away from 

this Bragg angle, each Rowland refocuses to a different point and there is no coincidence; this is 

shown in Figure 18 (b). Additionally the patterned analyzers are no longer in the horizontal plane 

with respect to the source. Scanning the spectrometer whilst maintaining a common point focus 

of all analyzers is not trivial in tilt-scan geometry and requires an additional degree of freedom 

per SBCA.  

However, the analyzer in the horizontal plane is highly favorable for in situ cells, which 

typically have exit or fluorescence windows in the horizontal plane. Tilt-scan geometry ensures 

the analyzers always have line of sight through in situ windows49. Additionally, with a linearly 

polarized X-ray source, tilt-scan geometries can eliminate elastic and inelastic scatter from being 

analyzed by keeping the optic orthogonal to the incident beam and in the plane of polarization 

for all Bragg angles. 

HERFD and RIXS spectrometers are reviewed in the following order: (1) single optic 

table-scanning spectrometers, (2) multi-element table-scanning spectrometers, (3) single optic 

tilt-scanning spectrometers, (4) multi-element tilt-scanning spectrometers. This is loosely in 

ascending order of design complexity. 
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i. Single Optic Table Scan Spectrometers 

(1) ESRF, Grenoble: BM30B/CRG-FAME 

Hazemann et al. report a table-scanning single optic spectrometer for XES/HERFD 

measurements in 200850. The spectrometer used a 0.5-m bending radius Johann-profile SBCA – 

typical for many contemporary scanning X-ray spectrometers owing to their increased collection 

solid angle than the older 1-m bending radius optics. A CAD rendering of the spectrometer is 

shown below in Figure 7. Linear translation motors in the “y” and “z” directions are used to scan 

the spectrometer with a Bragg angle range of 45 deg – 86 deg. Two additional rotation stages at 

the SBCA rotate the optic about the x- and z-axis, these are used to align the SBCA vertically 

(along z) and normal to the y-axis but are not relied on during scanning. The detector is a NaI 

scintillation photon-counting detector which only scans vertically along z. Hazemann notes the 

simplicity of the table scanning design, not requiring any goniometric tilt stages with large 

angular ranges. In total, their single optic system used 5 motorized degrees of freedom, requiring 

only 3 linear translating degrees of freedom to scan: SBCA-y, SBCA-z, and detector-z; but 2 

additional rotation degrees of freedom for alignment. 

They report an energy resolution of 1.4 eV at 8 keV and a significant coverage of K and 

L shell emission lines from 4-13.5 keV with a suite of only 4 Si optics. The energy range of the 

suite is significantly extended by working at lower Bragg angles (below 65 deg), but at the cost 

of degraded energy resolution. 
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Figure 19. Single optic table-scanning spectrometer at CRG-FAME, ESRF50. 

 

ii. Multi Optic Table Scan Spectrometers 

(1) ESRF: BM30B/CRG-FAME 

LLorens et al. reported a high resolution five-crystal spectrometer for XES/HERFD at the 

same beamline as Hazemann et al51. They multiplexed (and replaced) the single-crystal 

spectrometer to enable fluorescence detection on dilute species. The degrees of freedom and 

energy ranges of the multiplexed spectrometer is identical to the single crystal spectrometer with 

the exception of the detector. Unlike the previous single optic prototype, the detector is now on a 

3-axis linear translator with a rotation stage. In addition to the photon counting scintillator, a 

silicon drift diode (SDD) with resolution of 150 eV (Vortex-90ex) is employed for dilute 

fluorescence detection. They report an overall resolution of 1.4 eV at 8 keV. As previously 

stated, the multiplexing of table-scan geometry spectrometers is relatively simple – the detector 

always tracks vertically in-line above the sample, and thus multiplexing about the source-

detector axis results in all Rowland circle’s refocusing to the same point at any Bragg angle. 
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Figure 20. Schematic of the five crystal spectrometer at CRG-FAME, ESRF. The design and 

motorization of each module is fundamentally identically to the single optic prototype of 

Hazemann et al51. 

 

(2) Shanghai Synchrotron Radiation Facility (SSRF): BL14W1 

A similar three crystal spectrometer is reported by Duan et al. at SSRF in 2016 for XES, 

HERFD, and RIXS52. The degrees of freedom on the optic for scanning and alignment are 

identical to those previously discussed. However, the instrument complexity is further simplified 

by using a common z-stage that translates all optics in tandem, in comparison to the previous 

instruments with individual z-stages for each optic, this is shown in Figure 21 (and a similar 

design in higher resolution in Figure 22). They report a 1.0 eV overall resolution at 6.5 keV. 
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Figure 21. Picture of the three crystal spectrometer at BL14W1, SSRF. Here, the 

spectrometer is further simplified by a common z-stage for vertically translating all analyzers52. 

 

Unlike the prior spectrometers , here the Bragg angle range is limited to 71.5-88 deg. Due 

to this, this spectrometer requires many more unique SBCAs in the optic suite – they report 

coverage of the 3d transition metal Kβ emissions (Cr, Mn, Fe, Co, Ni, Cu, Zn) requires 7 

SBCAs; in this case, as many unique analyzers as emission lines.  

 

(3)  SSRF: BL14W1 (2024) 

An upgrade to the BL14W1 three-crystal spectrometer was published in 2024 by Mei et 

al, where the upgrade approximately doubled the collection solid angle with a seven-crystal 

spectrometer with a Bragg range of 73 to 86 deg operating from 3 – 20 keV shown in Figure 

2253. This instrument is designed to operate in either table-scanning or tilt-scanning modes, 

enabled by a tilt stage on each SBCA that tilts the optic in the Rowland plane, but only table-
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scanning is reported. The detectors used are a 4-element SDD (Vortex ME4) and a pixelated area 

detector (Pilatus 100K). They report a resolution of 0.8 eV at 6.5 keV. 

 

Figure 22. (a) isometric CAD view of the SSRL instrument with one common z-stage for all 

modules (b) top CAD view of the instrument (c) the pictured spectrometer in the hutch53. 

 

(4) SSRL: BL6-2 

Here, Sokaras et al. design a 7-element table scanning spectrometer, this time with 1-m 

radius SBCAs and a Bragg range of 88-74 deg54. In terms of solid angle, this subtends about 

twice as much as a single SBCA at 0.5-m. Again, the z-table is common, shown clearly in Figure 

23, and all optics focus to a single SDD. SBCAs are again motorized additionally for yaw and 

pitch adjustments for alignment. With bent-diced SBCAs and 1-m radius, they achieve a 

resolution of 0.5 eV at 6.5 keV. 
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Figure 23. (left) the 7 overlapping Rowland circles and (b) isometric CAD view of the 7 

element SSRL BL6-2 spectrometer54. 

 

We note the optic suite available if it is reported, as this is highly relevant when 

asymmetric operation is introduced in later chapters. A bar chart of energy ranges and SBCA 

cuts is reported by Sokaras for the BL6-2 spectrometer and is shown below. They report the use 

of 11 unique crystal analyzers for energy coverage of largely 3d transition metal K-shell and 

actinide L-shell features. 6 unique SBCAs were required for actinide L-shell coverage.  

 

Figure 24. Optic suite and energy ranges of the SSRL spectrometer54.  
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(5) SSRL: BL6-2 (2022) 

The final table-scanning instrument is an updated 7-element spectrometer reported by 

Edwards et al (2022)55. Here, 7 1-m SBCAs are now arranged in a hexagonal pattern on a 

spherical array (see Fig 13) with a Bragg angle range of 64.5 to 82.6 degrees. All optics refocus 

to a single Vortex SDD detector and the same table-scan motorization and kinematics are 

present.  

 

 

Figure 25. CAD model of the SSRL table-scanning spectrometer with hexagonal optic 

array55. 

 

The hexagonal array has 3 optics (the center horizontal row) in the familiar multiplexed 

geometry of the prior table-scan spectrometers; they are revolved around the vertical axis of 

sample and detector (Figure 26 (a), (c)). The array focuses to the SDD by individually tuning 
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each optic’s pitch and yaw using two pusher motors (Figure 26 (b)), which is particularly 

important for the two rows of two optics on the top and bottom of the hexagonal array. The 

consequence of a common focus here is a degradation energy resolution for the four “out-of-

plane” optics on the top and bottom rows of the array. This is improved by masking the SBCA 

edges in the dispersive direction (Figure 26 (d)). At 13.6 keV, the resolution of the array is 3 eV 

unmasked and 2.15 eV masked. The benefit of the hexagonal array is a smaller instrument 

footprint. 

 

 

Figure 26. (a) CAD models of the hexagonal array and table-scanning motors (b) the pusher 

motors controlling pitch and yaw (c) the hexagonal array (d) the hexagonal array with analyzer 

edge masking in the dispersive direction55. 
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iii. Single Optic Tilt Scan Spectrometers 

(1) ESRF: ROBL  

Kvashnina and Scheinost (2016) report a tilt-scan geometry scanning Johann 

spectrometer dedicated for XES and HERFD of actinides56. We note this is not the earliest 

spectrometer in this geometry but a convenient contemporary example. The instrument is shown 

in Figure 27, note the detector, in this case an avalanche photodiode, is now displaced by 

distance “DX” and the analyzer always remains in the horizontal plane in comparison to the 

table-scan geometry. The spectrometer operates from 3.5-25 keV with Bragg angles ranging 

from 65-89 degrees. In lieu of a goniometric tilt, the dispersive scanning of the 1-m radius SBCA 

is accomplished with a rotation stage the SBCA is side mounted to with the SBCA center lying 

along the rotation stage’s axis. 

 

Figure 27. Single SBCA 1-m Rowland diameter tilt-scanning spectrometer at ROBL56  
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(2) ESRF: ID26 

A similar set-up is reported by Rovezzi et al. (2016)57. Here, the spectrometer was 

constructed for the characterization of SBCAs manufactured at the facility to assess effects of 

strain-relieving the wafer on energy resolution. A thorough review of this design is not 

necessary, it is identical to the single optic ROBL set-up in all aspects of motorization. I note the 

relative simplicity of this tilt-scan geometry when only a single optic is employed. 

 

 

Figure 28. Single SBCA 0.5-m Rowland diameter tilt-scanning spectrometer at ID26. 

Identical in design to the ROBL instrument.57 
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iv. Multi Optic Tilt Scan Spectrometers 

(1) NSLS-II: 8-ID 

The review of multiplexed tilt-scanning spectrometers aims to proceed in increasing 

complexity. We begin with Tayal et al.’s work on a 5 analyzer tilt scanning spectrometer at 

NSLS-II (2024)58. An individual SBCA module is shown in Figure 29 (a), where four motorized 

degrees of freedom are required, pitch (dispersive direction), roll (alignment and steering), x 

(source-analyzer distance), and in their reference frame so-called “y” (vertical distance, which in 

most other examples is denoted as the z-direction) shown in Figure 29 (b). The pitch, i.e. 

dispersive scanning of Bragg angle, has a small stroke of ± 5o, so a full range of Bragg angles is 

reached by adjusting the manual angle offset of the SBCA w.r.t. the pitch stage. 

  

Figure 29. (a) degrees of freedom of each SBCA and (b) motorizations required.58 

 

The arrangement of the modules in the five-element spectrometer is shown in Figure 30. 

The placement of modules on the array is first patterned around the vertical axis (“y”). Then, the 

y-stages of each module are adjusted to bring the optics on the wings (-2 & 2, -1 & 1) slightly 

above the horizontal plane w.r.t. the center module (0), forming an arc with the center module at 

the minima. Coarse placement of the array is accomplished with the common x-y stage beneath 
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the assembly, but this is not used during scanning. Coincidence of the refocusing point of each 

Rowland circle is achieved by scanning each modules y-stage (vertically) during an energy scan.  

The authors note difficulty synchronizing the 22 motors (4 per SBCA minus the roll of 

the center optic, plus 3 for the detector) in addition to large overhead times when step scanning. 

The authors note in general, XES scans are accomplished by scanning pitch only of each SBCA 

while all other motors remain fixed, approximating the Rowland geometry over a narrow energy 

range. 

There is an immediate increase in complexity compared to multiplexed table scan 

spectrometers – this is largely due to the requirement of vertical scanning of each SBCA to 

maintain Rowland circle focus coincidence at any Bragg angle; an additional degree of freedom 

not required in the single optic tilt-scan geometry. 

 

Figure 30. CAD rendering of the NSLS-II spectrometer58. 
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(2) ESRF: ID20 

Sala et al. report on the design of five element RIXS spectrometer at ID20 (2018)59. This 

is not a dedicated HERFD spectrometer but provides further basis for later discussion. The 

instrument design is based around identical modules (Figure 31, top left) supporting 1-m or 2-m 

SBCAs. Each SBCA is motorized with two translations and two tilts. The x, z, and theta are all 

required for scanning the energy of each SBCA and keeping the sample on the Rowland circle. 

 

Figure 31. Multielement tilt-scanning spectrometer at ID2059  

 

Here, the construction of the array is easiest visualized by revolving the center module 

about the “ZD” axis. As this axis is not colinear with “z”, it patterns the modules in an arc 
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through the horizontal plane, and is the reason for the spacers of different height (Fig. 31, grey 

blocks) beneath each SBCA module. An area detector is mounted on a vertically canted linear 

translator to eliminate the need for a second dedicated detector translation along ‘x’. 

 

(3) SOLEIL: GALAXIES 

Ablett et al. report on the design of a four element RIXS spectrometer, so-called 

MULTIXS, at the GALAXIES beamline (2025)60. Again, coincidence of the Rowland circle’s 

foci is achieved with an increasingly vertical offset towards the edges of the array as a function 

of Bragg angle, shown in Figure 32 (a) and (b). The instrument, rendered in Figure 33, has the 

same degrees of freedom as the prior instruments. 

 

 

Figure 32. (a) Isometric view of the four Rowland circles of the MULTIXS spectrometer and 

(b) When patterning Rowland circles in this geometry by revolving around the sample-detector 

chord, a vertical offset out of the plane is required to maintain coincidence.60 
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Figure 33. CAD rendering of the MULTIXS spectrometer. 4 or 5 SBCAs can be used 

depending on the radius of curvature (0.5-m or 1-m, respectively) of the optics.60 

 

(4) Swiss Light Source: SuperXAS Beamline 

A final instrument is presented here by Kleymenov et al. (2011) located at the Swiss 

Light Source61. The geometry and motorization is again identical to those previously discussed. 

   

Figure 34. (Left) CAD rendering of the SuperXAS RIXS spectrometer. (Right) Motorized 

degrees of freedom per SBCA module.61 
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Chapter 5. Asymmetric Rowland Circle Geometries for 

Spherically Bent Crystal Analyzers in Laboratory and 

Synchrotron Applications 

 

This chapter is based on a manuscript that first appeared in “Journal of Analytical Atomic 

Spectroscopy” of the Royal Society of Chemistry. 

 

Anthony J. Gironda, Jared E. Abramson, Yeu Chen, Mikhail Solovyev, George E. Sterbinsky, 

Gerald T. Seidler, “Asymmetric Rowland Circle Geometries for Spherically Bent Crystal 

Analyzers in Laboratory and Synchrotron Applications.” J. Anal. At. Spectrom., 2024, 39, 1375-

1387. (DOI: https://doi.org/10.1039/D3JA00437F) 

 

1. Abstract 

Spherically bent crystal analyzers (SBCAs) are the dominant high-resolution hard x-ray 

optic in the ongoing rebirth of laboratory-based x-ray absorption fine structure (XAFS) and x-ray 

emission spectroscopy (XES) as well as in synchrotron methods such as high energy resolution 

fluorescence detection (HERFD) and non-resonant x-ray Raman scattering (XRS). In the 

overwhelming majority of cases, SBCAs are implemented in a ‘symmetric’ configuration on the 

Rowland circle, wherein the diffracting crystal plane is nominally coincident with the analyzer 

surface. We report here comprehensive investigations of ‘asymmetric’ operation of SBCA on the 

Rowland circle, wherein the diffracting crystal plane is not coincident with the optical surface of 

the analyzer. First, we have developed a laboratory spectrometer for XAFS and XES that is 

https://doi.org/10.1039/D3JA00437F
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specialized for asymmetric SBCA operation. We find several benefits, including the capacity to 

use a single SBCA over a very wide energy range via ‘hkl hopping’ and the frequent ability to 

eliminate Johann error, the most prevalent energy-broadening mechanism when using SBCA 

symmetrically on the Rowland circle. Second, we expand these ideas to synchrotron facilities 

with a demonstration study of HERFD and XRS where asymmetric operation also provided 

advantage. Our results suggest that large-array systems for HERFD augmented with an 

additional mechanical degree of freedom could streamline user operation and also indicate 

benefits to XRS in the asymmetric configuration, where larger solid angle, larger sample-to-

detector distance, and decreased Johann error can be achieved simultaneously.  

