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The majority of the beamlines at the Brazilian Synchrotron Light Source

Laboratory (LNLS) use radiation produced in the storage-ring bending magnets

and are therefore currently limited in the flux that can be used in the harder part

of the X-ray spectrum (above �10 keV). A 4 T superconducting multipolar

wiggler (SCW) was recently installed at LNLS in order to improve the photon

flux above 10 keV and fulfill the demands set by the materials science

community. A new multi-purpose beamline was then installed at the LNLS using

the SCW as a photon source. The XDS is a flexible beamline operating in the

energy range between 5 and 30 keV, designed to perform experiments using

absorption, diffraction and scattering techniques. Most of the work performed at

the XDS beamline concentrates on X-ray absorption spectroscopy at energies

above 18 keV and high-resolution diffraction experiments. More recently, new

setups and photon-hungry experiments such as total X-ray scattering, X-ray

diffraction under high pressures, resonant X-ray emission spectroscopy, among

others, have started to become routine at XDS. Here, the XDS beamline

characteristics, performance and a few new experimental possibilities are

described.

1. Introduction

The Brazilian Synchrotron Light Source Laboratory (LNLS)

is the first synchrotron light source installed in the southern

hemisphere, being in operation since 1997 (Craievich &

Rodrigues, 1997; Rodrigues et al., 1998). The LNLS has a

storage ring with 93 m circumference operating at 1.36 GeV

and 160–250 mA beam current (top-up mode is not available).

There are currently 18 beamlines installed at LNLS covering

experiments in the soft (lower energy �3 eV) and hard X-ray

regimes. An endstation dedicated to infrared nanospectro-

scopy was recently installed, in which both continuous and

edge radiations can be extracted from the visible to the THz

spectral range (Moreno et al., 2013). The newest beamline at

LNLS is dedicated to X-ray tomography and phase contrast

imaging (Moreno et al., 2015). Most of these beamlines use

radiation from the 1.67 T bending dipoles, with a critical

energy of 2.1 keV. Among the techniques available, the most

widely used are X-ray diffraction (XRD) to study single

crystals, powders and macromolecules; X-ray absorption

spectroscopy (XAS); X-ray magnetic circular dichroism

(XMCD); and small-angle X-ray scattering (SAXS).

Currently, three insertion device (ID) sources (two wigglers

and one undulator) are installed at straight sections in the

LNLS storage ring, providing X-rays for a macromolecular

crystallography beamline (Guimarães et al., 2009), a soft X-ray
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beamline dedicated to the study of surface science (Cezar et

al., 2013), and the materials science beamline, the subject of

this work.

The superconducting multipolar wiggler (SCW) installed at

LNLS was chosen in order to provide users with a significantly

higher flux of hard X-rays with respect to the bending-magnet

beamlines. This SCW serves as the source for a beamline that

meets the needs of the materials science community, in

particular with respect to the capability to operate at high

energies. This new beamline is named XDS (standing for

X-ray Diffraction and Spectroscopy) and is equipped with a

versatile optics set and instruments allowing conventional

X-ray diffraction and spectroscopy experiments. The XDS

beamline operates in the energy range between 5 keV and

30 keV, allowing K-edge XAS experiments of most 3d and 4d

metals and L-edge XAS of 5d metals, actnides and lantanides.

The higher photon flux allows XRD experiments also in

transmission mode. A wide variety of sample environments

is available at the XDS beamline, including cryostats, ovens,

pressure cells and external magnetic fields. Additionally, the

higher photon flux at XDS compared with the regular LNLS

beamlines using bending-magnet sources, in particular at

energies around 20 keV and above, makes possible the

implementation of photon-hungry experiments, e.g. total

X-ray scattering experiments that can be analyzed by the

atomic pair distribution function (PDF), inelastic X-ray scat-

tering (IXS) and resonant X-ray emission spectroscopy

(RXES).

In the following sections we briefly describe the photon

source and optical arrangement of the XDS beamline. The

experimental hutch and installed equipment, as well as the

performance for different configurations, will also be

discussed. Some experiments illustrating the capabilities of the

beamline regarding challenging and photon-hungry experi-

ments will be presented.

2. Beamline overview

In this section we describe the SCW and the main optical

elements installed at the XDS beamline. Owing to the flexible

optical scheme, different operation modes can be employed at

XDS, resulting in either collimated or focused beams in a wide

energy range, which are chosen according to each experiment.

A summary of the most commonly used operation modes is

presented, together with the beamline performance for each

of those modes.

Finally, we describe the experimental station where XAS or

XRD can be performed, the XDS beamline capabilities and

the equipment installed. Combined XAS–XRD experiments

can also be performed, which can be particularly helpful in

studies using non-ambient conditions as in the case of in situ

and in operando studies.

