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Geometries for scanning and dispersive instruments for the spectroscopy of

scattered X-rays are presented and the contributions to the energy bandwidth

are discussed. Differences between hard and soft X-ray spectrometers are

addressed.

1. Introduction

An instrument for analyzing the fine structure of the scattered

X-rays in core-hole spectroscopy (X-ray emission spectro-

scopy, resonant inelastic X-ray scattering, X-ray Raman scat-

tering etc.) requires an energy bandwidth that is of the order

of the core-hole lifetime broadening. An energy bandwidth

well below 10 eV is beyond the capabilities of semiconductor

detectors, but can be achieved using wavelength-dispersive

X-ray optics (Sa, 2014; Schülke, 2007). Instruments have been

installed on many beamlines at storage rings and in labora-

tories (Zimmermann et al., 2020). Solid-state detectors using

superconducting materials are also able to reach an energy

bandwidth of a few electronvolts (Uhlig et al., 2015; Kurakado

& Taniguchi, 2016; Doriese et al., 2017; Li et al., 2018). The

widespread use of this technology for X-ray spectroscopy at

storage rings has been hampered by the limited count rates

that they can accept. For measurements where a few electron-

volts suffice, the photon flux at synchrotron-radiation sources

is often higher than can be handled by such detectors.

Furthermore, the low temperatures of the detector material

require sophisticated instrumentation. This technology is very

promising and is currently finding many interesting applica-

tions at laboratory sources. This section focuses on wavelength-

dispersive setups. We note that the field of inelastic X-ray

scattering (IXS) traditionally also covers nuclear forward

scattering and Compton scattering, which we do not discuss

here.

Two important parameters characterize an X-ray spectro-

meter: the captured solid angle and the energy bandwidth that

is given by the deviation ��,

�E ¼ E�� cot �: ð1Þ

The contributions to �� are geometric and intrinsic.

Geometric contributions consider the spectrometer geometry

for a point source, contributions from a finite source size and,

if relevant, the detector position resolution. Deviations of the

reflecting surface from the theoretical shape also contribute to

the broadening. Intrinsic contributions arise from the scat-

tering properties of the optical element, which for crystal

optics are evaluated using the theory of dynamical diffraction.
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Energy analysis of the scattered X-rays can be achieved in

a scanning or a dispersive setup (Fig. 1). Some instruments

employ a combination of both (Huotari et al., 2005). A scan-

ning setup adopts a point-to-point focusing scheme where the

optical element reflects all X-rays impinging on its surface

within an angular range �� onto a detector element. Alter-

natively, the X-rays may be dispersed by the optical element

corresponding to their wavelengths onto a detector surface

(typically a few cm2), the position resolution of which allows

X-rays with different wavelengths to be distinguished. A

dispersive setup does not require moving parts during the

acquisition of a spectrum and accumulation is performed for

all energies simultaneously. Consequently, the spectrum does

not necessarily have to be normalized to the incoming flux.

Such a setup is mechanically less demanding and is compatible

with single-shot data collection at, for example, free-electron

lasers. A scanning setup combines the entire solid angle

captured by the crystal surface in one energy (within �E) and

the X-rays are focused on a single-element or multi-element

detector. The required detector surface is governed by the

focal spot size, which is typically a few mm2. A small exposed

detector surface minimizes the background from stray X-rays.

A scanning setup is preferable for high energy resolution

fluorescence detection X-ray absorption spectroscopy

(HERFD-XAS) and often for measurements on dilute

samples. Scanning and dispersive spectrometers can be

realized adopting different geometries and the most appro-

priate spectrometer geometry depends on the application.

Another scheme is echo spectrometry, in which a polychro-

matic beam interacts with the sample and is imaged on a

position-resolving detector (Shvyd’ko, 2017).

An important observation for inelastic scattering is that

similar final, excited states (see Glatzel et al., 2024) are

observed in the soft and the hard X-ray range. The required

energy bandwidth �E is thus the same and the energy resol-

ving power E/�E must be considerably higher in the hard

X-ray range, which can be achieved using perfect crystal Bragg

optics, while gratings are used in the soft X-ray range.