 

2. Introduction 

Spherically bent crystal analyzers (SBCAs), specifically those with Johann-type profiles1, 

are hard x-ray optics that provide a useful combination of large collection solid angle and fine 

energy resolution. This has resulted in their extensive use in the ongoing rebirth of laboratory-

based x-ray absorption fine structure (XAFS) and x-ray emission spectroscopy (XES)2–10 in 

addition to their historical and continued use as workhorse optics for high-resolution photon-in 

photon-out x-ray spectroscopy at synchrotron facilities.11–18 With infrequent but valuable 

exceptions19–22, such applications have been in a ‘symmetric’ Rowland circle configuration 

wherein the diffracting plane is nominally coincident with the surface of the SBCA diffracting 

wafer.  

Here, we propose that asymmetric operation of SBCA on the Rowland circle is an 

underutilized opportunity. The basic parameters for asymmetric Rowland circle operation are 

defined in Fig. 1. In the Figure, note the asymmetry angle , the need for a ‘mechanical’ 
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analyzer angle θM, and the inequality of the chord lengths  and d when α ≠ 0. The usual 

theorem for equality of inscribed angles still holds when α ≠ 0 so that the optic still functions as 

a monochromator in the Rowland plane, barring Johann error which will be discussed in detail 

later. Out-of-plane astigmatism at large  can become considerable, but we find that is not a 

significant limitation on energy resolution. It is not difficult to derive the dependence of the 

parameters in Fig. 1 on the Bragg angle, θB, and  specifically 

ρ = 𝐷 sin(θB + α) 

𝑑 = 𝐷 sin(θB − α) (1) 

2θ = 2θB 

θM = θB + α 

where D is the diameter of the Rowland circle or equivalently the radius of curvature of the 

Johann SBCA.  

 
 

Figure 1. Diagram of spectrometer components during asymmetric operation in the 

reference frame of the SBCA.  denotes the angle between the diffracting plane for the 

reflection Ghkl and the plane at the optic’s surface (nominally normal to the reciprocal 

lattice vector G0). Note the chord lengths d and  differ when 𝛼 ≠ 0. 
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With this background established, we address the potential advantages of asymmetric 

operation as a central principle in spectrometer design. We denote by G0 the reciprocal lattice 

vector normal to the wafer surface and assume the wafer miscut is small. Choosing G0 is 

equivalent to choosing which wafer material and orientation to use in the optic, and it determines 

the useful energy range in symmetric operation -- Bragg angles below 60 deg generally suffer 

degraded energy resolution due to Johann error and source-size broadening. While analyzer 

harmonics sometimes enable high-resolution access to a few distinct energy ranges23, both 

laboratory instruments and synchrotron facilities typically fabricate or acquire a suite of SBCAs 

having a variety of G0 vectors. 

Asymmetric operation modifies these considerations. Any single crystal has a multitude 

of additional crystal planes at various angles to the surface.  Each allowed reflection capable of 

diffraction in an asymmetric configuration gives an additional useful energy range dependent on 

its own d-spacing. Hence, as a first advantage, we show below that asymmetric operation of a 

single SBCA can permit high-resolution performance for photon energies from 5 keV through 10 

keV and beyond with no gaps in the energy range. The good performance of many different 

reflections of various Miller indices (hkl) from a single analyzer is a major result of the present 

study, and we find it appropriate to introduce the term ‘hkl hopping’ when a monochromator 

jumps between different Miller indices of a single SBCA to adjust energy range or to improve 

energy resolution, which we now address.  

The second advantage of asymmetric operation is the minimization or even elimination of 

Johann error for SBCAs; prior work by Suortti and others for curved analyzers on the Rowland 

circle as well as asymmetric applications in other fields and other classes of optics motivates and 

supports this inquiry21,22,24–35. Briefly, Johann analyzers possess a radius of curvature for the 
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diffracting wafer that is equal to the diameter of the desired Rowland circle. This yields the 

necessary suface orientations but results in small displacements between the wafer surface and 

the Rowland circle at the analyzer edges with corresponding errors in the Bragg angle upon 

moving away from the analyzer center. There is consequently a characteristic low energy tail in 

the analyzer’s energy response function36. 

 

The underlying principle for suppression of Johann error via asymmetric operation is 

illustrated in Fig. 2. As shown, consider the special case where all incident x-rays have an 

incoming path exactly normal to each infinitesimal crystallite that makes up the SBCA surface, 

i.e., the special case where a point source is located at the sphere center of the curved analyzer 

wafer surface. The key observation is that for every point on the analyzer surface, the angle 

between an arbitarily chosen reciprocal lattice vector Ghkl and the incident x-ray is the same 

everywhere on the surface. Hence, in this special case the Bragg angle is the same at every point 

on the surface and Johann error from the lack of coincidence between the edges of the analyzer 

  
 

Figure 2. An infinitesimal single crystal element (right) of a spherically bent crystal 

analyzer (left), demonstrating a geometric argument for the elimination of Johann error in 

asymmetric Rowland geometries when the source is close to the sphere-center of the SBCA 

curved wafer. 
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and the Rowland circle is eliminated. More generally, asymmetric operation allows operation 

with the source closer to the sphere center than is often possible symmtrically, and hence with 

dereased Johann error. We illustrate this later with XANES and XES measurements. 

Finally, a third benefit comes from those special geometries that are expected to fully 

eliminate Johann error, as described by Fig. 2. Non-resonant x-ray Raman scattering (XRS), i.e., 

the non-resonant inelastic x-ray scattering from semicore levels, gives a hard x-ray analog to 

electron energy loss spectroscopy and allows x-ray spectroscopy on low-energy shells while 

using high-energy photons. This capability has seen sufficient demand that several dedicated 

facilities have been constructed at synchrotron facilities37–41. However, the extremely small 

cross-section for inelastic scattering from the semicore levels makes all XRS spectrometers 

subject to severe competition between the collection solid angle and the energy resolution. The 

best practice to date has been to use banks of 1-m SBCA as close as possible to a backscatter 

geometry in symmetric Rowland operation, together with considerable diligence to reject 

background scatter12,14,17,18. That being said, achieving highest energy resolution still requires 

analyzer masking to reduce Johann error; in some cases, small off-circle broadening is accepted 

as a compromise that aids with clearance between detector and the beam spot on the sample13. 

The more recently available 0.5-m SBCA having four times the solid angle of the older 1-m 

SBCA have not been used for XRS because their larger angular size results in far larger Johann 

error in symmetric operation. On the other hand, the Johann-rejection strategy of Fig. 2 provides 

a possible path toward simultaneously attaining large solid angle, fine energy resolution, and 

large clearance between sample and detector. XRS measurements are performed in so-called 

inverse-scanning mode where a single energy is chosen for the outgoing (analyzed) photon while 
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the incident monochromator is scanned to create the necessary range of energy losses: the 

spectrometer must have low Johann error at only a single energy.   

In this paper we address all three of these proposed benefits. We describe a new 

laboratory-based XAFS and XES hard x-ray spectrometer specifically designed to enable easy 

exploration of asymmetric Rowland geometries. With this instrument we demonstrate hkl 

hopping over a broad energy range and also demonstrate the minimization of Johann error 

through choice of the favorable special geometry with the source near the spherical center of the 

analyzer. These benefits also appear in our preliminary synchrotron studies, where we use 

asymmetric reflections to access the otherwise inconvenient Zn K1 for high-energy resolution 

fluorescence detection (HERFD) x-ray absorption spectroscopy and also use an optimal 

asymmetric configuration for XRS via an 0.5-m radius SBCA. This ensemble of results across 

laboratory and synchrotron venues supports the hypothesis that asymmetric operation of SBCA 

has been underutilized and suggests directions for further inquiry. 

 

3. Laboratory Spectrometer Design and Operation 

We now present the six main spectrometer systems in order: the x-ray enclosure, x-ray 

sources, the detector and its subassembly, the optic, the motorization of the primary Rowland 

circle degrees of freedom, the additional motorized degree of freedom used to rotate many 

different desired reflections into the Rowland plane, and the overall control software.  

The spectrometer is housed in a steel enclosure, approximately 1.8-m wide by 1.5-m deep 

by 1.3-m tall. The slightly oversized enclosure provides ample space for special sample 

environments in the future such as a cryostat or additional equipment such as a potentiostat for 

operando electrochemical measurements. The computer-aided design (CAD) rendering in Fig. 3 
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shows the design of the spectrometer and its key components in Rowland circle geometries 

configured for XAFS and XES measurements in Fig. 3 (a) and (b), respectively. In XAFS mode 

(Fig. 3 (a)), a 100 W X-ray source (Varex VF-80 Pd-anode tube) with variable width entrance 

slits to adjust apparent source size is placed on-circle via manual slide. In XES mode (Fig. 3 (b)), 

a 3 kW X-ray source (Varex OEG-76H W-anode tube) with a preliminary 1 mm fixed-width 

entrance slit on the sample enclosure is placed on-circle via manual slide. A kinematic feature at 

the fixed source location ensures precise placement of radiation entrance slits on circle. A 100 W 

x-ray tube with a tungsten anode, but otherwise identical to the XAFS-mode source, was used for 

commissioning in XES measurements (not shown in the figure). 

The detector is a silicon drift detector (SDD) with 150 mm2 area sensing element 

(KETEK AXAS M-1) mounted on a motorized linear stage (Velmex XSlide) to adjust the 

detector-analyzer chord length. The optics are 0.5-m radius of curvature SBCAs (XRS Tech). 

The chord lengths and angular positioning of the detector and optic are motorized. The optic and 

detector subassemblies are concentrically mounted on the θ and 2θ rotation stages, respectively, 

of a repurposed goniometer from a commercial X-ray diffraction instrument (Bruker D8 

Advance). The θ and 2θ stages of the goniometer are independent, allowing for the α offsets 

required in asymmetric operation. The entire goniometer-detector-optic subassembly is mounted 

on a motorized linear stage (Velmex tandem BiSlide) to adjust source-analyzer chord length, 𝜌. 
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For automated asymmetric operation, an additional motorized degree of freedom we refer 

to as the ‘clock angle’ or 𝜑 is required in the optic subassembly. This additional degree of 

freedom also enables motorized tilt-free correction of crystal miscut.42 CAD renderings of the 

optic cartridge, the full optic tower assembly, and the 𝜑 rotation stage and direction are shown in 

the three panels of Fig. 4. The cartridge mounts concentrically on a small, motorized rotation 

stage (Velmex B5990TS). The fine adjustment x-y stage at the base of the optic tower aligned the 

optic on the rotation axis of the goniometer during spectrometer commissioning. 

 
 

Figure 3. Top-view CAD renderings of the spectrometer configured for (a) XAFS and 

(b) XES measurements. The key components are outlined with boxes and labelled as 

follows: (A) detector, (B) 100 W XAFS source, (C) Adjustable-width XAFS entrance slit, 

(D) crystal analyzer and optic tower, (E) XES sample enclosure and entrance slit, and (F) 3 

kW XES source.  
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Recalling from the introduction the requirements for asymmetric Rowland 

configurations, the spectrometer achieves these geometries by using independent rotation and 

linear stages. Representative symmetric and asymmetric configurations are shown in CAD 

renderings in Fig. 5. Specifically, Fig. 5(a) shows a typical symmetric operation at an 

unfavorable θB far from backscatter, whereas Fig. 5(b) shows an asymmetric configuration at the 

same θB but satisfying the condition of θB + α = 90 deg, the configuration that is expected to 

eliminate Johann error, recall Fig. 2. It is important to note Fig. 5(a) and (b) could be at radically 

different energies because of the different d-spacings for G0 and Ghkl . The purpose of the Figure 

is to demonstrate the difference in geometries in these different diffracting conditions. Note that 

the chord lengths between source-and-analyzer and analyzer-and-detector become unequal when 

𝛼 ≠ 0.  

  

 

Figure 4. (a) An optic cartridge is loaded into the optic tower subassembly. (b) The fully 

assembled motorized optic tower which concentrically indexes the crystal on a motorized 

rotation stage. (c) The motorized azimuthal (𝜑) degree of freedom allows for tilt-free 

correction of crystal miscut and for automated asymmetric operation. 
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The spectrometer control software consists of two main components. First, a library of 

routines was written in Python (Jupyter) to generate ASCII files with component-by-component 

instructions for each step in any desired spectrometer scan. Second, LabView software was 

written to interpret the scan definition files and execute the desired measurements by 

commanding the motors and reading the detector. The LabView software can define 

measurement projects that perform sequences of measurements each parametrized by a different 

scan definition file including for successive scans using different Ghkl. For both XAFS and XES, 

the energy is scanned by stepping the crystal angle 𝜃𝑀and satisfying the Rowland circle 

geometry at a particular Bragg angle by driving the 𝜌, detector, and 2θ stages. 

 

 
 

Figure 5. (a) Symmetric spectrometer operation at θB = 65 deg in XAFS mode. (b) 

Asymmetric spectrometer operation at the same θB with α = 25 deg, placing the source 

diametrically from the optic resulting in a monochromatic diffracted beam with no Johann 

broadening. 

 

 

 

Symmetric

α = 0 deg

θB = 65 deg

θM = 65 deg

Asymmetric

α = 25 deg

θB = 65 deg

θM = 90 deg

(a)

(b)
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4. Methods 

Ray tracing simulations are generated using the xrt Python package43. The ray tracing 

calculations use a 250-m by 250-m area source and a 100-mm diameter, 0.5-m SBCA in both 

symmetric and asymmetric Rowland circle configurations, thus approximating the experimental 

conditions. Calculations for the location of asymmetric reflections and their resulting energy 

ranges were performed in home-written software in Python (Jupyter).  

XES and XAFS measurements were taken with the laboratory-based instrument 

described in Section II using only a 100 W source in both configurations. Studies were selected 

to demonstrate instrument capabilities to characterize the advantages of asymmetric operation. 

For XAFS, standard metal reference foils of Cu and Ni (EXAFS Materials) were used. To 

demonstrate the extended energy range afforded by asymmetric operation, a multi-component 

transition metal oxide sample was prepared for XES. Equal masses of V2O3, MnO, FeO, NiO, 

CuO, ZnO, and SrTiO3 were dry milled together to homogeneously mix the sample. The multi-

component powder was enclosed in a polyimide pouch for XES study.  

XRS and HERFD-XANES measurements were performed at sector 25-ID of the 

Advanced Photon Source. This used a Si(111) double crystal monochromator and a set of 

Kirkpatrick-Baez mirrors to achieve an approximately 100 m by 100 m spot size on the 

sample. The monochromator was not detuned, and the resulting expected energy resolution is 1.2 

- 1.3 eV at 8700 eV. An Eiger S 500K camera (Dectris Corp.) was used to measure the x-rays 

analyzed by the SBCA (XRS Tech) and an SDD (Hitachi, Vortex) was used to measure total 

fluorescence yield in the HERFD study. The HERFD sample was a ZnO film with embedded Ge 

nanocrystals, prepared by sequential sputtering of ZnO and Ge targets under reactive ZnO 

growth conditions44. The XRS sample was an 0.9-mm diameter cylinder of randomly oriented 
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graphite in a low-Z binder (mechanical pencil lead). For both studies the incident flux was 

~3x1012 ph/sec. 