2.1. Superconducting wiggler

The photon source for the XDS beamline at LNLS is a

superconducting multipolar wiggler manufactured by Budker

Institute of Nuclear Physics (Novosibirsk, Russia). The source

parameters were optimized using simulations and are

described below. The SCW has a total of 35 poles with a period

of 60 mm, resulting in a wiggler length of 1.06 m. With a K

parameter equal to 22.97, a magnetic gap of 18 mm and

magnetic field of 4.1 T (4.19 T maximum), the SCW irradiates

a total of 5.04 kW of power. Fig. 1 shows the calculated SCW

brilliance using the LNLS storage ring parameters compared

with the brilliance of the standard 1.67 T bending dipoles. An

increase of more than two orders of magnitude is obtained at

10 keV when compared with the brilliance generated at the

standard bending dipoles commonly used as photon source at

LNLS. This gain in brilliance can go up to four orders of

magnitude at 20 keV.

2.2. Beamline optics and operation modes

The XDS is a multi-purpose beamline, with focus on XRD

and XAS experiments in the energy range between 5 and

30 keV. Some of the diffraction experiments demand control

of the horizontal divergence, which due to the LNLS emmi-

tance is only achievable with sagittal focusing in a double-

crystal monochromator. On the other hand, the use of flat

crystals and focusing with a toroidal mirror was considered to

be the best choice for XAS measurements. These apparently

contradictory requirements from the diffraction and absorp-

tion community led us to propose a flexible configuration for

this beamline. In its basic configuration the beamline operates

with a collimating mirror (VCM) with bender, a double-crystal

monochromator (DCM) with interchangeable sets of crystals,

and a focusing mirror (VFM) with a bending mechanism to

allow for focus adjustments. Bruker ASC manufactured all the

beamline components present in the optical hutch. An illus-

tration of the optics configuration used at the XDS beamline,

as well as the experimental hutch, is given in Fig. 2.

The collimating mirror is located at 11 m from the source.

The VCM is a 1.2 m-long silicon mirror operating at a

2.75 mrad incidence angle. It is equipped with a bender

beamlines
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Figure 1
Calculated brilliance generated by the SCW source of the XDS beamline
(blue). The brilliance of the standard 1.67 T bending dipoles is also shown
(red). Note the increase in brilliance, in particular at energies above
10 keV.
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allowing a cylindrical shape to vertically collimate the beam in

order to achieve the highest possible energy resolution, here

limited by the Darwin width of the monochromator. In order

to cover the whole operating energy range with optimum

harmonics rejection, the VCM has three stripes: silicon,

rhodium (both with 66 mm width, resulting in 6 mrad hori-

zontal acceptance) and platinum (22 mm width, resulting in

2 mrad horizontal acceptance). In all cases, the bending radius

of the VCM is larger than 3.5 km. The heat load in the VCM is

dissipated through a water-cooling system.

The monochromator is located downstream of the VCM,

at 13.5 m from the source. The DCM is equipped with three

crystal pairs: a plane Si(111), a plane Si(311) and a dynami-

cally bent sagittal Si(111). The latter is needed to provide a

wide energy range and the collimation control needed by some

experiments performed at XDS. The crystals in the first stage

of the DCM are cryogenically cooled by LN2 (indirect cooling

by Cu heat exchangers). The DCM is designed to operate

between 5 and 20 keV when equipped with either plane or

sagittal Si(111) crystals, and between 14 and 30 keV when

using the plane Si(311) crystals. The pitch of the second crystal

in the DCM can also be fine-tuned by piezo-electric actuators

to achieve a better stabilization of the X-ray beam intensity

during the experiments.

The focusing mirror is also a 1.2 m-long silicon mirror and

is located at 16 m from the source. It operates at 2.75 mrad

incidence and is equipped with a dynamical bender to allow

focusing of the beam at the sample position. It is coated with

three different stripes: a rhodium and a platinum one with

35 mm width and toroidal shape (bending radius larger than

3.5 km and toroidal radius of 29.33 mm) resulting in 2 mrad

horizontal acceptance; the third stripe is also coated with

rhodium but has a cylindrical shape and 50 mm width,

resulting in 6 mrad horizontal acceptance. The different

combinations of coatings present in the VCM and VFM allows

operation over a wide energy range and, at the same time,

minimizes the high harmonic contamination in the beam.

The X-ray beam size at the sample position is about 1.5 mm

� 0.3 mm (horizontal � vertical) with the toroidal focusing

mirror and 2.5 mm � 0.2 mm (horizontal � vertical) with the

cylindrical focusing mirror. The above configuration allows the

XDS beamline to operate in an energy range between 5 and

30 keV with different modes, according to the specific

experiment.