2. Rowland circle

Henry August Rowland (1848–1901) conceived an optical

scheme in which one optical element selects a wavelength and

focuses light onto a detector. The Rowland circle is now

ubiquitous on X-ray beamlines in the soft, tender and hard

X-ray ranges. The principle is shown in Fig. 2. A divergent

beam, i.e. the scattered X-rays, emerges from the source and

illuminates the surface of the optical element on the Rowland

circle. The radius of the circle is R/2. One now distinguishes

between the surface of the optical element and the orientation

of the reflecting crystal planes. The normal on the reflecting

planes must intersect the Rowland circle at the central point C

in order to obtain the same Bragg angle across the whole

surface in the Rowland plane. Consequently, the reflecting

plane is parallel to the tangent to the Rowland circle only for
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Figure 1
Scanning and dispersive setups for X-ray scattering spectroscopy.

Figure 2
Rowland circle (green), surface of the optical element (red), light rays (blue) and orientation of reflecting crystal planes (black). Johansson (left) and
Johann (middle) optical elements are shown. The panel on the right shows an example for a spherical (R = 500 mm) Johann crystal with a diameter of
100 mm. The colours indicate the Bragg angle.



the beam in the centre of the optical element (opposite to

point C). Above and below this central point, an angle � opens

between the tangent on the Rowland circle (and thus the

surface of the optical element) and the reflecting plane (which

becomes a secant). This asymmetry angle depends on the

displacement h from the centre, and the radius of the X-ray-

reflecting crystal plane is R. Such an optical element achieves

exact meridional focusing in the detector on the Rowland

circle (Johansson, 1933).

Fabrication of an optical element with a varying asymmetry

angle, a Johansson crystal, is possible but challenging and thus

expensive. A simpler setup without an asymmetry angle in the

optical element is the Johann geometry (Johann, 1931), in

which the surface of the optical element adopts a bending

radius R (Fig. 2, centre). This introduces a deviation �� ’
1
2
E(z/R)2cot2� of the reflection angle at a distance z above and

below the central line. This Johann error is the dominant

geometrical contribution to the energy broadening for a point

source. Another contribution arises from the optical element

extending in the sagittal direction, i.e. perpendicular to the

Rowland circle. This contribution to the energy bandwidth

scales with cot(�)4 and can be neglected compared with other

contributions (Fig. 2, right).

The geometric contributions due to the finite source sizes Sz

and Sy are (Bergmann & Cramer, 1998)

�Ez ’ E
Sz

R
cot �; �Ey ’

Sy

R
cot2 �: ð2Þ

The contribution of the source size in the sagittal direction

scales with (Sx/R)2 and can be neglected for common beam

shapes. The beam size should thus be minimized in the

dispersive direction, while a larger beam can be tolerated in

the other dimensions. Such considerations are important, for

example, in the case of radiation-sensitive samples, where the

incoming beam photon density should be minimized without

losing energy resolution in the X-ray spectrometer.

Following the equations for a toroidal mirror (the first-

order terms) the sagittal bending should be Rsin2� to achieve

focusing at the detector position, i.e. the sagittal radius

depends on the Bragg angle. Toroidal crystals with dynamical

bending are demanding to fabricate. A spherical Johann

crystal with fixed radius R sagitally focuses at a distance

Rsin(� �)/cos(2�) from the crystal surface compared with

Rsin� in the meridional direction.1 The focus on a detector

placed on the Rowland circle is in this case a line (in the x

direction) that becomes longer with decreasing Bragg angle.

The sagittal and meridional focusing properties of the

Rowland geometry close to backscattering have been used by

Huotari and coworkers for imaging applications using X-ray

Raman scattering (Huotari et al., 2011). We note that cylind-

rical crystals can be used with the bending radius in the sagittal

or the meridional plane.

The construction of an instrument for X-ray scattering

spectroscopy requires a careful analysis of all contributions to

the energy broadening and focal spot size. Analytical formulae

have been derived by various authors that provide insight into

important contributions to the broadening (Suortti et al., 1999;

Bergmann & Cramer, 1998). The errors scale with cot(�)n, i.e.

increase with decreasing Bragg angle, and many instruments

in the hard X-ray range use analyzer crystals with a spherical

shape at Bragg angles higher than 70� (Fig. 3). A direct

consequence is that many different crystal reflections and

crystal materials (for example silicon, germanium, LiNbO3

and SiO2) are required in order to cover the fluorescence lines

of different elements. Instruments for nonresonant inelastic

X-ray scattering with very high resolving power work very

close to backscattering (Sinn et al., 2001; Krisch & Sette, 2017).