 

5. Results and Discussion 

a. The Asymmetric Rowland Geometry in the Laboratory 

We begin by illustrating a central motivation of asymmetric operation, i.e., the large 

number of crystal planes that are available and the consequently wide energy range that can be 

accessed with fine energy resolution for a single SBCA. See Fig. 6. In panel (a) we show the 

calculated locations for a large number of asymmetric reflections for a Si(551) analyzer in terms 

of the asymmetry angle  (radial direction in the polar plot) and the clock angle 𝜑 (azimuthal 

direction in the polar plot). Note that the G0=(551) reflection itself is at the center of the polar 

plot. In panel (b) we show an experimental survey of the ( φ) space at θB= 82 deg and find 

excellent agreement with the calculations of panel (a). In addition, as shown by the color scale 

indicating the dominant energy detected at a given location, we observe that a very large energy 

range can likely be patched together by hkl-hopping between different asymmetric 

configurations. This type of study is readily performed in the laboratory because of the very 

broad bremsstrahlung spectrum of x-ray tubes. Panels (c) and (d) show analogous calculations 

and experimental results for a Si(221) analyzer. Miller indices in panels (b) and (d) were 

identified by consistency between the theoretical ( φ) polar plot with all allowed reflections 

and the results of converting the observed energy of an experimental reflection to the sum of 

squared indices by Bragg’s law. 
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Figure 6. Polar plots in (, ) for calculated and measured reflections. (a) Calculated 

values of selected asymmetric reflections of a Si(551) analyzer. (b) Experimental data for 

Si(551) SBCA obtained by sampling phi-alpha space values at a fixed Bragg angle. (c) 

Calculated values of asymmetric Si(211) reflections. (d) Experimental data for Si(211) 

SBCAs. A threshold on reflection intensity was implemented to remove background in 

experimental data.  
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In both Fig. 6 (b) and (d) an azimuthal smearing is seen in the experimental results at 

large values of  near the borders of the pole plots. When at large asymmetries the chord length 

d from the SBCA to the detector becomes much smaller than the vertical radius of curvature of 

the analyzer, resulting in a significant vertical (perpendicular to the Rowland plane) extension 

and enlargement of the sagittal defocusing of the analyzed x-rays. The loss of intensity that 

occurs when the analyzed beam height is larger than the active diameter of the spectrometer’s 

SDD is a confounding factor that leads to a trade-off between analyzed flux and the experimental 

convenience of asymmetric operation.  

 
Figure 7. (Left) Diagram of the energy range achievable operating symmetrically with 

the Si SBCAs commonly used for transition metal XAS and XES: G0 = (100), (110), (111), 

(211), (331), (533), (551). The vertical gray lines indicate emission lines and the vertical 

black dashed lines indicate K-edges between 4 and 10 keV. (Right) Diagram of the energy 

range achievable operating asymmetrically with a Si(551) SBCA. Duplicate reflections, those 

that cover the exact same energy range at the same Bragg angle are omitted for clarity. 
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In Fig. 7 we compare the energy ranges of a conventional suite of SBCA operating 

symmetrically and the accessible diffraction planes of a single SBCA operated asymmetrically. 

This is investigated for the energy range of absorption edges and emission lines of the 3d 

transition metals. A comprehensive energy range is possible with a single analyzer operating 

asymmetrically and a suitable reflection is nearly always available that is close to the special 

condition (with the source moderately close to the analyzer spherical center) for a given emission 

or absorption edge. Hence, both a large energy range and high energy resolution should be 

expected with the Si(551) analyzer studied in the right panel of Fig. 7. We emphasize that there 

are complicated trade-offs between energy range coverage and analyzed flux (due to the vertical 

extent of the analyzed beam, described above), and we do not claim that Si(551) is necessarily 

optimal, although it does illustrate a favorable case for the argument being made here. 

We next access a series of planes of the Si(551) SBCA on the amalgam XES, see Fig. 8. 

We measure Kα, Kβ, and valence-to-core (VTC) emission en masse with a single analyzer, 

demonstrating an expanded energy range through hkl hopping. The optimal reflections for the 

study are given in the left-hand side of Table 1; the experimental reflections used modestly differ 

in some cases. Fifteen emission lines spanning ~5 keV to ~14 keV were collected across seven 

elemental species using nine unique diffraction planes from the Si(551) analyzer. By 

comparison, under symmetric operation at useful Bragg angles the Si(551) crystal has an energy 

range of only ~8.2 – 9.3 keV and the same emission measurements would require a considerable 

number of separate Si optics, even if somewhat inferior Bragg angles were employed.   
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Table 1. Optimal asymmetric reflections for G0 = Si(551) and best symmetric counterparts 

for 3d transition metal XES, where both Si and Ge analyzers are considered for the symmetric 

case. For each emission line, the configuration expected to have the least Johann error is given in 

bold. 

Emission 

Energy 

(eV) 

Ghkl 

θB 

(deg.) 

α 

(deg.) 

θM 

(deg.) 

Best Si 

Symmetric 

Analyzer 

θB 

(deg.) 

Best Ge  

Symmetric 

Analyzer 

θB 

(deg.) 

V Kβ 5428 (331̅) 66.47 21.31 87.78 (331) 66.47 (422) 81.49 

Mn Kα 5900 (422) 71.44 23.84 95.28 (422) 71.44 (511) or (333) 74.81 

Mn Kβ 6492 (333) 66.04 27.21 93.25 (440) 84.06 (531) 86.94 

Fe Kα 6405 (333) 67.85 27.21 95.06 (511) or (333) 67.85 (440) 75.42 

Fe Kβ 7059 (531) 73.11 13.97 87.08 (531) 73.11 (620) 79.04 

Ni Kα 7480 (620) 74.87 27.67 102.54 (620) 74.87 (533) 73.87 

Ni Kβ 8267 (551̅) 80.49 16.1 96.59 (551) or (711) 80.49 (642) 82.7 

Cu Kα 8046 (444) 79.45 27.21 106.66 (444) 79.45 (551) or (711) 76.55 

Cu Kβ 8904 (731) 80.03 21.61 101.64 (731) or (553) 80.03 (800) 79.91 

Zn Kα 8637 (642) 81.57 13.34 94.91 (642) 81.57 (553) or (731) 77.04 

Zn Kβ 9570 (733) 77.56 24.95 102.51 (733) 77.56 (555) or (751) 82.57 

Sr Kα 14,161 (884) 75.35 11.42 86.77 (777) or (11 5 1) 77.77 (991) 81.09 

Sr Kβ 15,825 (12 6 2) 78.13 18.25 96.38 (13 3 3) or (995) 80.53 (13 5 3) or (11 9 1) 80.6 
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Figure 8. Emission lines measured asymmetrically with a Si(551) analyzer, arranged in 

order of ascending energy, presented with no background subtraction. The Bragg angle 

required to select the nominal energy of the emission line is given for each scan. 
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Having established the comprehensive advantage of a greatly increased energy range, we 

now address the proposed second benefit of asymmetric operation: an enhanced energy 

resolution compared to symmetric cases through elimination of Johann error when θB +  𝛼 =

 θM~ 90 deg. Ray tracing simulations in Fig. 9 show the reduction of Johann error when 

approaching this special condition. Fig. 9 (a) shows an equatorial full-range broadening of ~9 eV 

at the analyzer edge of an SBCA at θB = 65 deg. Fig. 9 (b), at the same photon energy, shows 

less than 10% as much broadening (with an opposite sign) for θB = 77.5 deg and 𝛼 = 14.9 deg. 

The ray tracing results show the availability of an asymmetric plane at the same energy as 

its conventional symmetric counterpart but with improved energy resolution via reduction of 

Johann broadening. This is further illustrated in Fig. 10, which shows the energy response 

 
Figure 9. (a) XRT ray traced simulation of a Si(551) operated symmetrically far from 

backscatter, demonstrating Johann error as lower diffracted energies on the left and right sides 

of the crystal. (b) The same photon energy when using the asymmetric Ghkl = (553) reflection 

with the same analyzer. The crystal is optically near backscatter, resulting in elimination of 

Johann error. 
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functions corresponding to cases (a) and (b) of Fig. 9. The general consideration that Johann 

error is smallest when the source is near to the SBCA sphere center is also investigated in Table 

1, where the most favorable cases with respect to this condition are shown in bold for each 

emission line. The asymmetric option from even the single favorable case of a Si(551) analyzer 

are always quite close to the best choices among Si or Ge analyzers used symmetrically and is 

generally better by this metric.  

 

To show this Johann error reduction in practice, Cu and Zn Kβ XES on the amalgam 

sample were measured using both (somewhat unfavorable) symmetric and (rather favorable) 

asymmetric configurations. Fig. 11(a) and (b) shows significant difference in the width and 

symmetry of the characteristic emission. The symmetric spectrum is broadened with a tail 

primarily because of Johann error, as well as some contribution from source size broadening. 

Asymmetric reflections with θM near backscatter have improved energy resolution through 

elimination of Johann error. The effect is more evident in Fig. 11(b) as the symmetric Zn 

measurement is far from backscatter at θB = 58 deg, so broadening is more pronounced. The 

standard deviation of the energy response function calculated via ray tracing in the asymmetric 

  
Figure 10. Symmetric and asymmetric energy response functions corresponding to Fig.9 

(a) and (b), demonstrating the reduction of Johann error. 
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case of the Zn measurement was 0.6 eV, compared to 4.6 eV in the symmetric case.  The 

broadening in the asymmetric case is largely from source size effects.  

To further investigate energy resolution effects, we performed transmission mode 

XANES and EXAFS studies on metal reference foils in symmetric and asymmetric SBCA 

configurations. Fig. 12 shows Cu XANES, selected for the well-known shoulder feature in its 

rising edge, measured symmetrically and asymmetrically with and without analyzer masking and 

compared to synchrotron data. Johann error both broadens and shifts the spectra, as shown in the 

unmasked symmetric case having θB = θM = 65.2 deg at the absorption edge, and analyzer 

masking improves the energy resolution of the symmetric data. However, the asymmetric spectra 

are unaffected by analyzer masking as Johann error is eliminated in the optical configuration 

 

Figure 11. Kβ1,3 emission spectra of (a) Cu and (b) Zn. Spectra were collected using the 

Si(551) SBCA symmetrically and with the most optimal asymmetric plane. Further from 

backscatter, the symmetric reflection analyzer response function broadens due to Johann 

error. On the other hand, the asymmetric reflection response function is narrow because of a 

mechanical analyzer angle, θM, close to 90 deg. 
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with θB = 77.5 and θM = 92.5 deg, and the asymmetric spectra shows superb energy resolution 

with no loss of information compared to the synchrotron reference data. 

Next, the Ni K-edge EXAFS was measured symmetrically and asymmetrically using the 

Si(551) analyzer and reflections G0 = (551) and Ghkl = (551̅) and compared to synchrotron data. 

The raw EXAFS and χ(k) are shown in Fig. 13 (a) and (b). There is again no loss in information 

between synchrotron and laboratory XAFS. The symmetric and asymmetric results are identical 

here because the Johann broadening in the symmetric case has little effect for spectrally broad 

features over the large energy range studied. 

 
Figure 12. Cu K XANES measured using a Si(551) analyzer symmetrically and Ghkl = 

(553) reflection asymmetrically, compared to synchrotron results. At 8978.9 eV, θB = θM = 

65.2 deg symmetrically whereas θB = 77.5 and θM = 92.5 deg. The asymmetric configuration 

eliminates Johann error by operating mechanically at near backscatter. Masking the edges of 

the analyzer removes Johann broadening in the symmetric case, whereas masking in the 

asymmetric case shows no appreciable difference in energy resolution. Spectra are offset for 

clarity of presentation. 
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b. Synchrotron Measurements 

Having demonstrated some benefits of asymmetric Rowland geometry in laboratory x-ray 

spectroscopy, we extend the discussion to synchrotron x-ray measurements. Fig. 14 shows the 

asymmetric Rowland geometry of the monochromator for a HERFD-XANES measurement, 

tuned to the Zn Kα1 emission energy for a study of a ZnO thin film. Note that while Si(642) is 

the preferred symmetric analyzer, it is an uncommon SBCA and in our case did not exist at any 

of the several beamlines performing XES or HERFD at our synchrotron, whereas the Si(211) is 

relatively common for its (422) reflection to study XES for vanadium. Fig. 15 shows the 

HERFD-XANES collected using the asymmetric Ghkl = (642) reflection of a Si(211) SBCA 

compared to total fluorescence yield (TFY) results, and shows significant suppression of the Zn 

K-shell lifetime broadening This result supports the use of asymmetric configurations for 

HERFD and XES at synchrotron light sources. The addition of ‘clock angle’ degrees of freedom 

 
Figure 13. Ni K XAFS measured using a Si(551) analyzer symmetrically and with the 

Ghkl = (551̅) reflection asymmetrically, compared to synchrotron results. Both spectra show 

agreement with synchrotron data. Spectra are offset for clarity of presentation. 



143 

 

to the common designs for multi-SBCA arrays for HERFD45,46 would therefore allow hkl-

hopping with increased user convenience, i.e., when a single analyzer is favorable for all user-

desired emission lines in a given study, jumping between the different energy ranges would not 

require changing the SBCA and retuning. 

 

 

Figure 14. The asymmetric configuration implemented for HERFD-XANES 

measurements. Note the longer source-detector chord length (blue arrows), allowing greater 

flexibility in special sample environments and less size constraints than a symmetric 

counterpart. 

 

Figure 15. Zn HERFD-XANES measured with Ghkl = (642) of a Si(211) SBCA 
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We now move to our last study, a demonstration of XRS with an SBCA in an asymmetric 

configuration. Here we again used the Si(211) analyzer asymmetrically accessing the Ghkl = 

(642) reflection, approximately satisfying the condition θB +  𝛼 =  θM =  90 deg at 8702.9 eV. 

The elastic line, measured by scanning the Si(111) double crystal monochromator, is shown in 

Fig. 16. The shape and (near) symmetry of the elastic peak illustrates a favorable energy 

response function for the experimental realization. The FWHM is 1.25 eV, which is comparable 

to the expected resolution of the Si(111) double crystal monochromator without second-crystal 

detuning, i.e., the analyzer is adding little broadening in this configuration. In addition, the 

source/sample-detector chord length of ~150 mm is quite large compared to that for synchrotron 

XRS spectrometers. This is beneficial due to the easier rejection of stray scatter and the larger 

clearance for special sample environments. This configuration is best used with a focused beam 

to avoid source broadening, given the ~81 deg Bragg angle. We note that asymmetric operation 

of curved analyzers have been used before to accommodate unequal source-analyzer and 

analyzer-detector chords required by ancillary equipment.35,47 However, here we make use of 

asymmetric operation to get high energy resolution and large analyzer solid angle together with 

good sample-to-detector clearance. Similar resolutions are reported in a prior XRS study using 

the von Hamos (non-Rowland) configuration48, but it should be noted that contemporary XRS 

end stations overwhelmingly use arrays of SBCAs.12,14,17,18 The resulting wide energy scan of the 

inelastic x-ray scattering and the C K-edge XRS itself are shown in Fig. 17, main panel and inset, 

respectively. The results indeed agree with the well-known spectrum for graphite. While these 

results are preliminary, they build on the strength of the prior demonstrations in this paper and 

strongly suggest the use of 0.5-m radius SBCA in XRS measurement, especially when a study 

requires focusing and thus makes source broadening irrelevant.  
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We note one detail missing from our present study: 0.5-m SBCA are typically sliced for 

strain relief which raises the question of whether the XRS imaging modality that is now is 

common use49,50 may exhibit some degradation. This is an important topic for further study. 

 

 
Figure 16. Elastic lines measured using a Si(211) analyzer asymmetrically Ghkl = (642), 

demonstrating Johann error elimination and narrowing of the analyzer response function 

when operated asymmetrically.  

 
Figure 17. XRS of graphite showing elastic, inelastic, and XRS features of C K-edge. 

Measured with Si(211) using Ghkl = (642). The analyzer was mechanically at backscatter with 

a Bragg angle of 79.1 deg. The elastic peak FWHM is approximately 1.3 eV. 
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6. Conclusions 

We investigate the merits of asymmetric Rowland geometries of spherically bent crystal 

analyzers (SBCAs) for laboratory based XAFS and XES as well as for synchrotron studies of 

high energy resolution fluorescence detection (HERFD) and x-ray Raman scattering (XRS).  

Several benefits of asymmetric operation are demonstrated. First, a single SBCA employed 

asymmetrically can use hkl hopping to access a large range of crystal planes and corresponding 

d-spacings, greatly extending the useful energy range with fine energy resolution compared to 

conventional symmetric operation. Second, by satisfying the condition that the source be at least 

relatively near to the SBCA sphere center, asymmetric Rowland geometries can mitigate or 

eliminate Johann error. Third, asymmetric Rowland geometries can significantly increase the 

clearance between sample and detector when the nominally perfect sphere-center geometry can 

be used.  The combination of suppressed Johann error, larger solid angle (by use of the 0.5-m 

SBCA enabled by the elimination of Johann error), and large source-detector distance makes 

asymmetric operation an especially appealing paradigm for the design of future XRS endstations.   
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Chapter 6. Asymmetric Rowland Geometries Enable 

Simplified and Improved X-ray Raman Scattering 

Spectrometers 

 

This chapter is based on a manuscript prepared for submission to Journal of Synchrotron 

Radiation. 

 

Anthony J. Gironda, Yeu Chen, Mark F. Wolfman, Cheng-Jun Sun, Gerald T. Seidler, Shelly D. 