2.3. Beamline performance

The optical setups, i.e. different configurations of VCM,

DCM and VFM in different modes, were designed to maxi-

mize the photon flux in the desired energy ranges, accordingly.

Photon flux, beam size, beam divergence and energy resolu-

tion were calculated using the ray-tracing code Shadow3

(Sanchez del Rio et al., 2011). The most commonly used

operation modes at XDS, that should be chosen by the users

according to the specific experiment, are detailed in Table 1.

Modes A and E use the sagittally bent Si(111) mono-

chromator, and are more appropriate for diffraction experi-

ments. The only difference between modes A and E is the

VCM used, operating with Si or Rh stripes, respectively. This is

used to prevent higher harmonics contamination during the

experiment, as the VCM operating with 2.75 mrad incidence

angle results in an energy cutoff of about 11.5 keV and 23 keV

in the case of the Si or Rh stripes, respectively. Modes B, C and

D use plane crystals in the monochromator, with B and C

operating with a Si(111) and D with a Si(311) crystal pair.

These modes exploit the toroidal focusing and are mostly used

in spectroscopy experiments. Again, the difference between

modes B and C is only the VCM used, Si for mode B and Rh

for mode C; the appropriate choice is made to minimize the

higher harmonics content in the beam. Mode D uses a Si(311)

plane monochromator and both VCM and VFM operating

in the Pt stripe, being more appropriate to operation above

14 keV due to the Pt absorption edges.

The measured photon flux of the XDS beamline in five

different optical configurations (operation modes) is shown

in Fig. 3. They were measured using a calibrated AXUV

photodiode (Hamamatsu, model S3584-09) and agree within

less than a factor of two with the calculations. The maximum

flux at XDS is �1013 photons s�1 (100 mA)�1 and is reached

at about 12 keV.

Below we present the experimental hutch configuration,

and the results of two conventional XAS and XRD experi-

beamlines
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Figure 2
3D layout of the XDS beamline at LNLS showing the optical components and the experimental hutch. Important components are labeled individually:
DCM, VCM and VFM. Numbers in parentheses indicate the approximate distance (in meters) of each component from the SCW source.
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ments using standard samples in order to benchmark the

beamline performance in real experiments are presented in

the supporting information.

2.4. Experimental hutch and regular setups

The XDS experimental hutch has an area of about 37 m2

and accommodates all the instrumentation to perform XAS

and XRD experiments under different experimental condi-

tions (temperature, pressure, magnetic field, atmosphere). A

1.8 m � 1.2 m optical table accommodates the regular XAS

experiments, whereas a heavy-duty diffractometer is used for

the XRD experiments. The diffractometer is located at the

optimum focal position when operating with modes A or E

[Si(111) sagittal monochromator and cylindrical VFM at

2.75 mrad incidence angle], at 24 m from the source; however,

the focal spot can also be adjusted at other positions by

altering the VFM incidence angle and using its bending

mechanism. Downstream from the diffractometer the experi-

mental hutch has extra room reserved for unconventional

experiments and future upgrades.

At 22.0 m from the source the optical table (hereafter called

XAS table) houses the equipment necessary for conventional

XAS experiments, i.e. the detectors (ion chambers, photo-

diodes, fluorescence detectors, etc.) and different sample

environments (cryostats, ovens, magnets, etc.). The XAS table

is equipped with a vertical/horizontal sample stage that can

hold up to 45 kg. This stage has a long horizontal travel

distance of 500 mm that allows fast setup changes by taking

equipment out of the beam path in case XRD experiments are

to be performed in sequence. On top of this, another small XY

stage capable of holding up to 2 kg can be mounted if shorter/

faster movements are needed.

A 12-element SiLi fluorescence detector (Princeton Gama

Detector) is available for XAS in fluorescence mode. A home-

made oven and gas system (with controllers, gas detectors,

exhaust, etc.) can be used to perform in situ or in operando

catalysis studies or other XAS experiments in transmission

mode varying the temperature (up to 1200 K) and atmo-

sphere. Alternatively, different types of flow microreactor

using capillaries can also be used (Figueroa et al., 2013;

Rodella, 2015).

Located at 24.0 m from the SCW there is a low-magnetic

6+2-circle Huber diffractometer (modified model 5021). The

diffractometer is installed on a lifting and laterally translating

table. This table allows for the correct positioning of the X-ray

beam in the center of the diffractometer. For regular XRD

and total X-ray scattering experiments either flat plates or

capillary tube samples can be mounted on a goniometer head,

working in Bragg–Brentano or Debye–Scherrer geometries,

respectively. Those experiments can be performed either in

high-resolution or high-intensity modes. In the high-resolution

mode different crystal analyzers can be chosen in combination

with a LaBr scintillator (FMB Oxford) according to the

experimental needs. The XDS high-resolution diffraction

analyzers available include Si(100), Si(110), Si(111), Ge(100),

Ge(110), Ge(111), Al(100), Al(110), Al(111), Cu(110) and

Cu(111) crystals. Highly ordered pyrolytic graphite (HOPG)

analyzers are also available, suitable for experiments in the

high-intensity mode. In addition, the 2� arm of the Huber

beamlines
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Figure 3
Measured photon flux as a function of energy. The different modes
represent the diverse optical setup denoted as VCM–DCM–VFM. The
details of each mode are given in Table 1. Note that in some modes (e.g. C)
the energy range shown is larger than that recommended and might
contain higher harmonic contamination.