The bending radius should be minimized in order to capture

a large solid angle. This is limited by the elasticity of the wafer,
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Figure 3
Ray-tracing results for Johann geometry. Only geometric contributions are considered. The energy bandwidth was obtained from the histogram (top
panels) including 80% of all rays. The bottom panels show the beam on the detector on the Rowland circle. Note the scale and aspect ratio of the axes. A
full consideration of the energy bandwidth also includes the intrinsic contributions of a bent crystal (Honkanen et al., 2014).

1 The Johann error also introduces a small, meridional broadening of the
focus. This error corresponds to the higher order terms of the focusing
equations for a toroidal mirror.



which will break when bent too much. The bending further-

more introduces an elastic stress that degrades the intrinsic

resolution (Honkanen et al., 2014; Masciovecchio et al., 1996).

Crystal analyzers with very thin wafers and/or wafer

segmentation allow smaller bending radii (Szlachetko et al.,

2012; Mattern et al., 2012; Rovezzi et al., 2017; Dickinson et al.,

2008). A related consideration concerns the required space

around the sample. The detector moves closer to the sample

with increasing Bragg angle and decreasing bending radius

(Fig. 2). Sample environments such as cryostats and in situ

cells require a minimum of space, which in turn sets an upper

limit for the Bragg angle at a given radius of the Rowland

circle.

3. Dispersive geometries

A continuous variation of the Bragg angle across the surface

of an optical element in combination with a position-sensitive

detector allows the detection of an extended energy range

simultaneously, i.e. without the need to move the elements of

the spectrometer. Giving up the Rowland condition by moving

the source in or out of the Rowland circle results in a

dispersive geometry (Machek et al., 2007; Kavčič et al., 2012;

Abraham et al., 2019). A commonly used dispersive geometry

is the von Hámos geometry, in which the meridional radius is

infinite and the sagittal radius is R, i.e. the crystal is cylindrical

(Gouy, 1916; Hámos, 1932). The dispersion is given by X =

2Rcot�, where the distance X is between the source point on

the cylindrical axis and the image point (Shevelko et al., 2002).

R is the cylinder radius. The dispersive energy range for a

given central Bragg angle is determined by the cylinder length,

radius and crystal reflection (Sahle et al., 2023). The dispersive

geometry allows the use of mosaic crystals (Anklamm et al.,

2014). Sagittal focusing is achieved at a distance R/sin�

between the source/detector and the crystal surface. The finite

source size and intrinsic broadening �� of the optical element

result in an x-shaped focus (Zastrau et al., 2012).

Single-element, 1D and 2D detectors may be used in an

X-ray spectrometer. The count rates may vary between

megahertz (for example the K� lines of 3d transition metals)

and a few hertz or even less (for example phonons and

magnons) and the requirements with respect to dynamic range

and dark counts are very strict. High energy resolution

fluorescence detection X-ray absorption spectroscopy/partial

fluorescence yield X-ray absorption near-edge structure

(HERFD/PFY-XANES) is often carried out in continuous

(on-the-fly) acquisition mode and the beamline electronics

should be capable of counting times in the millisecond range.

Energy resolution may also be required in the photon detector

(for example silicon drift diode detectors) for highly dilute

samples and/or samples in a complex matrix where photons

from unwanted fluorescence lines or X-ray scattering events

reach the detector with count rates similar to the desired

photons. Lower order contributions [for example the (440)

reflection when interested in the (660) reflection] can also

be excluded. Position-sensitive detectors are mandatory for

dispersive spectrometer geometries. A 1D detector is in

principle sufficient for a von Hámos instrument, but 2D

detectors are often used in order to facilitate alignment and

provide flexibility for choosing the active detector area in the

sagittal direction. Scanning spectrometers may also use the

detector position resolution to improve the energy resolution

(Huotari et al., 2005).

4. Multi-analyzer spectrometers

It is desirable to increase the captured solid angle. A larger

crystal diameter increases the energy bandwidth in Rowland

geometry. A von Hámos geometry is exact in the sagittal

direction, i.e. there is no contribution to ��, but extending

the crystal in the meridional direction will only increase the

energy range and not the captured solid angle per unit energy.