Kelly 

 

1. Abstract 

X-ray Raman scattering (XRS) demands large collection solid angle while maintaining 

high energy resolution. Conventional spectrometers employ large arrays of typically 20 or more 

spherically bent crystal analyzers in symmetric Rowland circle geometries to maximize signal 

acquisition, wherein each analyzer is supported by three motorized degrees of freedom for 

alignment. The design of more compact XRS spectrometers using fewer optics with greater 

collection solid angle is hampered by trade-offs between tight sample-detector clearances and 

degraded energy resolution from Johann error. We address these trade-offs through asymmetric 

operation of spherically bent crystal analyzers, which presents several benefits: (1) suppression 

of Johann error allowing use of more tightly curved optics with larger solid angle, (2) alignment 

with only one mechanical degree of freedom per SBCA, (3) large clearances for detector 
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placement, and (4) imaging and spatial rejection of non-sample scatter with detector placement 

behind the Rowland circle at the sagittal focus. Here, we present the design and performance of a 

multielement XRS spectrometer that uses asymmetric Rowland geometry to achieve extremely 

high energy resolution (spectrometer resolution 0.3 – 0.4 eV) with 0.5-m analyzers with enough 

spatial resolution to significantly reject scatter from sample enclosures and windows.  The 

instrument has ~10x fewer motorized degrees of freedom than would be common practice with 

1-m SBCA having the same total collection solid angle.  Hence, we demonstrate a much 

simplified, smaller, and more cost-effective path forward for XRS instrumentation.  

 

2. Introduction 

X-ray Raman scattering (XRS) is a non-resonant photon-in photon-out spectroscopy 

technique that provides X-ray absorption fine structure (XAFS)-like information from lower-

energy absorption edges using hard x-rays. XRS is therefore bulk-sensitive and can determine 

oxidation state, local symmetry, and coordination environment of the probed element1–3. 

Furthermore, XRS can probe both dipole and non-dipole electronic transitions as a function of 

the momentum transfer, q, of the scattering process, providing more information on the 

unoccupied density of states 4–10. Unlike electron-energy loss spectroscopy (EELS), X-ray 

photoemission spectroscopy (XPS), and soft/tender-edge XAFS11, the hard X-rays in XRS avoid 

the short attenuation lengths, surface contaminant sensitivity, and vacuum flight paths that 

complicate those methods. 

In the hard X-ray regime of XRS, photons readily penetrate cell windows and thin sample 

enclosures and thus XRS is a suitable probe for in situ measurements. XRS has been applied to 

studies of battery electrodes12–15, catalyst materials16–19, and energy conversion/storage 
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materials20–23, with extensive use in high-pressure diamond-anvil cell (DAC) studies of 

geological samples24–31. A key feature of many of these in situ measurements is the rejection of 

scattered signal from cell windows, gaskets, and pressure media for background suppression 

using a pixelated area detector, so-called XRS imaging or direct tomography32–34. With 

increasingly brilliant light sources, operando battery and catalyst measurements are at the 

forefront of XRS capabilities; a handful of published examples exist from the past decade35–38. 

However, it is critical to recognize that XRS is a photon-starved spectroscopy technique; 

the Raman scattering cross-section is a small fraction of the total incoherent scattering cross-

section, which is itself orders of magnitude smaller than the photoelectric cross-section. 

Consequently, acquisition times can be hours to days even with brilliant synchrotron light 

sources. As a result, XRS demands highly efficient spectrometers and strong background 

suppression. 

Most dedicated XRS spectrometers use large arrays of Johann-type39 spherically bent 

crystal analyzers (SBCAs) in symmetric Rowland geometries and collect spectra in inverse-

scanning mode, where the analyzer energy is fixed while the incident photon energy is scanned 

to record the energy-loss spectrum. Representative implementations include the 72-analyzer 

system at the European Synchrotron Research Facility (ESRF) beamline ID2040, the 54-analyzer 

system at the Stanford Synchrotron Radiation Lightsource (SSRL) beamline 6-241, and the now-

decommissioned 19-analyzer “LERIX” system of the Advanced Photon Source (APS)42. 

Alternative approaches include a forward scattering bent Laue spectrometer for highly absorbing 

samples43 and a dispersive von Hamos44 spectrometer for spectral collection in a “single-shot”45. 

The design of smaller Johann-type point-focusing spectrometers using fewer optics with higher 

solid angle per optic (i.e. arrays of 0.5-m radius of curvature SBCA) is constrained by a tradeoff 
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between sample–detector clearance near backscatter and degraded energy resolution from Johann 

error away from backscatter. 

Here, we focus on asymmetric Rowland geometries (in contrast to the above instruments) 

and their benefits to the design of a much simplified, lower-cost, high-throughput XRS 

spectrometer that retains the fine energy resolution needed for this technique. Asymmetric 

Rowland geometries employing SBCAs are underutilized for high-resolution hard X-ray 

spectroscopy. Recent work of Gironda et al.46 showed that asymmetric operation of Johann-type 

SBCA in Rowland focusing geometry can greatly increase experimental flexibility for both 

synchrotron-based photon-in photon-out experiments and for laboratory-based high resolution 

absorption and emission spectroscopy. These observations were extended and formalized by the 

software package of Abramson et al.47 for analyzer reflection selection and the ray-tracing 

discussion of Chen et al.48.   

The Chen et al. publication simulated two outcomes of asymmetric operation that guide 

best practice. First, Johann broadening, the dominant energy degradation mechanism of the optic 

when operating away from backscatter, is eliminated when the source is close to the spherical 

center of the SBCA in so-called “Johann normal alignment” (JNA). Second, although imaging 

resolution is degraded at the usual meridional focus on the Rowland circle perimeter when in 

asymmetric geometries, spatial resolution can be significantly recovered by instead operating at 

the sagittal focus behind the Rowland circle.   

The present work presents the design and initial commissioning of an XRS spectrometer 

that utilizes these features of asymmetric operation to achieve high energy resolution, suitable 

detector clearances, and significant spatial resolution for rejecting scatter from container 

windows. In addition, we make use of the tilt-free approach first developed by Mortensen et al.49 
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and further developed in Gironda et al. to simplify the motorization needed for tune-up to only 

one translation per optic.   

A six-element spectrometer with only six motorized degrees of freedom for alignment 

using 0.5-m radius of curvature bent-diced SBCAs in an asymmetric Rowland geometry has 

been constructed and commissioned at 25-ID-D of APS, with a monochromator-limited energy 

resolution of ~0.95 eV at 9.7 keV and inferred spectrometer energy resolution of 0.3 – 0.4 eV. 

Demonstration measurements were executed on the low-q, intermediate-q (“imaging”), and high-

q optics. With the imaging optics, this platform is capable of spatially selecting scatter from the 

sample while rejecting scatter from other sources when used with a pixelated area detector off-

circle at the sagittal focus, a key capability for in situ and operando measurements.  

A spectrometer using instead the traditional approach of symmetric operation for 1-m 

analyzers on tilt plus translation modules would require ~24 SBCA and ~72 motorized degrees 

of freedom to obtain the same collection solid angle.  These results demonstrate a simplified and 

more cost-effective path for high throughput, high resolution, lower resource optic arrays in XRS 

spectrometers. 

The manuscript proceeds in the following order: Section 2 surveys the asymmetric 

Rowland geometry equations at the condition that suppresses Johann error. Section 3 describes 

the spectrometer design, including SBCA selection for asymmetric operation, mechanical 

renderings and diagrams, and the alignment procedure. Section 4 details methods and sample 

preparation. Section 5 presents simulated ray tracing and spectrometer performance results and 

demonstration measurements. Section 6 provides an outlook and future on the design of XRS 

instrumentation.  
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3. Asymmetric Rowland Geometry for XRS 

The Rowland circle is a focusing configuration that uses a curved optic, here an SBCA, 

to monochromatize and focus scattered X-rays from the sample. The energy selection and 

focusing behavior are determined by the Bragg angle, θB, and the asymmetry angle, α, defined as 

the angle between the optic surface normal and the reciprocal lattice vector of the diffracting 

plane; see Figure 1. Because the SBCA is spherical, it is astigmatic: rays in the Rowland plane 

focus at the meridional line focus, fm, located on the Rowland perimeter, while rays in the 

orthogonal plane focus at the sagittal line focus, fs, located beyond the Rowland perimeter, 

shown in Figure 2. For any Rowland geometry, the dependence of the chord lengths and focal 

distances on θB and α is given by  

 

𝜌 = 𝑅 sin(𝜃𝐵 + 𝛼) (1) 

𝑓𝑚 = 𝑅 sin(𝜃𝐵 − 𝛼) (2) 

𝑓𝑠 = −
𝑅 sin2(𝜃𝐵 + 𝛼)

sin(𝜃𝐵 − 𝛼) cos(2(𝜃𝐵 + 𝛼))
 (3) 

 

where ρ is the source-analyzer chord and R is the radius of curvature of the SBCA48,50. When α is 

zero, these expressions define symmetric operation. 
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Figure 1. Diagram of asymmetric Rowland circle geometry in the JNA condition (θB + α = 

90o). At JNA, there is no Johann broadening. The asymmetry angle α is defined between the 

diffracting plane Ghkl and the surface cut plane G0 reciprocal lattice vectors. 

 

 

 

 

Figure 2. The astigmatic focus of a spherical lens. The meridional focus is perpendicular to 

the Rowland plane, while the sagittal focus is lies in the Rowland plane. 

 



157 

 

A special case arises when the X-ray source is placed at the SBCA’s center of curvature. 

In this configuration the entire analyzer surface is illuminated at normal incidence resulting in a 

uniform Bragg angle, thus Johann error is eliminated46,48,51,52. This condition is defined by θB + α 

= 90o and was first termed “Johann Normal Alignment” (JNA) in Chen, et al. At JNA, Eqs. (1) – 

(3) reduce to 

𝜌 = 𝑅 (4) 

𝑓𝑚 = 𝑅 cos 2𝛼 (5) 

𝑓𝑠 =
𝑅

cos 2𝛼
. (6) 

Geometrically, an important outcome of JNA is that the sagittal focus lies on a line 

perpendicular to  at the source position. This is shown by decomposing the components of the fs 

vector (refer to Figure 1) 

𝑓𝑠,𝑦 = 𝑅 (7) 

𝑓𝑠,𝑥 = 𝑅 tan2𝛼 (8) 

observing that fs,y ,like , is always equal to the radius of curvature at JNA. This suggests a 

particular simple motorization of detector placement. 

For an XRS spectrometer operating in inverse-scanning mode, the spectrometer 

mechanics and energy remain fixed. Thus, a natural design choice is to place the scattering 

source at JNA in an asymmetric Rowland geometry with the detector at the sagittal focus. In this 

condition, there is no Johann error and the source-detector clearance fs,x depends only on α and 

can be freely tuned by appropriate selection of the optic’s wafer cut, G0, and diffracting plane 

family, Ghkl. Furthermore, revolving the analyzer about the fs,x axis generates a plane of analyzer 

positions for which all the sagittal foci are coincident. These geometric principles are central in 

the design of the present XRS spectrometer.   
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4. Spectrometer Design 

In this section we present an overview of the spectrometer design and its components. 

First, we describe the rationale for selecting a preferred orientation of the crystal analyzer wafer 

and appropriate crystal planes for diffraction.  Second, we describe the overall spectrometer 

layout, hardware, motorization. Third, we outline the alignment of the instrument. 

a. Optic Selection  

The expressions from Section 2 (Eqs. 4 – 8)  show that, at JNA, the asymmetry angle α 

determines the Rowland geometry. Increasing α increases the source-detector clearance and 

eases space constraints, but also moves the Bragg angle θB farther from 90o which increases 

sensitivity to other energy broadening mechanisms such as source size broadening. For the 0.5-m 

radius of curvature SBCA, the ideal operating condition provides sufficient detector clearance 

while keeping α small (and thus θB closer to 90o). 

A systematic search over wafer cuts G0, diffracting plane families Ghkl, and the resulting 

α was conducted for the diamond cubic structure (corresponding to Si and Ge wafers) at JNA. 

This was accomplished using a modified version of the hklhop package by Abramson et. al47. 

For each candidate pair (G0, Ghkl) we also computed the clock angle, φ, defined as the 

azimuthal rotation of the crystal that brings the selected Ghkl into the Rowland plane. The search 

was restricted to α < 15o and to analyzed energy between 5 and 12 keV at JNA. Higher scores 

were assigned to high reflectivity Ghkl with h+k+l=4n and reflections with harmonics within the 

energy range. The best candidate optic was identified as Si(771). A polar plot of the available 

reflections of Si(771) in (α, φ) space is shown in Figure 3. 

Next, we determined the corresponding sagittal focus positions satisfying the Bragg 

condition at JNA for a 0.5-m Si(771) SBCA. Figure 4 shows the detector clearances and energies 



159 

 

of the suitable Ghkl reflections. The (660) reflection at 9.7 keV was selected as the standard 

working energy of the spectrometer, given its available harmonics, relatively small α, and the 

~100 mm detector clearance at JNA. Other reflections with different α and analyzed energy are 

reachable by rotating the clock angle φ of the optic and translating the detector along the sagittal 

focal-plane axis to the corresponding positions shown in Figure 4. 

 

 

Figure 3. Polar plot of subset of asymmetric reflections for a Si(771) SBCA at JNA. Each 

point corresponds to a diffracting plane family Ghkl, each with a unique d-spacing and analyzed 

energy. The dashed vertical line denotes the Rowland plane, rotating the SBCA by a 

corresponding φ brings the selected Ghkl into this plane. 
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Figure 4. Detector clearances and energies for various asymmetric reflections for a 0.5-m 

Si(771) optic at JNA. Subset of Ghkl from 5-12 keV with 𝛼 ≤ 15∘. At JNA, the detector 

trajectory for the sagittal focus of different reflections is a straight line. 

 

b. Mechanical Design and Hardware 

The spectrometer is housed at the Sector 25-ID-D beamline at the Advanced Photon 

Source. A computer-aided design (CAD) rendering of the three arrays and their scattering 

geometries is shown in Figure 5. The instrument consists of three arrays of two 0.5-m optics at 

low, medium, and high momentum transfer (q). The intermediate q array is referred to herein as 

the imaging array because of its favorable line-of-sight for that purpose 33. The spectrometer is at 

a fixed Bragg angle and thus cannot scan analyzed photon energy. The optics are arranged in the 

vertical scattering plane, where the polarization-dependent Thomson factor is maximized. The 

design of each module is identical. A wire frame (not shown) shapes and holds a He bag to 

reduce air scatter and improve count rate. 
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Figure 5. Front-view CAD rendering of the multielement spectrometer detailing the 

scattering geometry. Each array consists of two 0.5-m radius SBCA. The sample is placed 

diametrically at the sphere centers of all optics, and scatter from all optics is refocused to a 

common point.  The scattering angle, measured relative to the incident beam, and the associated 

momentum transfers are shown for 9.7 keV analyzed photon energy. 

 

A CAD rendering of a single array of two SBCA is shown in Figure 6. The scattering 

geometries of the different arrays was achieved by manually rotating the platter assembly to the 

desired scattering angle, allowing the design of the arrays to be identical. Each array positions 

two optic modules 15o apart in scattering angle. A manual linear stage, “z”, (Velmex BiSlide) 

moves the array vertically with respect to the incident beam during tune-up and ensured the 

Rowland planes intersected the sample. A motorized stage linear stage, “”, (Velmex XSlide) 

under each optic subassembly allowed each optic to be tuned for best energy resolution 

regardless of manufacturing variations in bending radius. The 0.5-m bent-diced Si(771) SBCA 

optic (XRSTech) with 10 x 10 mm2 square dicing is mounted concentrically on a manual rotation 

stage, “”, (ThorLabs PRM2) for precise azimuthal rotation required for asymmetric operation 
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and for tilt-free beam steering49. A bent-diced analyzer was selected for superior energy 

resolution compared to bent or strip-bent analyzers 53 and to improve sagittal image quality 

compared to strip-bent. 

 

Figure 6. Front-view CAD renderings of (a) an array and (b) the optic subassembly. The 

key components are labelled as follows: (A) rotating platter, (B) optic subassembly, (C) 

motorized “” linear stage, (D) manual “z” linear stage, (E) manual “” rotation stage, and (F) 

optic. 

 

The system uses two detectors: a single-element silicon drift detector (SDD) with 50 mm2 

area sensing element (Vortex-EX) and a pixelated area detector with a square 14.1 x 14.1 mm2 

sensor and 55 x 55 um2 pixel size (LAMBDA flex). The SDD, with energy resolution of 150 eV, 

was used for background rejection when measuring fluorescing samples. The area detector was 

used for initial alignment and for spatially rejecting scatter from sample enclosures when 

measuring with the imaging array. The present spectrometer implementation only detected with 
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one array at a time, i.e. simultaneous q-measurements with multiple arrays was not performed.  