Table 1
Beamline operating modes.

Collimating mirror Double-crystal monochromator Focusing mirror

Stripe coating / angle (mrad) First crystal cut Second crystal cut Stripe coating / angle (mrad)
Mode Energy range (keV) Shape Shape Shape Shape

A 7–10 Si / 2.75 Si(111) Si(111) Rh / 2.75
Cylindrical Plane Sagittally bent Cylindrical

B 5–10 Si / 2.75 Si(111) Si(111) Rh / 2.75
Cylindrical Plane Plane Toroidal

C 10–20 Rh / 2.75 Si(111) Si(111) Rh / 2.75
Cylindrical Plane Plane Toroidal

D 14–30 Pt / 2.75 Si(311) Si(311) Pt / 2.75
Cylindrical Plane Plane Cylindrical

E 9–20 Rh / 2.75 Si(111) Si(111) Rh / 2.75
Cylindrical Plane Sagittally bent Cylindrical
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diffractometer can house an X-ray polarization analyzer

(Huber GmbH). This polarimeter, when used in combination

with the appropriate analyzer(s), allows measurements of the

diffracted beams with � and � polarization. Alternatively, the

XRD and total scattering experiments can employ linear strip

detectors. A Dectris Mythen 6K system composed of six

individual Mythen 1K detectors housed in an aluminium case

is available for users (Schmitt et al., 2003, 2004; Bergamaschi et

al., 2010). The Mythen 6K system covers a range of 2� ’ 28� in

a single measurement, which allows collecting good quality

diffraction patterns in very short periods of time (about 5–

10 s). This is useful for in situ and in operando experiments

or to follow the kinetics of crystallization during deposition/

growing of thin films in real time. If necessary, a regular

individual Mythen 1K can also be used. The XDS is also

equipped with two different two-dimensional detectors: a

Pilatus 300K (Dectris Ltd) and a MarCCD MX225 (Rayonix,

LLC). Finally, the Huber diffractometer is capable of holding

different accessories that permit mounting of non-ambient

sample environments.

For investigations involving special thermal environments,

the XDS beamline has two commercial pieces of equipment: a

closed-cycle He Joule–Thomson Cryostat (AS Scientific) and a

HTK 1200N Oven-Chamber with Capillary Extension (Anton

Paar). The temperature range of the cryostat is between <2 K

and 300 K and the oven operates from room temperature up

to 1473 K. The beamline is also equipped with a 6 T super-

conducting cryogen-free magnet (HTS-11) for XRD experi-

ments with external magnetic field. Moreover, the XDS

beamline also disposes of different equipment to perform

XRD experiments in Debye–Scherrer configuration with

temperature control: a hot air blower (FMB Oxford) that can

operate from 298 to 1273 K and a CryoJet (Oxford) with an

operation range between 80 and 500 K. The former can also be

combined with a capillary cell for controlling the atmosphere

(Rodella, 2015). All this equipment is compatible with the

Huber diffractometer, whereas the closed-cycle cryostat and

the air blowers can easily be placed in the XAS table using

existing adapters and/or the sample stages. In the case of

experiments at non-ambient pressures, the beamline offers a

complete setup for high-pressure experiments up to 80 GPa

(currently limited by the minimum beam size obtained by

using a slit system; see x3.2), including membrane and screw

diamond anvil cells (DAC), an online pressure-calibration

system using ruby fluorescence and a cryostat compatible with

the DACs. An illustration of the Huber diffractometer set with

the Mythen 6K and the 6 T superconducting cryogen-free

magnet (supported directly in the Huber base) is shown in

Fig. 4.

The whole beamline, including the optics, monochromator,

diffractometer and experimental data collection, is operated

using SPEC software (Certified Scientific Software) in a Linux

environment PC.

3. New experimental possibilities at LNLS using
XDS beamline

In this section we present some experiments performed at the

XDS beamline to illustrate the capabilities of the beamline.

3.1. X-ray total scattering

Analysis of X-ray total scattering data by pair distribution

function (PDF) has been used to study amorphous phases of

materials, i.e. those with XRD patterns presenting broad and

low-intensity Bragg peaks. Good examples of materials that

can be investigated by PDF are nanomaterials in general. PDF

is a powerful technique that provides information on the local

and medium-range order of the materials under study. More

information about PDF can be found in the book by Egami &

Billinge (2003).

