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We describe an ultra-compact setup for in situ X-ray diffraction on the inelastic

X-ray scattering beamline ID20 at the European Synchrotron Radiation Facility.

The main motivation for the design and construction of this setup is the

increasing demand for on-the-fly sample characterization, as well as ease of

navigation through a sample’s phase diagram, for example subjected to high-

pressure and/or high-temperature conditions. We provide technical details and

demonstrate the performance of the setup.

1. Introduction

The advent of fourth-generation synchrotron radiation facil-

ities has led to a considerable increase in data and sample

throughput, even for photon-hungry X-ray techniques such

as inelastic X-ray scattering (IXS). This development has

allowed more and more complex samples to be studied by IXS

and ever more complex sample environments to be used

(Petitgirard et al., 2019; Cerantola et al., 2023; Kumar Das et

al., 2024).

Unlike experimental techniques that are based on elastic

scattering or photoelectric absorption, IXS experiments

are still very time consuming. This implies that samples

cannot simply be screened, for example for crystallinity,

on-the-fly. X-ray diffraction (XRD) is one of the most

powerful and popular techniques used within and outside of

synchrotron radiation facilities and is an absolutely standard

technique for the characterization of materials at atomic

length scales (Warren, 1990; Guinier, 2013). XRD poses

relatively small challenges for instrumentation at entry level

and the time scales are short compared to IXS experiments

(Krywka et al., 2007; Vaughan et al., 2020; Wright et al.,

2020). The latter often take multiple hours and are sensitive

to the local electronic and atomic structure, whereas XRD is

more sensitive to the long-range atomic structure (Petitgirard

et al., 2022). It is often imperative to confirm local symme-

tries and a sample’s integrity prior to time-consuming IXS

experiments.

Here, we describe a compact setup for XRD based on an

Advacam Minipix pixelated area detector that allows us to

survey and assess sample integrity and crystal structure,

and/or obtain complementary sample characterization,

while performing (in situ and ex situ) non-resonant inelastic

X-ray scattering (NIXS) and X-ray emission spectroscopy

(XES).
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2. Technical details

The design of the compact diffraction setup, hereafter referred

to as miniXRD, is extremely simple: a small pixelated area

detector is mounted on a linear translation stage and attached

to the large-solid-angle spectrometer for NIXS on ID20

(Huotari et al., 2017) at short sample-to-detector distances

(typically 90–120 mm). All non-commercial parts are based on

3D-printing technology. Three-dimensional renderings of the

design are shown in Fig. 1 in (a) a vertical configuration or

(b) a horizontal arrangement. Fig. 1(c) shows a photograph of

the detector in its vertical configuration; a high-temperature in

situ sample stage is visible in the foreground.

As detector we use an Advacam Minipix device based on

hybrid single photon counting Timepix3 sensor technology

(256 � 256 pixels, pixel size 55 mm � 55 mm, sensor thickness

500 mm Si) (Granja et al., 2022). This ultra-compact detector

has recently been shown to be useful in a number of appli-

cations, ranging from Compton scattering to the character-

ization of pulsed ultra-high-dose electron beams (Granja et al.,

2018; Turecek et al., 2020; Oancea et al., 2022). The small size

of this detector enables the compact design of the setup, which

makes it possible to integrate it easily in elaborate beamline

end stations such as the large-solid-angle spectrometer on

ID20 (Huotari et al., 2017; Sahle et al., 2023; Moretti Sala et al.,

2018), even if complicated sample environments such as

diamond anvil cells or high-temperature stages are used. Data

transfer and power supply are provided via a micro-USB

connection.