Ongoing modifications to the detector configuration will allow this in the future. 

The spectrometer operates in asymmetric Rowland geometry with the optic fixed 

diametrically from the scattering sample at JNA. The optic defines the 500 mm diameter 

Rowland circle, shown below in Figure 7. The detector is placed off-circle at the sagittal focus. 

 

Figure 7. Side-view CAD rendering of a module and the asymmetric Rowland geometry at 

JNA. 

c. Alignment 

Pre-alignment was accomplished using a mechanical fiducial that extended from the 

center of each module to the sample position. The sample position was marked using a 20 mm 

depth of focus camera with a digital crosshair on the image. For each array, the mechanical 

fiducial was brought into focus on the camera at the sample position by adjusting the z stage (see 

Fig. 6 (a)) and manually pushing the arrays upstream/downstream and in/out with respect to the 
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beam direction. The in-board/out-board placement was determined with a planar laser level that 

projected a vertical plane along the beampath through the hutch. Next, the  stage was adjusted 

for each module until the sharpest elastic line at 9.7 keV was achieved (see Fig. 6 (b)). Finally, 

the manual  stages were slightly detuned to separate the foci on an area detector to preserve 

energy resolution in the case analyzers were at slightly different energies. 

 

5. Methods 

a. Ray Tracing 

Ray tracing was performed using the open-source software Xray Tracer (xrt) 54. The 

simulations are purely geometric, and the effects of stress/strain and wafer dicing was not 

considered. The source is circular with a diameter of 50 μm, and the analyzer is 100 mm in 

diameter with 500 mm radius of curvature, matching the optic used.  

b. Beamline Description 

The spectrometer was commissioned at the Sector 25-ID-D beamline at APS. The X-ray 

source is a 2.8-mm canted undulator. Rh-coated high-heat load collimating mirrors provide 

harmonic rejection. X-rays are monochromatized by an Axilon Si(111) double-crystal 

monochromator with an energy range of 4 – 40 keV; a secondary double-bounce Si(220) channel 

cut monochromator further enhances energy resolution. At the elastic energy of the spectrometer 

(9735 eV), the widths of the primary and secondary monochromators are 1.5 eV and 0.9 eV with 

15% detuning, respectively, measured by the rocking curve of a flat Si wafer downstream of the 

monochromators. A 300 mm long Kirkpatrick-Baez (KB) focusing mirror system provides a 30 

um (H) x 300 um (V) beam spot 1.5 m downstream at the spectrometer’s source (sample) 
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position. A flux of 1.0x1013 ph/s at 9.7 kV is delivered to the sample. Fluxes are monitored with 

ion chambers along the beam path and reported intensities were verified with a PIN diode. 

c. Data Acquisition 

The reported SiO2 elastic lines, SiO2 Compton profiles, BN diluted FeOOH elastic 

images, and BN diluted FeOOH Compton profiles were collected using the Lambda flex area 

detector. All other reported spectra were collected using the Vortex single element SDD. All 

measurements were made using the (660) reflection with a nominal analyzed energy of 9735 eV. 

A He path covering ~80% of the flight through the spectrometer was used in all reported 

measurements. Elastic lines were taken during the set-up of every measurement and 

intermittently during scans. 

d. Data Processing 

For area detector data, appropriate regions of interest (ROIs) and pixel thresholds were 

applied home-written Python code in a Jupyter environment to extract spectra. An ROI was also 

applied to the energy dispersive spectra from the SDD to extract spectra. All spectra presented 

are normalized by an I0 ion chamber that monitored the flux after the focusing mirrors. After 

normalizing, spectra were rescaled back to counts by selecting the maximum of the Compton 

peak to rescale to. The energy loss scale is set to 0 eV at the peak of the elastic line. In the case 

several scans were taken, scans were summed together after normalizing and rescaling and the 

total dwell times (sum of all scans) are reported.  

When presenting absorption edge data outside the context of the Compton profile, the 

pre-edge region was fitted to a Pearson VII right-side tail function to model and subtract the 

Compton background. When reporting q r, the core radius r was estimated as a0/Z for the K shell 

and 4a0/Z for the L2,3 shell, where a0 is the Bohr radius (0.53 Å) and Z is the atomic number. 
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e. Samples  

SiO2 measurements were conducted using fused quartz glass slides of 150 μm thickness. 

Greater thicknesses reported were accomplished by stacking slides together. Pure goethite 

(FeOOH), iron oxide (FeO), and graphitized carbon pellets without binder were prepared by cold 

pressing to form approximately 1-mm thick (thk.) pellets. A mixed stoichiometry sodium closo-

borate (Na2B10H10)0.5(Na2B12H12)0.5 1-mm thick pellet was also pressed and then heat-sealed into 

aluminized mylar pouches under a dry Ar environment. For demonstrating imaging resolution, a 

5 wt% goethite 95 wt% boron nitride loose powder mixture was hand milled and loaded into two 

receptacles: a washer with a Kapton window spacer 1 mm from the powder surface and a quartz 

capillary 1.5 mm in diameter with 50 μm wall thickness.  

 

6. Results and Discussion 

Here, we report results from simulated ray tracing and spectra measured with the 

instrument. First, we quantify the energy resolution trade-offs going from 1-m to 0.5-m radius of 

curvature SBCA, and how asymmetric JNA configurations eliminate this constraint. Next, we 

present instrument characterization data on the energy resolution and q-range. Then, we 

demonstrate an imaging capability to spatially select scatter for air-sensitive samples with 

Kapton windows and powders in capillary on the imaging array. We continue this example by 

showing XRS oxidation sensitivity on a transition metal L-edge of pure reference samples. Next, 

we show an O K-edge measurement on the high-q array. Lastly, we present data collected with 

the low-q array.  
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a. Ray Tracing Simulations 

For a given optic diameter, the Johann approximation worsens as bending radius 

decreases and as θB moves further from backscatter, leading to increased Johann error and 

degraded energy resolution. This constrains XRS instruments to use larger radius of curvature 

(RoC) SBCA, typically 1-m, that subtend modest collection-solid angle to preserve energy 

resolution, and even in these cases the optic is occasionally masked along the dispersive plane. In 

contrast, operation at JNA eliminates Johann error and allows tighter radius SBCAs with much 

larger collection solid angle to be used without penalty to energy resolution. 

To illustrate the effect of bending radius, Bragg angle, and asymmetry on the energy 

response of the analyzer, we performed ray-tracing simulations. Figure 8 shows the calculated 

energy response across the surface of a 100 mm diameter Johann SBCA at 9.7 keV for several 

representative Rowland geometries, corresponding to the (6,6,0) reflection. 

In Figure 8, (a) represents a conventional symmetric 1-m radius configuration near 

backscatter (θB = 88.5o), typical of existing XRS instruments using banks of SBCA. The response 

is nearly uniform across the analyzer and Johann error is minimal. In (b) the RoC is reduced to 

0.5-m. This increases the collection solid angle from 8 msr to 32 msr and leads to slightly more 

Johann error and a minimal effect on energy resolution. However, the source-detector clearance 

decreased from 50 mm to 25 mm going from (a) to (b), which would greatly constrain an XRS 

instrument. 

To achieve acceptable clearance at 0.5-m, θB must be further from backscatter. In Figure 

8, (c) shows the 0.5-m symmetric configuration at θB = 84.2o; where the source-detector 

clearance is recovered but Johann error significantly worsens. Finally, (d) shows the 0.5-m RoC 

asymmetric configuration at the same θB but with α = 5.8o at JNA. This corresponds to operation 
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of the XRS spectrometer using the Si(7,7,1) optic and (6,6,0) reflection. As discussed in Chen, et 

al., there is no energy dispersion, demonstrating Johann error suppression while providing a 

source-detector clearance of 100 mm. The ability to get a large source-detector clearance with 

good energy resolution using asymmetric operation was shown in Gironda, et al. 
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Figure 8. XRayTracer (xrt) simulations of the energy response function across the surface 

of a 100-mm diameter Johann SBCA for different Rowland geometries and radius of curvatures. 

Panels show: (a) symmetric 1-m radius near backscatter (𝜃𝐵 = 88.5
∘); (b) symmetric 0.5-m 

radius at the same Bragg angle; (c) symmetric 0.5-m radius at 𝜃𝐵 = 84.2
∘;  and (d) asymmetric 

0.5-m radius at 𝜃𝐵 = 84.2
∘, 𝛼 = 5.8∘(JNA). 



170 

 

b. Energy Resolution and q-Range 

The spectrometer energy resolution was quantified by the full width half max (FWHM) 

of the elastic line. Figure 9 shows the elastic line from each crystal analyzer. A high-energy tail 

is present for all analyzers, and this asymmetry was unaffected by masking both the dispersive 

(in-Rowland plane) and non-dispersive (out-of Rowland plane) edges of the analyzer. Energy 

resolutions are summarized in Table 1, but range between 0.95 and 1.0 eV for all optics, which 

we note is effectively monochromator-resolution limited as the upstream secondary mono has an 

energy resolution of 0.9 eV. By quadrature deconvolving the overall resolution and the 

monochromator resolution, the SBCA energy resolution contributions are estimated in the final 

column. 

 

 

Figure 9. Peak normalized elastic lines of a quartz microscope slide (SiO2) from each optic 

array: low-q (q = 1.3, 2.6 Å-1), imaging (q = 6.5, 7.4 Å-1), and high-q (q = 9.3, 9.7 Å-1). Spectra 

have been shifted in energy and vertically offset for clarity. 
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Table 1. Summary of optic parameters and measured energy resolution using the (660) 

reflection from a Si (771) SBCA. 

Scattering 

Angle (deg.) 
q (Å-1) 

Analyzed 

Energy (eV) 

θB 

(deg.) 

θB+α 

(deg.) 

FWHM 

Energy 

Resolution 

(eV) 

SBCA 

Resolution 

(eV) 

15 1.3 9728.7 84.61 90.38 0.95 0.30 

30 2.6 9730.2 84.52 90.29 0.94 0.27 

82.5 6.5 9733.0 84.34 90.12 0.97 0.36 

97.5 7.4 9733.3 84.33 90.10 0.98 0.39 

145 9.3 9737.0 84.12 89.88 0.98 0.39 

160 9.7 9739.9 83.95 89.72 0.99 0.41 

 

The q-range of the spectrometer was demonstrated by measuring the Compton profile of 

an SiO2 quartz microscope slide in all scattering geometries, shown in Figure 10. Note the 

sample thicknesses and measurement geometries: low-q (q = 1.3, 2.6 Å-1, 300 µm thick sample, 

transmission geometry), imaging (q = 6.5, 7.4 Å-1, 300 µm thick sample tilted 22o from vertical), 

and high-q (q = 9.3, 9.7 Å-1, 750 µm thick sample, reflection geometry). The O K-edge is visible 

for the medium and high-q measurements. For initial commissioning, the measurements were not 

made simultaenously using all three arrays. 
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Figure 10. Compton profiles of a quartz microscope slide (SiO2) from each optic array. 

Vertical dashed lines denote Si L2,3 and O K absorption edge features of the sample. The spectra 

are unscaled with respect to the relative scattering volume. 

 

c. Imaging and Spatial Rejection of Non-Sample Scatter Using Imaging Array 

XRS Johann spectrometers with pixelated detectors can spatially reject scatter from 

sample enclosures including diamond anvil cells, as previously discussed in Section 1. By 

rejecting non-sample scatter, the signal-to-noise ratio (SNR) is improved and acquisition times 

are reduced. This capability is particularly crucial for in situ and especially operando 

measurements in the future where flow plug cell walls or windows would otherwise contribute to 

Poisson noise. 

Two representative XRS imaging applications are for (1) radioactive or air-sensitive 

pellets enclosed in a sealed environment and (2) samples in a capillary such as an operando plug-

flow catalyst reactor. In both situations, imaging is used to reject non-sample scatter from the 

enclosure or capillary. Proof of principle measurements are shown in Figure 11 with the elastic 
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images shown. In Figure 11 (a), a diluted FeOOH pellet with a 1 mil Kapton window displaced 

from the pellet surface was imaged and an ROI completely selects the sample scatter and rejects 

the window scatter. In Figure 11 (b), dilute FeOOH loose powder in a capillary was imaged 

through the capillary’s diameter and again, an ROI that rejects the capillary walls and selects the 

powder is shown. We note that when B is away from backscatter, sufficient spatial resolution is 

only possible at the sagittal focus. Additional discussion on this imaging behavior is found in 

Chen et al. 

 

Figure 11. Pixelated area detector images at the sagittal focal plane the elastic energy for (a) 

BN diluted FeOOH pellet in an air-tight Kapton pouch, separated from the Kapton window by a 

spacer and (b) BN diluted FeOOH in a quartz capillary. Images are at the sagittal focus of the 7.4 

Å-1 optic in the imaging array. 

 

Next, the Compton profile and Fe L2,3-edge was measured to show the benefits of spatial 

rejection of non-sample scatter. Figure 12 shows the Compton profiles corresponding to the 

powder filled capillary from Figure 11 (b). Without imaging capability, all signal shown in panel 

11 (b) would be included in the XRS spectra. As a result, the feature of interest Fe L2,3 sits on a 
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Compton background from the capillary walls and the contained powder. With imaging, the ROI 

ideally selects only the powder, and the Compton background is reduced. The signal-to-noise 

ratio (SNR) of the non-imaging and imaging situations is 0.098, and 0.138, respectively, a 

significant improvement. However, we note that the Fe L2,3 signal decreased by 20% when using 

a tight ROI. Extending the ROI would recover the Fe L2,3, signal but would include Compton 

scatter from the capillary. 

 

Figure 12. Compton profile of BN diluted FeOOH in a SiO2 quartz capillary measured at 7.4 

Å-1 with a single optic in the imaging array for no ROI (i.e. scatter from capillary and sample) 

and for the ROI shown in Fig. 11 (b). B, N, and O K-edges are visible in the Compton spectrum, 

the inset plot shows the Fe L2,3 edge. 
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d. Spectrometer Demonstrations 

We conclude our results with demonstration measurements from the low-q, imaging, and 

high-q optics. We note all spectra were measured with a single optic with resolution of 1.0 eV 

and used the SDD. Low-q measurements of the B and C K-edges are reported in Figure 13 (a) 

and (b). Both were measured in a transmission geometry, and the closo-borate was air-sensitive 

and enclosed in heat sealed aluminized pouch. 

Imaging and high-q optic measurements were demonstrated with two iron oxide samples 

in a reflection geometry. Figure 13 (c) shows an edge shift between Fe2+ and Fe3+ of the Fe L2,3,-

edge measured at medium-q. Figure 13 (d) shows the O K-edge of the same samples. 

 

Figure 13. Demonstration XRS measurements made with the spectrometer. All spectra were 

measured with a single optic using an SDD (a) in situ B K-edge of a sodium closo-borate pellet 

sealed in an aluminized pouch (b) ex situ C K-edge of graphite (c) ex situ Fe L2,3 of an Fe2+ and 

Fe3+ sample and (d) ex situ O K-edge of the same samples as (c). 
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7. Summary and Conclusion 

We show that a six-element XRS spectrometer in an asymmetric Rowland geometry with 

0.5-m radius SBCAs can deliver performance suitable for materials characterization with 

comparable energy resolution to symmetric 1-m radius SBCA configurations. Furthermore, we 

show that this is accomplished with an extreme reduction in spectrometer size and complexity, 

such as by the use of only six motorized degrees of freedom for alignment, as opposed to the 72 

motorized degrees of freedom that would be needed for the 24 1-m SBCA that would capture the 

same total solid angle. 

The asymmetric Rowland geometry in the Johann Normal Alignment (JNA) 

configuration with 0.5-m SBCA enables 100 mm working distances between source and detector 

whilst preserving a total energy resolution of ~1.0 eV and a spectrometer energy resolution of 

0.3 – 0.4 eV. Future testing with improved incident beam energy resolution could indicate the 

limits of this design. Furthermore, experimental or ray tracing investigations into energy 

resolution at even great asymmetries could potentially provide even larger source/detector 

clearance at 0.5-m. 