To obtain good total scattering data to be analyzed by

the PDF technique some directions should be followed:

(i) reaching high momentum transfer (Q), preferably higher

than 20 Å�1 (ideally 40 Å�1 or more); however, many

successful experiments with synchrotron radiation and in-

house equipment employing Mo and Ag anodes reaching only

a Q-value of 20 Å�1 have been reported (Haverkamp &

Wallwork, 2009; Ingham, 2015; Petkov et al., 2013; Dykhne et

al., 2011); (ii) obtaining high resolution in Q and good statis-

tics (high signal-to-noise ratio) for high Q-values; and, finally,

(iii) using instruments with low background noise, since the

data need to have a better signal-to-noise ratio than for

Rietveld refinement (Billinge, 2004; Petkov, 2012). All of these

experimental recommendations can be easily obtained at the

XDS beamline.

An X-ray total scattering experiment was performed using

silver nanoparticles (Ag NPs). The nanoparticles were

produced by chemical reduction of silver nitrate using tri-

sodium citrate as reduction agent (Lee & Meisel, 1982; Rivas

et al., 2001). The UV–Vis spectra of the obtained Ag sol

presented an absorption peak at �400 nm, typical of the

beamlines
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Figure 4
Illustration of the Huber diffractometer of the XDS beamline at LNLS
equipped with the 6 T superconducting magnet and the Mythen 6K
system.
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plasmon resonance of Ag NPs with diameters around 15 nm

(Bastús et al., 2014; Agnihotri et al., 2014; Henglein, 1979). By

dynamic light scattering (DLS), a hydrodynamic diameter of

�11 nm was determined. In addition to the population of

11 nm, another population of around 70 nm which might

constitute agglomerates of the primary particles was also

noticeable by DLS. The X-ray total scattering data was

collected in Debye–Scherrer configuration at room tempera-

ture. The X-ray energy was set to 20 keV. Detection of the

diffracted photons was carried out by using a HOPG analyzer

in combination with a standard LaBr scintillator in a 2�
interval of 1� up to 160�, corresponding to a maximum Q ’
20 Å�1. This setup allows a good resolution in Q-space to be

obtained compared with other setups which use large area

detectors and higher X-ray photon energies (above 60 keV).

Additionally, the good Q-space resolution obtained by our

setup results in the avoidance of mathematical dampening

which can make data analysis difficult and allows the study of

very high interatomic distances reaching the mesoscale region

(Petkov, 2012). Although the XDS beamline reaches energies

as high as 30 keV (in mode D), the photon flux at this energy is

at least two orders of magnitude lower than at 20 keV using

sagittal focusing as in mode E (see Fig. 3). Thus, it is preferable

to measure at 20 keV and obtain a better signal-to-noise ratio

and compromise the maximum Q-value. The Ag powder was

mounted inside a boron glass capillary tube (0.3 mm inner

diameter and 0.01 mm wall thickness), which was continuously

spun to minimize grain size statistical problems. In addition to

the Ag sample data, an empty capillary was also measured

under the same experimental conditions in order to discount

any signal not originating from the Ag sample (capillary, air

scattering, etc.). This is a standard procedure used in PDF

analysis.

The total scattering function, SðQÞ, computed using the

software PDFgetX3 (Juhás et al., 2013) is presented in Fig. 5.

The signal-to-noise ratio in this data is sufficient to provide

useful data for PDF analysis up to the highest Q-value of

�20 Å�1. Also shown in the same figure (inset) is the reduced

structure function, F(Q) = Q½SðQÞ � 1�. This is a useful

quantity in PDF analysis, aiding in diagnosing problems with

the data or its processing protocol. For example, a bad data set

for PDF analysis would include an excessive noise level at high

Q-values and/or oscillations in the baseline.

The atomic PDF, or the reduced PDF, GðrÞ, will be used

throughout this work. It is defined as the Fourier transform of

the total scattering intensity as follows (Egami & Billinge,

2003),

GðrÞ ¼ 2

�

RQmax

Qmin

Q½SðQÞ � 1� sinðQrÞ dQ: ð1Þ

The acquired and normalized patterns were converted into

the reduced PDF [GðrÞ] with the software PDFgetX3. To fit

the experimental GðrÞ obtained after the processing with

PDFgetX3, we employed the PDFfit2–PDFgui package

(Farrow et al., 2007). We fitted all the structural parameters,

respecting the symmetry of the compound. We also adjusted

the scale factor, the Gaussian dampening factor (Qdamp) and

the peak broadening. In the peak broadening (�i;j) only the

coefficient �1 for the (1=r) contribution to the peak sharpening

was fitted (Farrow et al., 2007).