In order to establish the quality and reproducibility of the

setup, the pixel positions (vertical and horizontal) of the direct

X-ray beam are plotted versus the detector translation in

Fig. 1(d). The linear fits of these curves are proof of the

sufficient performance of this setup and confirm the pixel size

of 55 mm � 55 mm as expected from the Timepix3 chip. We

attribute the small horizontal offset of 5 pixels over the

translation range of 14 mm to the imperfect mounting of the

translation stage (angular offset between the laboratory

horizontal plane and the detector translation direction of

approximately 1.1�). The single detector images resulting from

a typical detector scan can be combined to form a single

diffraction image such as is obtained with a conventional

large-area detector. Currently, we do not account for the small

angular offset when stitching the individual detector images

together, which degrades the final angular resolution slightly.

For geometry fitting and azimuthal integration we use pyFAI

(Ashiotis et al., 2015) or Fit2d (Hammersley et al., 1996). Data

reduction can be achieved directly using the XRStools

program package (Sahle et al., 2015), which adopts the

conventions introduced by Boesecke (2007). At the sample-to-

detector distances used here, the full translation range of the

detector covers an angular range of approximately 45�,

comparable with what is available with the Pilatus 300Kw

detector at a working distance of ca 240 mm.

3. Examples

3.1. Comparison with Pilatus 300Kw

In order to assess the quality of the XRD patterns obtain-

able with the miniXRD setup, we performed comparative

measurements on a pellet comprised of a mixture of WO3

[95410 Sigma–Aldrich tungsten(VI) oxide, purity 99.9%] and

�-Al2O3 (NIST SRM 676) using both our miniXRD setup and

a Pilatus 300Kw hybrid photon counting large-area detector

(Eikenberry et al., 2003). We used a test bench available

on ID20 for these measurements and an X-ray wavelength

of 1.21 Å.

The sample-to-detector distances SD and the three detector

tilt angles (�1, �2, �3) were estimated based on XRD patterns

of CeO2 standards (NIST, CAS No. 1306–38-3) to be SDM =

90.3 mm for the miniature XRD setup and SDP = 244.9 mm

for the Pilatus detector; the tilt angles were all found to be

<1�. These conventions follow the descriptions presented

by Boesecke (2007) and were obtained using the pyFAI

program package.

Exposure times for the large-area detector were 0.1 s per

diffraction pattern. For the miniXRD setup, we used exposure

times of 0.1 s for each of the 170 frames (total exposure time

17 s). This resulted in an overall duration of 45 s per diffrac-

tion pattern for the miniXRD setup due to the detector

translation movement. The miniXRD setup is therefore orders

of magnitude slower than conventional diffraction cameras,

but it is sufficiently fast on timescales appropriate for IXS
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Figure 1
Three-dimensional renderings of the miniXRD setup installed in (a) the vertical and (b) the horizontal scanning configuration. (c) Photograph of the
setup installed within the large-solid-angle spectrometer on ID20 at the ESRF. (d) Direct beam positions (vertical and horizontal) on the detector versus
vertical detector translation, including linear fits. Along the scan direction, the slope of the linear fit suggests a pixel size of 0.055 mm per pixel, in perfect
agreement with the hardware specifications.



experiments, which often take several hours. The individual

frames were interpolated onto a final grid of 256 � 1801 pixels

of 55 mm � 55 mm using the XRStools program package.

The results of the two simultaneous measurements are

compared in Fig. 2(a) which shows the pattern obtained using

the miniXRD setup, while Fig. 2(b) shows the data from the

commercial Pilatus detector. We performed a Rietveld

refinement on both data sets using the GSAS-II software

package (Toby & Von Dreele, 2013). The best fits are shown as

thin dashed grey lines, the fitted background function as thin

dashed–dotted grey lines and the residuals as thin solid grey

lines in Fig. 2.

Owing to the considerably closer sample-to-detector

distance in the case of the new miniature setup, the covered

momentum transfer range is comparable between the two

detectors. The two patterns are in close agreement despite

slightly different peak ratios, which we attribute to the

different physical positions of the two detectors and the poor

powder averaging due to the use of a static polycrystalline

powder pellet. Besides the main constituent �-Al2O3, we find a

considerable fraction of �-Al2O3, which serves as a precursor

phase for the manufacture of �-Al2O3.