The spectrometer spans a q range from 1.3 Å⁻¹ to 9.7 Å⁻¹ at 9.7 keV. However, the 

present implementation does not support simultaneous data collection from multiple arrays and 

data collection from both optics in the same array is only possible with the area detector. Doing 

so with energy discrimination would require a second SDD or an additional degree of freedom (a 

tilt) to tune the analyzer energies to the exact same value so a single SDD could be used without 

compromising energy resolution. The imaging results highlight an unexpected capability of the 

asymmetric geometry with diced analyzers. The use of the sagittal focus is required for any 

spatial imaging at Bragg angles away from backscatter when asymmetric.  
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The drawback of asymmetric geometries at 0.5-m is an increase in sagittal and meridional 

focal spot sizes and a reduction in the q-resolution per optic compared to 1-m. Furthermore, the 

spectrometer is still operating at Bragg angles further from backscatter, where source-size and 

other broadening mechanisms contribute more strongly to energy resolution. The present 

geometry occupies a favorable regime where the benefits in clearance and solid angle outweigh 

these penalties. Despite this, a single 0.5-m optic subtends four times the collection solid angle of 

its 1-m counterpart and the present system is demonstrated as capable. Future upgrades to larger 

arrays with additional optics could rapidly outpace 1-m systems. 

These results validate the use of asymmetric Rowland geometry at JNA as a central 

design strategy for smaller XRS spectrometers. The relatively compact footprint and low number 

of optics suggest a practical pathway for upgrading existing hard X-ray spectroscopy beamlines 

to XRS capability. The demonstration measurements reported here were collected in a few hours 

with a single analyzer. For a hard x-ray spectroscopy beamline, installing one or a few 0.5-m 

asymmetric analyzers and a suitable detector could enable routine ex situ XRS measurements 

without significant resource investment. 
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Chapter 7. Proof-of-Principle Characterization of 

Superionic Conducting Hydridoborate Based Solid State 

Electrolyte Using X-ray Raman Scattering Spectroscopy 

 

1. Introduction 

Battery systems and infrastructure are a critical technology for energy storage and large-

scale energy delivery1. Conventional rechargeable batteries have solid electrodes and liquid 

electrolyte and have become ubiquitous for their low-cost, ease of manufacture, and high energy 

and power density. However, the upper limit energy density of conventional lithium-ion batteries 

is being approached2. Furthermore, liquid electrolytes pose safety concerns as a flammable 

organic liquid3. Thus, alternative battery technologies such as sodium-ion and solid-state 

batteries are a lower cost and higher safety alternative with the potential to deliver greater energy 

and power density than conventional lithium-ion batteries4–7. 

Solid state electrolytes present a promising future for Na and Li solid-state batteries8. 

Solid electrolytes have been historically overlooked due to assumed slow kinetics in solid 

systems; if the ionic conductivity is overcome they offer many benefits compared to their liquid 

counterpart. Unlike liquid electrolyte, solid electrolytes serve as functional separators between 

anode and cathode and only Li/Na ions are mobile9. Thus, the dissolution of transition metals 

into the electrolyte (leaching) cannot occur, unlike in liquid electrolytes. Furthermore, in liquid 

electrolytes, both ions and anions are mobile and concentration gradients form in the electrolyte 

while current flows which reduces cell current; again this cannot occur in solid electrolytes10. 
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Lastly, many inorganic solid electrolytes are stable at room temperature and are a higher safety 

alternative to conventional liquid organic electrolytes.   

Metal closo-borates are an emerging inorganic solid state electrolyte salt with large 

BnHn
2- polyhedral anions11. These materials are superionic conductors and stable at room 

temperature but undergo phase transitions at higher temperatures. However, some equal molar 

mixtures of closo-borates are stable beyond room temperature and undergo no such phase 

transitions making them suitable for use in batteries12,13. (Na2B10H10)0.5(Na2B12H12)0.5  is one such 

mixture with 3-4 magnitudes greater room-temperature ionic conductivity than its components; 

the electrolyte is compatible with both sodium metal anodes and sodium cathode materials and 

has been realized in several laboratory-scale solid state battery devices12,13. More broadly, 

hydridoborate-based solid electrolytes are a rapidly growing class of materials for solid state 

batteries11,14, but are difficult to characterize with X-ray spectroscopy. 

X-ray Raman Scattering (XRS) presents a potential characterization method for the entire 

class of hydridoborates. Traditional resonant X-ray absorption spectroscopy fine structure 

(XAFS) or X-ray photoemission spectroscopy (XPS) are not suitable for characterizing the low-

Z metal hydridoborates as the measurements require a vacuum environment and suffer from high 

surface sensitivity and low penetration depths15. However, XRS is a non-resonant technique that 

is a bulk-sensitive element specific probe that can provide XAFS equivalent data with large 

penetration depths and can be performed in air16–18. In the future, XRS may be a key operando 

technique for studying both the metal ion (Na, Li) and boron anion (B, H) local chemical 

environment in solid state electrolytes while the battery cycles. 

Here, we use XRS as a proof-of-principle demonstration measurement to collect XANES 

information on the (Na2B10H10)0.5(Na2B12H12)0.5 system. 
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2. Methods 

a. Sample Preparation 

The prepared sample chemistries measured were Na2B10H10, Na2B12H12, and a 50/50 

molar combination (Na2B10H10)0.5(Na2B12H12)0.5, herein referred to as B10, B12, and B10/12 

respectively. High density 1 mm thick pellets were cold pressed without additional binder and 

heat-sealed into aluminized mylar pouches under a dry Ar environment. XRS measurements 

were made through the pouch without breaching its atmosphere. 

b. Beamline Description and Measurement 

Measurements were conducted at Sector 25-ID-D at the Advanced Photon Source. An 

unfocused rectangular beam 200 (V) x 500 (H) µm2 delivered a 6 x 1012 ph/s flux at the sample 

position. XRS was performed using a prototype single-element spectrometer in an asymmetric 

Rowland geometry in so-called inverse scanning mode, described in Figure 1. The spectrometer 

used a 0.5-m radius of curvature Si(211) optic (XRSTech) on the 755 reflection in a 

configuration that suppressed energy resolution degradation from Johann error. The analyzed 

photon energy was 11.5 keV. The XRS measurements were executed at a momentum transfer of 

8.6 Å-1 set by the incident photon energy and scattering angle (90o). An Eiger 500K pixelated 

area detector (DECTRIS) was placed 62.6 mm off-circle at the sagittal focus.  
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Figure 1. The Rowland circle geometry for the XRS measurements. The spectrometer 

remained fixed while the incident beam energy was scanned. Note the incident beam on the 

sample is pointing into the page making a scattering angle of 90o; the momentum transfer of the 

experiment was 8.6 Å-1. 

 

c. Data Processing 

Spectral data was extracted from the image stacks using a home-written Python package 

and normalized by an upstream ion chamber signal along the beam path. All presented data are 

normalized. An unconstrained non-negative least squares linear combination fitting of the spectra 

was performed using the scipy library. 

 

3. Results & Discussion 

Spectral data was extracted from the image stacks with a region of interest (ROI) that 

selected only signal from the BH pellets, shown in Figure 2. A unique ROI that contained a B K-

edge signal was selected for the 3 sample chemistries. By rejecting scatter from the aluminized 

pouch, the signal-to-background of the B K-edge is increased and the Poisson noise of the 

spectra is reduced.  
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Figure 2. (left) Summed image stack of an XRS scan. The region of interest (ROI) show 

selects signal from the sample pellet and rejects scatter from the enclosing aluminized pouch. 

(right) Peak normalized elastic line from the measurements with a full width half max (FWHM) 

of 2.05 eV. 

 

The overall energy resolution of the measurements was ~2.0 eV, determined by the full 

width half max (FWHM) of the elastic line shown in Figure 2. The elastic line sets the origin of 

the energy loss spectrum. 

XRS measurements and the resultant normalized spectra are shown in Figure 3. Panel (a) 

shows the inelastic X-ray scattering spectrum collected on all 3 samples on a semi-log scale. The 

B10/12 spectra shows the elastic line, Na L-edge, and B K-edge absorption features. The broad 

featureless background these edges sit upon is the Compton spectrum. Due to time constraints, 

only the B K-edge regime was scanned for the B10 and B12 chemistries. 

Data analysis of the B K-edge requires background subtraction and normalization of the 

spectra. This was accomplished by a linear fit of the pre-edge region, shown in Figure 3 panel 

(b). For spectral changes in the near-edge regime, this is an acceptable model. 
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The linear fitted background subtracted B K-edge spectra are shown in Figure 3 panel (c). 

Limitations in data collection time resulted in fewer counts in the B12 spectra, but the signal 

noise is comparable to the B10/12 and B10 datasets. Figure 3 panel (d) shows the normalized 

XANES regime for the three samples. The B10/12 mixture appears to be a linear combination of 

its constituent compounds. 

 
Figure 3. (a) The summed inelastic spectra collected from the samples. A wider scan on the 

B10/12 sample shows the elastic line and Na L-edge features. (b) The linear fits to the B K pre-

edge region. (c) The pre-edge subtracted B K-edge feature of the three chemistries. (d) The 

normalized B-K-edge absorption feature of the samples. 

 

To test this hypothesis, a linear-combination fit over the energy loss window of 180 – 210 

eV was performed with the B10 and B12 spectra. The sum of squared residuals between the 

measured B10/12 spectra and the modeled a*yB10(x) + b*yB12(x) was minimized. The result of the 
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linear combination fitted spectrum overlaid on the B10/12 measured spectrum is shown in Figure 

5. The best fit solution was determined with weights of 0.360  0.045 and 0.635  0.045 for B10 

and B12, respectively. The errors are 1 standard deviation, corresponding to a 65% confidence 

interval. There was negligible difference between the constrained (a+b=1) and unconstrained 

models. The calculated R2 was 0.997, indicating a good fit over the specified energy loss range 

and that B10/12 is well-described by a linear superposition of B10 and B12 spectra.  

 

 
Figure 4. The normalized B10/12 B K-edge feature and the linear combination fit spectrum 

from the B10 and B12 data with 0.36 and 0.63 weights, respectively. The grey region is the fitted 

domain. 

 

The expected mixture of the linear combination was 50/50, however, the mixture weights 

don’t directly correlate to mass fraction – the calculated weights from the best fit are on a “per-

boron atom” basis, and need to be appropriately scaled by the fraction of B10 and B12 boron 

atoms in the mixture. Doing so, the mixture determined by linear-combination fitting scaled by B 
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atoms is 43%  5% B10 and 53%  B12, which is modestly agreeable to the expected 50/50 

mole fraction. 

 

4. Conclusions 

Reference and mixture XRS data was collected on three closo-borate samples, where the 

mixture is a known superionic conductor. Spectral features in the near-edge structure of the 

mixture were successfully fitted using a linear-combination of the reference data. 

Most constraints in this experiment were instrument specific; significant losses in XRS 

signal intensity were costly in the data acquisition time and statistics of the collected spectra. The 

prototype spectrometer was only 30o above the horizontal plane, resulting in the polarization-

dependent Thomson factor being reduced by a factor of 4. Furthermore, the use of an all-odd hkl 

reflection of the crystal analyzer reduced the spectrometer efficiency by another factor of 4. 

Measuring at a lower momentum transfer would also result in more oscillator strength and 

intensity of the B K-edge with respect to the underlying Compton background, improving signal 

to noise ratio. Lastly, measuring with a focused beam and at lower incident energy would result 

in improved energy resolution and sharper spectral features. 
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Chapter 8. Democratization of HERFD-XAS: High-

Throughput Multi-Edge HERFD over 5-20 keV With a 

Single Optic Using Asymmetric Rowland Geometries 

 

This chapter is based on a manuscript prepared for submission to Journal of Synchrotron 

Radiation. 

 

Anthony J. Gironda, Yanna Chen, Yeu Chen, Mark F. Wolfman, Shelly D. Kelly, Gerald T. 

Seidler 

 

1. Abstract 

High-energy resolution fluorescence detection X-ray absorption spectroscopy (HERFD-

XAS) is a powerful chemical specific probe for K- and L-absorption edges. However, HERFD-

XAS spectrometers require as many as 10 or more unique sets of crystal analyzers for sufficient 

energy coverage of emission lines, greatly increasing the up-front instrument cost and a long-

term operational cost of often 1-2 days to swap crystal sets; present conventional instrumentation 

is not well-suited for dynamic, on-the-fly changes of user science goals studying multiple edges 

at different energies. Here, we report a HERFD-XAS spectrometer innovation utilizing 

asymmetric Rowland geometries with detector placement off-circle at the sagittal focus. With 

one additional degree of freedom (an azimuthal rotation of the analyzer face), we demonstrated 

that one single spherically bent crystal analyzer can access over 10 emission lines from 5-20 keV 

with no hands-on user intervention, hardware changes, or optic swapping. This presents an 
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avenue for rapid high-throughput, low-cost HERFD-XAS for any hard X-ray spectroscopy 

beamline.  

2. Introduction 

X-ray photon-in/photon-out spectroscopies such as X-ray emission spectroscopy (XES) 1, 

high energy resolution fluorescence detection X-ray absorption spectroscopy (HERFD-XAS) 2,3, 

and resonant inelastic X-ray scattering (RIXS) 4 are advanced synchrotron techniques widely 

applied to fields such as actinide chemistry 5,6, catalyst science 7,8, and life sciences 9,10, and have 

become routine characterization tools at hard X-ray spectroscopy beamlines. These techniques 

typically share a common Bragg angle scanning spectrometer design wherein spherically bent 

crystal analyzers (SBCAs) in symmetric Rowland geometry analyse fluorescing/scattered 

photons 11,12. Johann profile SBCAs 13 provide both high energy resolution (1-2 eV), large 

collection solid angle, and approximately point-focusing at the detector position 14. We focus 

here on their use in XES/HERFD-XAS spectrometers. 

However, XES/HERFD measurements are also constrained by the conventional 

symmetric scanning Rowland spectrometer: the useful energy range per SBCA is only ~600 eV 

when operating at 5 – 10 keV. Sufficient coverage of, for example, the 3d transition metal K 

and K emission lines require nearly as many unique SBCAs as emission lines. There are three 

costs associated with the conventional spectrometer modality. First, a significant up-front 

resource cost for instrumentation. Second, instrument scientists are typically required for 

swapping and potentially recalibrating SBCAs to analyze different energy ranges; for large 

arrays this can take upwards of 1 –2 days of beamtime and is often scheduled in advance. This 

incurs a long-term operational cost and limits the flexibility of experiment design for user-

science. And third, an experiment may require a crystal or crystal set that are not owned by the 
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beamline and thus the science is not possible. Present symmetric scanning Rowland 

spectrometers are not flexible platforms for studying multiple edges at different energies in quick 

succession. 

With notable but seldom examples 15,16, asymmetric Rowland geometries are presently 

underutilized in the design and operation of high-resolution hard X-ray photon-in/photon-out 

spectrometers. Recent work with a laboratory X-ray spectrometer demonstrated two significant 

benefits of asymmetric operation of SBCA 17. First, the energy range of a single optic can be 

greatly expanded by so-called “hkl-hopping”, where an additional degree of freedom (azimuthal 

rotation of the analyzer) enabled access to many reflections of the optic without swapping. 

Second, that asymmetric operation frequently allows the suppression and occasionally 

elimination of Johann error, an aberration causing energy resolution degradation, without 

masking the analyzer. These observations were extended and formalized in a software package 

for asymmetric analyzer reflection selection 18 and a ray-tracing study of the analyzer response 

function and focusing behavior when asymmetric 19.  

We note two typical scanning geometries for the conventional symmetric XES/HERFD 

Rowland spectrometer: a table scan geometry (Figure 1 (a)), where the analyzer translates above 

the horizontal plane and the detector is always vertically aligned with the source 20–22, and a tilt 

scan geometry (Figure 1(b)), where the analyzer, always in the horizontal plane, tilts in the 

dispersive direction and the detector is not vertically aligned with the source 23–29. We focus here 

on the tilt scan geometry with the goal of presenting asymmetric as both a new design strategy 

for future instrumentation and a potential “retrofit” to pre-existing tilt scanning XES/HERFD 

spectrometers. 
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Figure 1. Trajectories of a symmetric (a) table scan and (b) tilt scan Rowland geometries. 

For HERFD/XES, the beam (‘source’) is in-to/out-of the page. 

 

We report the design and commissioning of a tilt scan Rowland geometry XES/HERFD 

spectrometer. A key design strategy for the detector placement when hkl-hopping utilizes the 

astigmatic focus of the SBCA, shown in Figure 2. Detector placement and tracking behind the 

Rowland circle at the sagittal focus simplifies the detector trajectory to be mostly vertical and 

frequently places the detector vertically in line above the source. By using a single Si(211) 

analyzer asymmetrically and hkl-hopping, we measured emission lines and performed K- and L3- 

edge HERFD-XAS at ~1.5 eV resolution from 5 – 10 keV with no changes in spectrometer set-

up. With the same single analyzer, we also demonstrate measurements on 4d transition metal K-

edges as surrogates for actinide L-edges with spectrometer energies up to 18 keV at ~4.0 eV 

resolution. Asymmetric XES/HERFD spectrometers require many fewer analyzers than 

conventional symmetric ones, and present HERFD as a high throughput technique capable of 

analyzing vastly different photon energies without requiring intervention of a beamline scientist 

to change optics. This mode of operation is automatable and user trainable.  
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Figure 2. Diagram of the astigmatic focus of the analyzer in the asymmetric JNA Rowland 

geometry, wherein the source is diametrically located from the analyzer on the Rowland circle. 