In Fig. 6 the PDF curve of the Ag NPs is presented, showing

the different Ag–Ag distances in the structure. The peaks

beamlines
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Figure 5
Total scattering function, SðQÞ, and reduced structure function FðQÞ
(inset) for silver nanoparticles recorded at room temperature.

Figure 6
PDFs of silver nanoparticles of diameter �11 nm. (a) Complete fitted
region and (b) low r-value. Experimental (circle) and refined (continuous
red line) PDF are shown. Below the curve are presented the difference
(continuous green line), the mean value (solid black line) and the
standard deviation (dashed line) of the difference. GðrÞ is shown scaled by
the factor refined in PDF analysis. In (b) the vertical lines show the
different peaks associated with the Ag–Ag distances; the additional
oscillations correspond to mathematical artifacts from the Fourier
transform.
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(ripples) which occur at r below �2.0 Å have no physical

meaning. Generally, these peaks are spurious termination

ripples resulting from the Fourier transform truncation. This

Fourier transform truncation effect becomes less pronounced

with increasing r-value and these spurious ripples tend to

reduce their intensity, thus they do not significantly affect the

PDF analysis. It is important to notice that this is a general

effect, occurring in all experimental data analyzed by PDF.

The experimental GðrÞ data were fitted using the cubic

Fm�33m structure for the metallic silver previously reported

(Swanson & Tatge, 1953). The cell parameter obtained from

the fitting of the PDF curve is a = 4.0869 (6) Å; this value is

somewhat higher than that reported in the literature

(4.0862 Å; Swanson & Tatge, 1953), but this behavior is

expected in nanostructured materials. Our PDF analysis

allowed the extraction of the isotropic thermal displacement,

Uiso, which converged to a value of 0.0133 (7) Å2. The fit of the

PDF curve converged with Rw = 11.5% and a reduced �2 =

0.0078. This demonstrates that the PDF analysis of total X-ray

scattering data measured at XDS is of good quality to ensure

a proper structural analysis of nanostructured materials. In

principle, this experiment could be performed at any bending-

magnet beamline at LNLS; however, due to the critical energy

of only 2.1 keV the X-ray flux at high energies is severely

compromised, hindering the possibility to achieve at least Q =

20 Å�1. Moreover, our setup allows anomalous PDF studies

to be performed, i.e. X-ray total scattering experiments with

energies close to the absorption edge of an element in the

sample. A similar experiment has been performed previously

at LNLS using lower energies in a regular dipole beamline

(de Lima et al., 2013, 2016), however with a lower value of

maximum Q-value.

3.2. X-ray diffraction at high pressures

The scientific community has witnessed an unprecedented

surge in high-pressure research that greatly improved the

fundamental understanding of materials under high

compression. Research has benefited from the integration of

high-pressure, high- and low-temperature instrumentation and

analytical probes at synchrotron facilities. While at other

third-generation synchrotrons state-of-the-art high-pressure

experiments have been implemented during the last two

decades, this is an area to grow at LNLS. With that in mind we

have made available at the XDS beamline a setup for XRD

experiments under pressures of up to 80 GPa, so far limited by

the minimum beam size possible.

In order to apply high pressures at the sample we use a

diamond anvil cell (DAC) with the sample between the small

tips of the diamonds where a metallic gasket holds the sample

while the X-rays transmit through the diamonds and sample.

The smaller the tip of the diamonds the higher the pressure

one can apply to the sample with the same force to the DAC.

At the XDS beamline the focusing optics and superconducting

wiggler source produce a focused beam size incompatible with

DAC experiments. To overcome this we have used two sets of

slits, as shown in Fig. 7, to collimate and define a beam size of

about 100 mm � 100 mm at the sample position. This beam size

allows using diamond anvils as small as 350 mm diameter, with

which pressures of up to 80 GPa have been achieved.

This method of slitting the beam results in a loss of about

two orders of magnitude in photon flux; however, complete

powder XRD patterns with good quality can be obtained in

a single acquisition by using a CCD detector (RAYONYX

SXS165) placed downstream of the DAC. The two-dimen-

sional images are then integrated to provide intensity as a

function of 2� using the software FIT2D (Hammersley et al.,

1996). Due to the current tungsten carbide seats used in the

DAC, which are opaque to X-rays, there is a limited scattering

angle range of 25� in 2�. Therefore the ideal beam energy

should be the highest possible in order to probe as many Bragg

peaks as possible at these low opening angles. With the

compromise of keeping the photon flux as high as possible, the

energy is usually set to 19–20 keV using the sagittal Si(111)

monochromator. Initially, a mixture of 4 :1 methanol–ethanol

was used as pressure-transmitting medium to provide quasi-

hydrostatic conditions of up to 10 GPa, but currently a gas

loading system is available to use Ne or He gases as pressure-

transmitting media for hydrostatic conditions at very high

pressures. Experiments at low temperatures are possible

placing a membrane-driven DAC in contact with the cold

finger of a cryostat, which allows the pressure to be applied in

the DAC at low temperatures and in situ calibrating pressure

by the ruby luminescence method (Syassen, 2008).