The weighted profile R factors were 4.51% and 4.36% for

the miniXRD and Pilatus 300Kw setups, respectively. The

lattice parameters, grain sizes and phase fractions resulting

from the two Rietveld refinements are summarized in Table 1

and are compared with values from the literature (Loopstra &

Boldrini, 1966; Finger & Hazen, 1978; Zhou & Snyder, 1991).

All extracted parameters are in remarkable agreement

between the two detectors and establish the miniXRD setup

as a viable online sample characterization tool of sufficient

quality for basic sample characterization, including Rietveld

refinements.

We would like to stress, however, that the small size of this

detector poses limitations compared with dedicated diffrac-

tion instruments. Detailed characterization of samples exhi-

biting preferred orientation or texture or single-crystal studies

will be challenging. Recent work shows that characterization

of samples within high-pressure sample environments is

possible (Sahle et al., 2024).

3.2. Tandem XRS and XRD

We next demonstrate the utility of the miniXRD setup and

the added benefit of enabling sample characterization via

XRD while measuring NIXS spectra at the Ce N4, 5 edge of the

CeO2-based catalyst support material (Scavini et al., 2012).

High-temperature conditions were reached with a small

furnace provided by the ESRF sample environment pool,
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Figure 2
Raw data after azimuthal integration and results of our Rietveld refine-
ment of a mixed WO3–Al2O3 polycrystalline powder sample measured
using (a) the miniXRD setup and (b) a Pilatus 300Kw large-area detector.

Table 1
Summary of refinement parameters for the different sample constituents based on Rietveld refinement of 1559 (miniXRD) and 1602 (Pilatus 300Kw)
observations.

The weighted profile R factors were 4.51% and 4.36% for the miniXRD and Pilatus 300Kw setups, respectively.

a (Å) b (Å) c (Å) � (�) Grain size (nm) Phase fraction (%)

WO3 (P21/c)

MiniXRD 7.661 � 0.016 7.493 � 0.001 10.532 � 0.027 136.17 � 0.03 82 � 2 7.9 � 0.5
Pilatus 300Kw 7.673 � 0.023 7.507 � 0.001 10.552 � 0.040 136.21 � 0.04 92 � 1 7.8 � 0.5
Loopstra & Boldrini (1966) 7.673 7.507 10.559 136.24 – –

�-Al2O3 (R3ch)
MiniXRD 4.738 � 0.001 4.738 � 0.001 12.937 � 0.001 – 1.22 � 0.07 84.0 � 0.5
Pilatus 300Kw 4.747 � 0.001 4.747 � 0.001 12.970 � 0.001 – 1.11 � 0.04 84.5 � 0.6
Finger & Hazen (1978) 4.748 4.748 12.972 – – –

�-Al2O3 (C2/m)
MiniXRD 11.803 � 0.020 2.906 � 0.001 5.572 � 0.005 104.84 � 0.03 300 � 28 8.1 � 0.5
Pilatus 300Kw 11.806 � 0.018 2.898 � 0.002 5.619 � 0.011 104.16 � 0.09 277 � 3 7.7 � 0.6

Zhou & Snyder (1991) 11.86530 2.89945 5.62693 104.50 – –



similar to what is described elsewhere (Longo et al., 2023;

Kumar Das et al., 2024). The XRD patterns were recorded at

an incident beam energy of 9.69 keV, while for the measure-

ment of the Ce N4, 5 edge the incident energy was scanned

between 9.73 and 9.82 keV in order to create energy losses in

the vicinity of the Ce N4, 5 edge relative to the Si(660) analyser

energy of 9.69 keV.

In principle, the XRD measurements could be performed

while simultaneously measuring the XRS data of the Ce N4, 5

edge, if a variation in X-ray wavelength (here between 1.275

and 1.263 Å) is acceptable for the XRD measurements. In the

current case this variation is smaller than the bandwidths

provided by, for example, dedicated diffraction instruments

utilizing pink beams.