The meridional focus is perpendicular to the Rowland plane and on the focusing circle perimeter 

whereas the sagittal focus lies within the Rowland plane and beyond the focusing circle 

perimeter. In this reference frame at JNA, the sagittal focus is located directly in-line above the 

source 
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3. Asymmetric Spectrometer Rowland Geometry 

When operating asymmetrically, the diffracting plane family (Ghkl) differs from the 

nominally surface coincident “cut” plane family (G0) of the optic. The asymmetry angle () 

between these plane families for cubic crystal structures (Si, Ge, e.g.) is defined by 

𝛼 =  cos−1(
𝑮𝟎 ⋅ 𝑮ℎ𝑘𝑙
‖𝑮𝟎‖‖𝑮ℎ𝑘𝑙‖

) (1) 

for a given asymmetric reflection. We note that under asymmetric operation of a single optic 

using many reflections for an expanded energy range,  can vary significantly.  

The Rowland geometry of the spectrometer arranges the fluorescing source and optic in 

the horizontal plane and places the detector at the sagittal focus. The variables of the asymmetric 

Rowland circle in this reference frame are denoted in Figure 3. For convenience, we define a so-

called mechanical angle (M) as  

𝜃𝑀 = 𝜃𝐵 + 𝛼 (2) 

where 𝜃𝐵 is the Bragg angle of the diffracting plane. Physically, M is the angle between the 

SBCA’s center surface tangent and the fluorescing source (see Fig. 3). 
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Figure 3. Diagram of asymmetric Rowland circle geometry with sagittal detector 

displacements shown w.r.t a fixed fluorescing source. The asymmetry angle α is defined between 

the diffracting plane Ghkl and the surface cut plane G0 reciprocal lattice vectors. 

 

The chord relations in asymmetric Rowland geometry are given by  

𝜌 = 𝑅 sin(𝜃𝑀) (3) 

𝑓𝑚 = 𝑅 sin(𝜃𝐵 − 𝛼) (4) 

𝑓𝑠 = −
𝑅 sin2(𝜃𝑀)

sin(𝜃𝐵 − 𝛼) cos(2𝜃𝑀)
 (5) 

where R is the bending radius of the SBCA (equivalently the diameter of the Rowland circle),  

is the chord from source to SBCA, and fm and fs are the meridional (on-circle) and sagittal 

(behind-circle) astigmatic focal lengths of the SBCA, respectively 19. The extents of these focal 

spots assuming geometric lenses and an on-circle point source is given by 

𝑤𝑚 = 2(𝑓𝑠 − 𝑓𝑚) tan (
𝑑𝑥𝑡𝑎𝑙
2𝑓𝑠

) (6) 

ℎ𝑠 = 2(𝑓𝑠 − 𝑓𝑚) tan (
𝛾

2
) (7) 
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where wm is the width of the meridional focus (perpendicular to the Rowland plane) and hs is the 

height of the sagittal focus (within the Rowland plane) 19. These focal sizes also depend on the 

diameter of the optic, dxtal, and the angular size of the optic in the Rowland plane viewed from 

the source, , given by 

γ = 2 tan−1 (
𝑑𝑥𝑡𝑎𝑙 sin 𝜃𝑀

2𝜌
) . (8) 

The trajectory of the sagittal focus, and thus the displacements of the detector with 

respect to the source (refer to Fig. 3), is given by 

𝑑𝑥 = 𝑓𝑠 cos(2𝜃𝐵
𝑐) − 𝜌 (9) 

𝑑𝑦 = 𝑓𝑠 sin(2𝜃𝐵
𝑐) (10) 

where 𝜃𝐵
𝑐  is the complement angle of 𝜃𝐵.  

Now, we consider a special configuration of asymmetric Rowland geometry where the 

source is placed on-circle diametrically from the optic at the spherical center of the radius of 

curvature ( = R); we define this geometry as “Johann Normal Alignment” (JNA). Here, θM = θB 

+ α = 90o and Johann error is eliminated 17,19,30,31. At JNA, dx = 0 and the sagittal focus is located 

directly above the fluorescing source. Figure 4 shows 0.5-m Rowland circle trajectories at three 

different α (i.e. three different Ghkl and analyzed energy ranges), and in for each case when JNA 

is satisfied the sagittal focus is vertically in line with the source. 
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Figure 4. Side view of asymmetric Rowland circle geometry at three different asymmetries 

(panels (a), (b), (c)) at select θB. The JNA condition (θM = θB + α = 90o) is denoted by a star at 

the sagittal focus. At JNA, the sagittal focus is located directly above the source shown by the 

dashed vertical axis. 

 

As mentioned in the introduction, this reference frame is very common for usual 

symmetric spectrometers. Here, a particular challenge in the design of an asymmetric scanning 

Rowland spectrometer with detector tracking at the conventional meridional focus is the non-

equivalence of  and fm at increasing α. This always results with the detector cantilevered in 

front of the source, closer towards the analyzer (refer to Fig. 4, the meridional point in all cases), 

which complicates the flight path for He boxes and requires both significant horizontal and 

vertical displacement of the detector to remain on circle. 

Thus, the design strategy for a kinematically simpler and more convenient asymmetric 

spectrometer in this reference frame instead detector tracks the off-circle sagittal focus and 

prioritizes reflections only where the analyzed energy is at or close to JNA (θM = 90o). This 

simplifies the detector tracking to require only significant vertical displacement, and relatively 

little horizontal displacement. 



199 

 

4. Spectrometer Description 

The spectrometer utilizes a single SBCA in asymmetric Rowland circle geometry. A 

computer aided design (CAD) rendering in Figure 5 details the components and motorized 

degree of freedom. The source remains fixed while the spectrometer scans. The instrument 

employs a 0.5-m radius of curvature sliced Si(211) SBCA (XRSTech) arranged in the horizontal 

plane to eliminate any elastic/inelastic photons from being analyzed. The optic is mounted 

concentrically to a motorized azimuthal rotation stage (Velmex B5990TS), which we refer to as 

the ‘clock angle’ or , shown in the section view ‘A’ of Figure 5. This additional degree of 

freedom enables automated asymmetric operation and is required to rotate the selected Ghkl into 

the vertical Rowland plane for hkl-hopping, and can also be used for tilt-free correction of wafer 

miscut when symmetric 32. The analyzer is permanently mounted on a cartridge that 

kinematically mounts to the azimuthal  subassembly, preserving concentricity and orientation 

when swapping analyzer cartridges. 

 

Figure 5. Side-view CAD rendering of the 0.5-m spectrometer. Degrees of freedom are 

labelled with blue arrows. The detector is placed at the sagittal focus at a fixed angle of 30o. The 

section view ‘A’ shows the front face of the SBCA subassembly and the additional azimuthal 

motorized degree of freedom, , required for automated asymmetric hkl-hopping. 
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The spectrometer scans in angle,  θM, by a tilt stage (Kohzu SA10A-RT01) beneath the 

azimuthal subassembly. Kinematic alignment features place the apex of the SBCA on the 

rotation axis of the θM tilt stage. The θM subassembly is designed to scan the analyzer equidistant 

around JNA (θM = 90o) with a range of 80o – 100o. The absolute θB range of a given asymmetric 

reflection depends on α. The source is kept on circle while the spectrometer scans by a linear 

translation stage,  (Velmex Xslide), beneath the θM tilt subassembly. The stroke and resolution 

of the spectrometer motors are described in Table 1. 

 

Table 1. Motorization specifications for scanning the spectrometer. 

Name Description Stroke 

 

Resolution 

θM Analyzer dispersive rotation 10 0.002 

 Analyzer azimuthal rotation 180 0.01 

 Analyzer translation 395–600 mm 75 m 

dx Detector horizontal translation -45–80 mm 75 m 

dy Detector vertical translation 80–460 mm  75 m 

 

The spectrometer uses an Eiger 500K (Dectris) pixelated area detector with a 77.2 x 38.6 

mm2 sensing area and 450 m thick Si sensor. The detector is side mounted so the longer 

dimension of the sensing area lies along the Rowland plane and is tipped down 30o so the 

diffracted rays from the analyzer are approximately normal to the sensor. The detector is placed 

behind the Rowland circle at the sagittal focus by linear translation stages dx and dy (Velmex 

Bislide and Velmex Tandem Bislide). In this frame of reference and operating around JNA, the 

sagittal focus is mostly located vertically above the source.  
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Table 2. Calculated spectrometer parameters for several emission lines asymmetrically 

accessed with a 0.5-m Si(211) SBCA.  

Emission 

 

 

Energy 

(eV) 

Ghkl 

 

 

 

(o) 

θB 

(o) 

α 

(o) 

θM 

(o) 

 

(mm) 

dx 

(mm) 

dy 

(mm) 

hs 

(mm) 

η 

Nd L𝛼1 5227.6 (3, 3, 1) 67.8 72.13 20.51 92.65 499.5 19.4 373.3 49.5 2.6 

Co K𝛼1 6930.9 (5, 3, 1) 112.2 76.99 14.96 91.95 499.7 9.6 248.7 25.1 2.5 

Fe K𝛽1 7059.3 (5, 3, 1) 112.2 73.06 14.96 88.02 499.7 -10.2 328.7 33.1 1.9 

Fe V-t-C 7110.0 (5, 3, 1) 112.2 71.77 14.96 86.73 499.2 -17.1 356.3 36.3 1.8 

Co K𝛽1 7649.1 (5, 3, 3) 0.0 78.11 5.05 83.16 496.4 -11.2 213.8 10.5 1.2 

Cu K𝛼1 8046.3 (4, 4, 4) 0.0 79.37 19.47 98.84 494.1 57.9 214.7 32.3 4.7 

Zn K𝛼1 8637.2 (6, 4, 2) 90.0 81.48 10.89 92.37 499.6 8.2 155.6 11.9 2.7 

Re L𝛼1 8652.0 (6, 4, 2) 90.0 80.85 10.89 91.74 499.8 6.0 167.3 12.6 2.5 

Cu K𝛽1 8903.9 (5, 5, 3) 39.2 79.97 16.92 96.89 496.4 38.3 195.3 24.9 4.1 

Pt L𝛼1 9442.0 (7, 3, 3) 180.0 81.71 4.04 85.75 498.6 -5.4 146.9 5.3 1.3 

Zn K𝛽1 9570.4 (7, 3, 3) 180.0 77.49 4.04 81.54 494.6 -11.2 225.6 10.9 1.2 

As K𝛼1 10543.4 (7, 5, 3) 67.8 80.51 9.65 90.17 500.0 0.5 172.1 11.4 2.1 

 

By hkl-hopping, a single analyzer can access many asymmetric reflections granting an 

expanded energy range. The Rowland circle parameters for several emission lines are tabulated 

in Table 2 from Eqs. 1—10. The enlarged sagittal focal size when asymmetric is quantified by 

taking the ratio of the asymmetric reflection’s sagittal extent to the meridional extent of the same 

reflection but if accessed symmetrically (i.e. Ghkl = G0); this focal extent factor is denoted by , 

the last column of Table 2. For example, Cu K𝛽1 measured asymmetrically with Si(211) 

accessing the (553) reflection has a sagittal extent hs of 24.9 mm; had it been measured 

symmetrically with a Si(553) optic the meridional extent wm is 6.1 mm, so  = 24.9 mm / 6.1 
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mm = 4.1.  serves as a metric for detection inefficiency when operating asymmetrically at the 

sagittal (off-circle) focus compared to symmetric operation at the meridional (on-circle) focus. 

Pre-alignment of the spectrometer utilized a 0.5-m metal rod with an aperture that 

kinematically mounted to the base plate of the spectrometer; the beam was steered through the 

center of the aperture to set the position of the spectrometer to a known fiducial. X-ray alignment 

required determining the radius of curvature of the Si(211) optic. This was done by measuring 

the elastic line width on the (444) reflection at JNA while varying . The radius of curvature was 

determined at the  value that yielded the sharpest energy resolution. Regular spectrometer 

operation required a Bragg angle offset, B
offset, at JNA to calibrate the energy scale for an 

asymmetric reflection before proceeding to an XES or HERFD scan.  

 

5. Methods 

a. Beamline Description 

All measurements and commissioning were carried out at Sector 25-ID-C of the 

Advanced Photon Source. The beamline’s X-ray source is a 2.8-mm canted undulator. Rh-, Si-, 

and Pt-coated stripes on a high-heat load collimating mirror provided harmonic rejection. A 4 – 

40 keV monochromatized energy range is provided a Si(111) double-crystal monochromator 

which was 15% detuned. A 300 mm Kirkpatrick-Baez focusing mirror system provided a 10 x 10 

m2 micro focused beam spot 400 mm downstream. At 10 keV, a flux of 1x1013 ph/s was 

delivered at the sample. Intensities were monitored with ion chambers at several segments along 

the beam path.  
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b. Software and Data Processing 

Images captured with the area detector were processed in Python using a region of 

interest (ROI) and a pixel threshold to select signal and extract spectra. XES spectra are 

presented with a background subtraction, this background was determined with an off-signal 

ROI. XAFS and HERFD spectra were normalized following standard practice in Athena. Sets of 

SBCAs for asymmetric energy coverage was surveyed using a modified version of hklhop18. 

c. Samples and Measurement 

The samples were mostly transmission and fluorescence beamline standards. Layered 

samples of powders prepared on tape were CuO, Cu2O, Na2ReO4, Y2O3, and MoO3. Non-diluted 

pressed pellets were Nd2O3, Fe3O4, As2S3 contaminated soil, and Pt catalyst on TiO2 support. 

Individual PEG diluted pellets were 10 wt% ZnO, 5 wt% CoO, and 50 wt% ZrO2.  

All measurements were made in air except for Nd, which used a He flight path through 

the spectrometer. Overall energy resolutions were assessed by the full width half max (FWHM) 

of the elastic line from the spectrometer. Total fluorescence yield was recorded with a Vortex-

ME4 spectroscopic silicon drift detector below 15 keV and a passivated implanted planar silicon 

detector with no energy discrimination above 15 keV. 

The presented experimental results were all performed with the spectrometer described 

except for the slice orientation dependent focus images which begins the Results section. That 

work was done with a prototype asymmetric spectrometer of similar operating principles – a 

description of that instrument and the 25-ID-C beamline parameters is found in the SI. 
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6. Results 

The results begin with a survey of asymmetrically operated SBCA energy ranges and a 

suite of analyzers for maximum energy coverage. Next, we describe the spectrometer’s energy 

resolution and performance. Then we demonstrate hkl-hopping for K- and L-edge XES in the 

energy ranges of 4-10 keV, and discuss the effect of slice orientation on the sagittal focus 

quality. Lastly, we demonstrate spectroscopy capability at 10-20 keV on surrogate L-edges of 

actinides. 

a. Survey of Unique SBCAs for Energy Coverage 

By hkl-hopping, a comprehensive energy range can be stitched together by accessing 

many reflections. We present asymmetric operation as a low cost design strategy for scanning 

spectrometers, where a few asymmetrically operated optics can replace an entire suite of 

symmetrically operated optics. To demonstrate this, we surveyed common cuts of Si and Ge 

analyzers for their coverage of the 3d transition metal K1 and K1 emissions when used 

asymmetrically. A subset of some of the best analyzers for this range is shown in Figure 1(a).  
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Figure 6. hkl-hopped energy ranges for a subset of SBCAs for θB = [65o, 88o], θM = [80o, 

100o],   = [0o, 21o] at (a) 4-10 keV with 3d transition metal K1 (black, labelled) and K1 (gray, 

unlabelled) emissions and (b) 10-20 keV. Ranges assume sufficient detector translation. 

 

When operating asymmetrically, significant coverage of relevant emission lines can be 

achieved with a small number of SBCAs. First, a two analyzer SBCA suite (Si(211) and Si(511)) 

can cover all 3d transition metal K1 and K1 emissions except for Ti K1. Similarly, a single 

analyzer (Si(531)) covers all the energy targets greater than 5 keV. If the θB low limit is extended 

to 60o, one Si(531) analyzer covers all emission targets except for Ti K1. With this modified 

range, Si(531) and Ge(620) could cover the entire 3d transition metal K1 and K1 emission lines 
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from Ti to Zn. We note that these coverages do not include an energy width around the emission 

line energies and assume sufficient detector range of motion.  