To benchmark the XRD experiments at high pressures

we used the compound EuGa4. We recently reported an

isostructural ytterbium-doped compound, Eu0.5Yb0.5Ga4, with

electronic and magnetic properties that are dramatically

affected by external pressure (Loula et al., 2012). We showed

that the insertion of Yb on the EuGa4 compound only induced

a contraction of the lattice but without chemical alterations;

therefore the changes on the electronic and magnetic prop-

erties are only related to europium ions and should also be

present on the ‘pure’ EuGa4 compound. Our XANES results

showed that the valence of Eu ions continuously changes from

2+ towards 3+ as pressure is increased. For pressures up

to 12 GPa, we clearly observed that the magnetic ordering

of the europium magnetic sublattice is changed from anti-

beamlines
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Figure 7
Schematic drawing of the setup for XRD experiments under high
pressure at the XDS beamline. The X-rays beam size (100 mm � 100 mm)
is defined by two sets of slits. An area detector collects the diffraction
pattern from the sample. An optical system placed on the side is used to
calibrate the pressure using the ruby luminescence method by rotating
the DAC by 90� relative to the original angle used to collect the X-ray
diffraction data. Dimensions are given in millimeters.
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ferromagnetic (AFM) to ferromagnetic (FM). However, the

behavior of the crystalline structure under pressure is still

missing which justified the high-pressure diffraction experi-

ments, now possible at the XDS beamline.

Fig. 8 shows experimental XRD patterns for the EuGa4

sample under some selected pressures (1, 5 and 11 GPa). Also

shown in this figure are the corresponding calculated XRD

patterns using the Rietveld method. Often, the small amount

of sample involved in experiments under pressure with

microfocused beam induces a poor powder average in the

data, resulting in disagreement of the diffraction peaks

intensity relationship. This makes the application of Rietveld

analysis limited in such cases. However, here the good

agreement between the experimental and calculated XRD

patterns shows the quality of our data. Our results show that

the BaAl4 structure of EuGa4 is not altered by pressures up to

11 GPa, whereas the crystal lattice is gradually compressed.

While we argue that no structural transition is present in

this pressure range based on the Rietveld analisys, the

dependence of unit cell volume with pressure does show an

anomalous drop around 4 GPa, as shown in Fig. 9, together

with the pressure dependence of the c/a ratio. As mentioned

before, our previous results for the parent compound

Eu0.5Yb0.5Ga4 show that the magnetic ordering of the euro-

pium ions is changed from AFM at ambient pressure to FM at

12 GPa. Our XRD results demonstrated that indeed this

transition occurs at lower pressures and we argue that this

anomalous drop in the volume is likely related to electronic

instabilities of the compound that are not strong enough to

induce a structural phase transition. This was also observed in

other similar systems (Souza-Neto et al., 2012), for which when

even higher pressures were applied then it was sufficient to

induce the structure to change.

Furthermore, the increase in the c=a ratio (blue curve in

Fig. 8) indicates that the a-axis is being more contracted than

the c-axis. Under ambient pressure, the compound is formed

by alternate planes of europium which align antiferromagnetic

in the plane. The abrupt change of the unit cell volume

switches the sign of the RKKY (Ruderman–Kittel–Kasuya–

Yosida) coupling and consequently the type of magnetic

ordering. These results conclusively show that the electronic

and magnetic transitions previously reported are directly

related to the structural modifications presented in this study.

3.3. Resonant X-ray emission spectroscopy

X-ray emission spectroscopy (XES) with improved energy

resolution analyzes the details of the emitted photons after the

excitation of a core level. XES techniques in the hard X-ray

regime are becoming very common at synchrotron and free-

electron laser (XFEL) sources, now being used to perform

regular non-resonant X-ray emission spectroscopy, resonant

inelastic X-ray scattering (RIXS), resonant X-ray emission

(RXES), high-energy-resolution fluorescence-detection XAS

spectroscopy (HERFD-XAS) and valence-to-core spectro-

scopy (VtC) experiments (Kotani & Shin, 2001; Eisenberger

et al., 1976; Hämäläinen et al., 1991; Bergmann et al., 2001;

Safonova et al., 2006; Nemoshkalenko et al., 1968; Döring et al.,

2004; Safonov et al., 2006).