Thus, in both geometries the solid angle is commonly

increased by mounting several analyzer crystals where each

crystal reflects at the same energy (Fig. 4). The main challenge
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Figure 4
Multi-analyzer spectrometers in Rowland (left) and von Hámos (right) geometry. The Rowland circles are indicated in green and the X-ray source is
indicated by a red cross. The crystal bending radius is 500 mm in both geometries.



here is to achieve an identical energy bandwidth and energy

calibration for all crystals. Each crystal may reflect on the

same or separate X-ray detectors and the detectors may be

single-element or spatially resolving (Sokaras et al., 2012,

2013; Huotari et al., 2017; Hayashi et al., 2004; Fister et al.,

2006; Alonso-Mori et al., 2012; Kleymenov et al., 2011; Dick-

inson et al., 2008; Glatzel et al., 2021; Moretti Sala et al., 2018;

Rovezzi et al., 2020).

5. Soft X-ray spectrometers

For photon energies smaller than 1.5 keV, Bragg reflections

from crystalline planes cannot be used to build narrow band-

pass filters or dispersive optical elements because the lattice

spacings of inorganic materials (resistant to beam damage) are

too small with respect to the photon wavelength. Moreover,

the penetration depth is strongly reduced by absorption,

limiting the intrinsic resolution. Consequently, spectrometers

for soft X-rays are based on gratings ruled on the surface of

high-quality mirrors, mounted at very grazing incidence

(�1.5–3� from the surface) to preserve reflectivity (Ghir-

inghelli et al., 2006; Harada et al., 2012; Dvorak et al., 2016).

The dispersion properties are described by the grating equa-

tion

E ¼ K
na

sin � � sin �
; ð3Þ

where the photon energy E is measured in electronvolts,

n is the diffraction order (usually +1), a is the groove density

(in mm� 1), K = 1.239842 � 10� 3 eV mm and the angles are

defined in Fig. 5. The focusing properties of the grating are

provided by the curvature of its surface (usually a sphere with

radius R), by a nonconstant a along the tangential direction

(variable line-spacing grating) or by a combination of the two.

In the former case a Rowland circle mounting is usually

adopted. In the latter cases the linear term a1 in the groove-

density polynomial law [a(x) = a0 + a1x + a2x2 + . . . ] inter-

venes in the focusing equation

cos2 �

r1

þ
cos2 �

r2

¼
cos �þ cos�

R
þ K

na1

E
: ð4Þ

The quadratic term a2 can be used to minimize optical aber-

rations.

One grating can cover a wide energy range provided that

the detector can be moved along the focal line. The detector is

usually 2D and is preferably mounted tangentially to the focal

line. The energy bandwidth of the system has three main

contributions that add quadratically: the source size in the

dispersion direction (S1), the detector spatial resolution (S2)

and the surface slope error of the grating. The first two

contributions (�E1 and �E2) decrease when the optical arms

(r1 is the sample-to-grating distance and r2 is the grating-to-

detector distances) are made longer, so high-resolution spec-

trometers are usually several metres long (Zhou et al., 2022;

Schulz et al., 2020; Brookes et al., 2018). The progress in

beamline optics, leading to a smaller spot size on the sample

and to a lower slope-error contribution, and in X-ray detector

technology, allowing better spatial resolution, in particular

with the use of single-photon detection (Amorese et al., 2019),

has led to constant improvements in instrumental bandwidth.

The angular acceptance of soft X-ray spectrometers is rela-

tively small and is limited to �3 mrad in the dispersive

direction by optical aberrations and in the nondispersive

directions to�20–30 mrad by the detector size (in the absence

of additional optical elements).

Spectra are measured at a fixed position of the detector,

acquiring an energy window of several electronvolts in

parallel. One resonant inelastic X-ray scattering spectrum can

take from a few minutes to several hours of accumulation

time, depending on the energy resolution and specific cross

sections. The resolution can be as good as 20 meV around

1 keV for 10 m spectrometers.
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Figure 5
The concept of a soft X-ray spectrometer based on a grazing-incidence grating: radiation is dispersed in the tangential plane and is collected by a 2D
detector at nearly grazing incidence. The angles and distances are defined in the sketch on the right.
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