A relatively careful selection of SBCAs is required for maximum coverage with 

minimum unique analyzers in the range of 4 – 10 keV; and we find a comprehensive energy 

range for the 3d transition metal K-shell emission spectroscopy is achievable with as few as two 

optics. In general, including more optics in the suite will yield θB closer to backscatter, θM closer 

to JNA, and smaller α for targeted emission lines. 

Unlike the many discontinuities from 4 – 10 keV, we find at high energies (>10 keV) 

asymmetric operation makes generally any cut SBCA suitable for spectroscopy. This is a result 

of the many high index reflections available. Figure 6 (b) shows nearly continuous overlapping 

hkl-hopped energy ranges from 10 – 20 keV for all four surveyed analyzers. Thus, we predict 

any cut SBCA used asymmetrically is suitable for K-shell spectroscopy of 4d transition metals 

and L-shell spectroscopy of actinides in this energy range.  

 

b. Slice orientation dependence of sagittal focus 

Operation at the sagittal focus with a sliced analyzer shows a slice orientation 

dependence in the focal spot image. Asymmetric operation requires  orientation of the optic 

which changes the slice orientation, and its effect on the sagittal focus is unavoidable when using 

a sliced SBCA. To quantify this, a study of the meridional, sagittal, and circle of least confusion 

(the intermediate “focus” between the two) was performed with a sliced 0.5-m Si(100) SBCA in 

Rowland geometry at JNA with slice orientations of  = 0o (slices parallel to the Rowland plane) 

and  = 90o (slices perpendicular to the Rowland plane). The high symmetry Si(100) has several 

asymmetric reflections at identical photon energies, θB, and α, separated in  by 90o and oriented 
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with parallel/perpendicular to the slices, making it suitable for this study. Here, the 711 and 711̅ 

asymmetric reflections were used and the analyzed rays were exactly normal to the detector. 

Further details on this measurement are found in the SI. 

 

Figure 7. Effect of SBCA slice orientation on focusing behaviour, comparing slices 

perpendicular to Rowland plane (a,b,c) to slices parallel to Rowland plane (d,e,f) at the on-circle 

meridional focus (a, d), off-circle sagittal focus (c, f) and the circle of least confusion in between 

these foci (b, e). Here, a 0.5-m Si(100) SBCA in Rowland geometry was used and the 711 and 

711̅ reflections at JNA examined (E = 8318 eV, θB = 78.6o, α = 11.4o).  

 

Slice orientation shows minimal effects at the on-circle meridional focus, as shown in 

Figure 7 (a) and (d). At the meridional focus, the individual stripe segments are visible in (a) and 

overlapping in (b). The calculated meridional extent wm is 15.2 mm, a slight overestimation.  
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Slice orientation has significant effects at the sagittal focus shown in Figure 7 (c) and (f). 

At the sagittal focus with stripes perpendicular to the Rowland plane, each stripe has a different 

focal distance and only a semi-focused image is achievable (Fig. 7 (f)). This behavior is not 

observed when the stripes are perpendicular to the Rowland plane (Fig. 7 (e)). Again, the 

calculated sagittal extent hs is 16.4 mm, slightly overestimated. 

 rotation is required for hkl-hopping and asymmetric operation – unfavorable slice 

orientations and a dispersed sagittal focus is occasionally unavoidable. This impacts the design 

of slits at the sagittal focus for background rejection, and a contributes to a worse signal to 

background ratio as the sagittal foci can be even more dispersed on the detector. This is 

particularly unfavorable for fluorescence detection of dilute samples. This sagittal defocusing 

behavior was also observed with the Si(211) optic reported below, and is assumed intrinsic to 

sliced optics. This may be solved with diced bent SBCAs, but this was not investigated.  

c. Energy resolution 

The overall energy resolution, E, is reported by the full width half max (FWHM) of the 

elastic line measured with the spectrometer. Elastic lines were measured at emission peak 

energies, which reports both XES and HERFD resolution. Over 7 – 10 keV, the energy 

resolutions range from ~1.5 – 2.0 eV with the exception of Zn K𝛽1 shown below in Table 3. In 

the case of Zn K𝛽1, E did not improve by varying  and the elastic energy agreed with the set 

spectrometer energy within 1 eV, so this is not attributed to a tracking error. The elastic line at 

Nd L1 was too weak and was omitted, but is estimated at 1.3 eV. Energy resolution may be 

improved with diced bent SBCAs, detuning the beamline monochromator, or use of a secondary 

channel cut monochromator upstream of the spectrometer. The energy tracking of the 

spectrometer at each reported elastic line was within 2 eV. 
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Table 3. Overall energy resolution of the 0.5-m Si(211) asymmetric spectrometer and 

beamline at relevant emission energies assessed by FWHM of the elastic line. 

Emission 

 

 

Energy 

(eV) 

Ghkl 

 

 

θB 

(o) 

α 

(o) 

θM 

(o) 

E 

(eV) 

Co K𝛼1 6930.9 (5, 3, 1) 76.99 14.96 91.95 1.4 

Fe K𝛽1 7059.3 (5, 3, 1) 73.06 14.96 88.02 1.5 

Co K𝛽1 7649.1 (5, 3, 3) 78.11 5.05 83.16 1.9 

Cu K𝛼1 8046.3 (4, 4, 4) 79.37 19.47 98.84 1.8 

Zn K𝛼1 8637.2 (6, 4, 2) 81.48 10.89 92.37 1.7 

Re L𝛼1 8652.0 (6, 4, 2) 80.85 10.89 91.74 1.7 

Cu K𝛽1 8903.9 (5, 5, 3) 79.97 16.92 96.89 1.8 

Pt L𝛼1 9442.0 (7, 3, 3) 81.71 4.04 85.75 2.0 

Zn K𝛽1 9570.4 (7, 3, 3) 77.49 4.04 81.54 2.7 

As K𝛼1 10543.4 (7, 5, 3) 80.51 9.65 90.17 2.1 

 

d. Asymmetric hkl-hopping XES 

A single asymmetrically operated analyzer has an appreciable energy range for 

spectroscopy from 5 – 10 keV. We demonstrate this by measuring several emission spectra from 

5 – 10 keV with a single Si(211) SBCA with only motorize changes to the spectrometer, shown 

in Figure 8 on non-dilute standards. By hkl-hopping, many reflections and d-spacings can be 

accessed, only requiring the motorized  degree of freedom and the appropriate sagittal detector 

placement. This affords a large energy range for K- and L-shell spectroscopy with a single optic. 

We again note that Si(211) is not the best single optic for energy coverage in the 5 – 10 keV 

range, but was the optic on hand. 
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The XES scans were measured without tracking the detector. Thus, some highly 

asymmetric reflections with very large sagittal foci can move off the sensor and cause signal 

loss; this is observed in the decreased intensity of Nd L2, for example. In the future, the 

spectrometer will operate with sagittal detector tracking during scans. Additionally, the θM range 

(80o – 100o) is limiting when constrained to operating with only a single cut of SBCA; this is 

observed in the Cu K2 where the emission line is close to the upper limit of θM. This can be 

addressed by increasing the θM range (which requires more detector dx translation) or selecting a 

more suitable asymmetrically operating SBCA or set of SBCAs with more favorable Rowland 

parameters. 

 

Figure 8. Emission lines asymmetrically accessed by hkl-hopping a Si(211) optic. 

Reflections and Rowland parameters are displayed for each panel. 
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The sagittal size can become significant when working at large α and we observe that 

slice orientation  dependence can further impact the image quality. The sagittal images at the 

emission peaks of the hkl-hopped spectra are shown in Figure 9, ranging from 35 mm to 5 mm in 

extent, depending on the Rowland parameters. In general, the equation for calculating the sagittal 

extent overestimates the size at larger α and θB further from backscatter. Some imaging 

capability to spatially select fluorescence is shown for the samples with layers of powders on 

tape, this is most evident on the Re L1 image. Imaging resolution at the sagittal focus is 

degraded depending on the slice orientation w.r.t. the Rowland plane.  

 

Figure 9. Corresponding sagittal foci at the corresponding to the measured hkl-hopped 

emission peaks of Figure 6. The Ghkl and Rowland circle parameters are annotated. 
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e. Asymmetric hkl-hopping HERFD 

Next, given the large energy range provided by a single Si(211) optic for XES, it follows 

that HERFD measurements can be made with only motorized changes to the Rowland 

parameters. We assert that this high throughput multi-edge HERFD is both automatable and user 

trainable. A subset of K- and L3-edge HERFD corresponding to some of the measured emission 

lines is shown in Figure 10. No changes in set-up besides swapping samples occurred between 

measurements. The higher resolution sharpening of HERFD spectra is demonstrated for all 

spectra. 

 

 

Figure 10. HERFD-XAS spectra overlaid on total-fluorescence yield (TFY) measurements, 

corresponding to the emission lines of Figure 5. The top row are K-edges, the bottom row L3-

edges. Spectra were measured with a single Si(211) analyzer asymmetrically. All HERFD 

emission channels were set to the K1 or L1 peaks except for Fe K set to K1, shown inset. 
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We further demonstrate HERFD as a high-resolution fingerprinting technique sensitive to 

pre-edge features. Here, we compare Cu K-edge HERFD of Cu2O and CuO, shown in Figure 11. 

The changes in formal oxidation state result in shifts in the absorption edge. The sharpening 

effect of HERFD enables a better look at the pre-edge structure. 

 

Figure 11. Asymmetrically measured HERFD of CuO and Cu2O. 

 

f. Applications at high energy (10 – 20 keV) 

“High” energy x-ray spectroscopy is crucial for the study of actinide L-edges such as Pu, 

U, and Th. These species have initial to final state core-hole lifetime broadenings of 7 – 15 eV33, 

thus HERFD is an important technique for obtaining high resolution spectra. We previously 

showed a nearly continuous hkl-hopped energy range above 10 keV, and purport this is generally 

true for any cut SBCA. As a result, any analyzer asymmetrically can be used for “high” energy 

x-ray spectroscopy if the energy resolution of the spectrometer/analyzer is sufficient. 

We demonstrate this on 4d transition metal K-edges and K emissions serving as 

surrogates for actinide L-edges and emissions. Figure 12 shows an hkl-hopped study recording 
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the K XES, spectrometer resolution at the K1 peak, and the HERFD-XANES measurements of 

the Y, Zr, and Mo K-edges. The overall resolution ranges from 3.7 – 4.2 eV, which is suitable for 

enhancing the spectra of both 4d transition metal K-edges and actinide L-edges given their core-

hole lifetime broadenings. 

 

Figure 12. hkl-hopped measurements of K XES, spectrometer resolution, and HERFD of 

some 4d transition metal K-edges, serving as surrogates for actinide L-shell spectroscopy. All 

measurements used a single Si(211) analyzer asymmetrically. 
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7. Discussion and Outlook 

An asymmetric Rowland spectrometer in tilt scan geometry with detector placement off-

circle at the sagittal focus was commissioned for XES/HERFD measurements. We find many 

operational benefits afforded by asymmetric operation and this geometry. First, operating 

asymmetrically allows a massively expanded energy range of a single SBCA, which was 

demonstrated here from 5 – 20 keV measuring both XES and K- and L-edge HERFD. Operating 

this way, energy range coverage of, for example, we calculate that the first row 3d transition 

metal K-shell emission lines can be accomplished with a very small suite of two SBCAs 

compared to the many SBCAs required when only symmetric. Second, operating asymmetrically 

with a motorized azimuthal rotation stage enables automated hkl-hopping of a single optic from 

one reflection to another. This is both automatable and user trainable, so instrument scientists are 

not required if user science necessitates changing the analyzed emission line in a HERFD 

experiment, for example. It also poses HERFD as a rapid, dynamic spectroscopy technique for 

evolving science at the beamline. Third, we find generalize that any cut of SBCA is usable for X-

ray analysis above 10 keV. At 17 keV, we report energy resolution of ~4 eV; we propose the 

entire range of 4d transition metal K-shell and actinide L-shell spectroscopy is feasible with a 

single SBCA of any cut in asymmetric geometry. 

This presents an interesting avenue towards the future. A relatively low cost, single 

analyzer asymmetric spectrometer with as little as one unique SBCA in the optic suite can enable 

XES/HERFD of many emission lines at any hard (5 – 20 keV) X-ray beamline. Furthermore, 

pre-existing tilt geometry XES/HERFD spectrometers may be able to implement automated 

asymmetric operation with only the addition of an azimuthal rotation stage for the optic.  
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10. Supporting information  

The following supporting information describes the prototype asymmetric spectrometer 

and beamline conditions used to acquire the data in Figure 7 of the results section, showing the 

effect of sliced SBCAs on the meridional and sagittal focus and circle of least confusion. 

 

a. Spectrometer Design and Rowland Circle Geometry 

The asymmetric prototype spectrometer was designed to function in a table scan 

geometry as opposed to the reported tilt scan geometry in the main article. The key feature of the 

table scan is the detector at the meridional focus is always vertically aligned above the sample. 

We found this could be accomplished by use of a “wedge” beneath the SBCA assembly. When 

working at a particular  in relation to the wedge angle, the detector at the meridional focus was 

vertically in line above the source and only translated vertically as B is scanned. This table scan 

equivalent trajectory is only true at one value of  relating to the wedge angle, which we will 

now describe. 

A schematic of a single module is shown in Figure 13 at an arbitrary wedge angle (i.e., 

not the special case approximating the table scan kinematics simply). The wedge angle, , rotates 

the Rowland circle. It is evident that at a particular , the meridional focus and detector position 

‘D’ will align vertically with the source position, ‘S’. As in the symmetric case, the table is 

motorized up and down (z*, Huber 5103.A20-90), but uniquely here the in/out motorization (x*, 

Velmex Xslide) is at an angle, corresponding to . The analyzer is mounted on a motorized 

azimuthal rotation stage (, Velmex B5990TS) for asymmetric operation. 
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Figure 13. Diagram of the asymmetric “wedge” Rowland geometry spectrometer at an 

arbitrary . 

 

Like the symmetric case, with only two motors for the SBCA position the spectrometer 

can scan continuously through Bragg angle. The z and x distances, with a proper offset, 

correspond to motor positions in x* and z*. Analyzed photon energy, and thus B, depend on M 

and . The kinematics are described by 

z =
𝜌 cos 𝜃𝑀
cos 𝛽

(S1) 

x =  −𝑧 sin 𝛽 +  𝜌 sin 𝜃𝑀 (S2) 

𝜃𝑀 = cot
−1 (

𝑧 cos𝛽

𝑥 + 𝑧 sin 𝛽 
) (S3) 

𝜃𝐵 = 𝜃𝑀 − 𝛼 (S4) 

In the special condition where 2 = , the detector position at the SBCA focus is vertical above 

the source across all Bragg angles, and the simple table scan kinematics from the symmetric case 
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are regained with the asymmetric geometry. However, in the case of the designed prototype,  

was fixed, and thus enforced always working at asymmetries close to the condition 2 = . 

When 2 ≠ , even when at JNA, the meridional detector trajectory became complex. The 

trajectories at different B as a function of  and a fixed  are shown in Figure S2. 

 

 

Figure 14. Rowland circle configurations for symmetric and asymmetric spectrometer 

operation with  = 30o. Note the special configuration of the third row when 2 = , source and 

detector positions remain vertically in line at any B. 
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b. Methods 

The beamline layout, operating conditions, and performance were identical to that 

described in the main article, with the exception of the beam dimensions. Here, the beam spot on 

the sample was 10 (V) x 50 (H) m2. The sample used for the images was an SiO2 fused quartz 

microscope slide at a 45o angle to the beam. 

 

c. Measurement 

The sample layout and Rowland circle parameters are described in Figure S3. The 

analyzer used was a sliced Si(100) SBCA with the (711) family of reflections, which were 

oriented 90o apart in  and were parallel/perpendicular to the slices of the optic. The Rowland 

circle was configured to be at JNA, setting the analyzed energy to be 8318 eV. The 

monochromator was set to 8318 eV, so the images collected were composed of elastic scatter. 

The detector was translated parallel to the incident rays from inside the Rowland circle to behind 

the sagittal focus to capture images. The detector was always at normal incidence to the analyzed 

rays, so no smearing / image distortions occurred from detector orientation. 
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Figure 15. Rowland circle parameters and sample description for the slice orientation study. 

Note, the optic used was Si(100). 

 

 

 

 

 

 