Ceria (CeO2) is a critical catalyst due to its unique

capability to generate oxygen vacancies during redox reac-

tions. In the context of anaerobic carbon monoxide oxidation,

ceria exhibits the formation of oxygen vacancy clusters within

its bulk structure. This phenomenon and its interplay with the

orbital hybridization of Ce3+ 4f and 5d states have been

recently investigated using advanced techniques such as in situ

XRS spectroscopy at the O K and Ce N4, 5 edges, along with

in situ X-ray diffraction (Longo et al., 2023).

The utilization of in situ XRS spectroscopy at specific

energy levels allows the characterization of the oxygen

vacancy clusters and their impact on the electronic structure of

cerium (Ce) ions. In situ X-ray diffraction is employed to

monitor the transformation of Ce4+ to Ce3+ as a consequence

of oxygen vacancy creation during carbon monoxide oxida-

tion. These combined analytical approaches provide deeper

insights into the catalytic mechanisms facilitated by ceria

under specific redox conditions (Longo et al., 2023; Longo et

al., 2022; Longo et al., 2012; Deganello et al., 2006). The

possibility of coupling XRS with XRD allows us to evaluate

both the changes in the electronic structure and the conco-

mitant lattice distortions in the bulk of the material.

Fig. 3(a) shows the 2D XRD pattern of ambient CeO2 after

stitching of the individual miniXRD detector images. Fig. 3(b)

presents the azimuthally integrated XRD patterns at ambient

temperature (RT) and during annealing at T = 700�C. A shift

in the reflections is clearly observable. This shift has been

shown to be larger than the thermal structure expansion only

and is, instead, related to defect-induced chemical expansion

due to the formation of oxygen vacancies and Ce3+ ions

(Marrocchelli et al., 2012; Longo et al., 2023). Rietveld

refinement of the high-temperature curve yields a lattice

constant of (5.5095 � 0.0005) Å and a mean crystallite size of

8.3 mm, well in accordance with the literature (Longo et al.,

2023). We attribute spurious peaks around 2� = 20�, 21� and

49� to scattering from the sample holder.

The measured Ce N4, 5 edges are shown in Fig. 3(c). Arrows

mark the most prominent alterations to the N4, 5 multiplet

spectrum upon temperature increase, which are directly

related to Ce3+ ion formation as discussed in depth by Longo

et al. (2023).

This example demonstrates that the miniXRD setup can be

used as a sample characterization tool while performing

sophisticated in situ NIXS experiments at the typically used

incident photon energies of approximately 10 keV.

4. Summary and conclusion

We have presented a new and ultra-compact X-ray diffraction

setup for on-the-fly sample characterization on the large-solid-

angle spectrometer for non-resonant inelastic X-ray scattering

spectroscopy on ID20. We have established the quality of the

obtained XRD data by comparison of patterns and results of

Rietveld analyses of a WO3–Al2O3 powder pellet using both a

large-area Pilatus detector and our miniXRD setup. We have

further demonstrated the quasi-parallel use of the miniXRD

setup with our large-solid-angle spectrometer by studying

temperature-induced electronic configuration changes via

XRS and the resulting lattice distortions within a CeO2

powder sample.

We hope the new setup will simplify sample characteriza-

tion and navigation through the temperature/pressure phase

space, therefore increasing efficiency for the often time-

consuming IXS experiments on ID20 and elsewhere.
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Figure 3
Simultaneously taken XRD and XRS data of a polycrystalline CeO2

sample in pellet form. (a) Stitched miniXRD detector image from the
ambient temperature data shown in panel (b). (b) XRD data for CeO2 at
ambient temperature (RT) and T = 700�C after azimuthal integration and
the result of a Rietveld refinement at T = 700�C. (The small peaks around
2� = 20�, 21� and 49� are due to diffraction from the sample holder used.)
(c) Ce N4, 5 excitation spectra measured using X-ray Raman scattering
spectroscopy at a momentum transfer of q = 9.3 Å� 1.
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