High-energy-resolution XAS/XES experiments require a

total experimental resolution lower than the natural lifetime

of the excited-state or the emitted fluorescence line, respec-

tively. This core-hole lifetime scales almost exponentially in

the case of a 1s core-hole of transition metals (Krause &

beamlines
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Figure 9
Evolution under pressure of the unit cell volume and the c/a ratio
obtained by Rietveld refinements.

Figure 8
Experimental and simulated XRD patterns of a powdered EuGa4 sample
at 300 K for some selected pressures. The broad extra peak near 14�

(indicated by * in the figure) is due to the small amount of Ga excess
present on the surface of the crystals in the as-grown samples. All the
other extra peaks come from the stainless-steel gasket.
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Oliver, 1979; Hämäläinen et al., 1991), resulting in a significant

spectral broadening of the near-edge XAS and the consequent

emission lines. An interesting way to reduce the apparent

broadening caused by core-hole lifetime effects was initially

proposed by Hamalainen in 1991 (Hämäläinen et al., 1991)

and later theoretically demonstrated by Tanaka et al. (1994).

The use of a high-resolution spectrometer equipped with

curved crystal analyzers allowed the separation of the

different emission lines, resulting in XAS spectra with

broadening dominated by the intermediate-state lifetime,

rather than that of the initial state. This way, an enhanced

sensitivity on the measured XAS/RXES/RIXS spectral shape

can be obtained (Meisel et al., 1989; Glatzel & Bergmann,

2005; Rueff & Shukla, 2013; Ament et al., 2011). The use

of similar high-resolution spectrometers in X-ray emission

experiments was pioneered by Bergmann and co-workers

(Bergmann et al., 1999, 2001; Glatzel & Bergmann, 2005).

A more detailed derivation and examples of lifetime effects in

X-ray spectroscopy experiments is given by de Groot (2001),

de Groot & Kotani (2008) and Glatzel et al. (2013), and a

review of the current status and future perspectives of high-

resolution spectrometers is given by Kowalska et al. (2016b).

At the XDS beamline a RXES spectrometer was installed,

operating in von Hamos geometry, i.e. dispersing the emitted

energy using a cyllindrically bent crystal analyzer and

detecting the scattered/fluorescence photons using an area

detector. This spectrometer design is very similar to others

reported elsewhere, including those installed at XFELs

(Hoszowska & Dousse, 2004; Szlachetko et al., 2012; Alonso-

Mori et al., 2012, 2015; Mattern et al., 2012; Kern et al., 2014).

The analyzer dimensions are 10 cm � 5 cm (horizontal �
vertical), with bending radius of 25 cm and the emitted X-rays

were recorded by a Pilatus 300K detector. Since the setup is

flexible, the analyzer dimensions and bending radius could be

varied according to the experimental needs. Alternatively, a

regular Johansson-type spectrometer can be set using the

Huber diffractometer. Currently, this

arrangement allows only one spherical

analyzer crystal, with radius of curva-

ture ranging from about 0.4 m up to

1.0 m.

In order to demonstrate the capabil-

ities of the RXES spectrometer at

the XDS beamline, we used it to record

L� RXES data of hexachloroplatinic

acid {[H3O]2[PtCl6](H2O)x} around the

platinum L3 absorption edge. This was

done by positioning a Si(100) crystal

at a Bragg angle of about 76.2� and

recording the (800) diffraction, corre-

sponding to an energy of approximately

9.40 keV. The vertical size of the

analyzer crystal and the detector dictate

the energy range covered by the RXES

spectrometer. In this configuration this

range was from 9.23 keV up to 9.66 keV,

which was enough to detect both the Pt

L�1 and L�2 emission lines. By scanning the monochromator

energy around the Pt L3-edge a complete RXES map was

measured, as shown in Fig. 10.

The details of the electronic information content and how it

can be obtained by analyzing RXES planes is the subject of

numerous works and will not be covered here. For further

details the reader is referred to the literature (Glatzel et al.,

2004, 2013; Hall et al., 2014). In the RXES data shown in Fig. 10

the presence of two strong resonances at emitted energies of

about 9.44 keV and 9.36 keV is clear, for an incoming energy

of about 11.56 keV. These correspond to the core transition

2p3/2 ! 5d in the Pt atom which generates the L3 absorption

edge, and the consequent emissions L�1 (3d5/2 ! 2p3/2 tran-

sition) and L�2 (3d3/2 ! 2p3/2 transition). It is worth

mentioning that the L�2 emission line has an intensity about

ten times smaller than that of the L�1, thus long integration

times (60 s per incoming energy) were used in the data

acquisition in order to improve the statistics in the L�2-

detected XAS data. In Fig. 10 two XAS spectra are shown

which were extracted from the RXES plane: one total fluor-

escence yield (TFY) spectrum that was constructed by inte-

grating the full X-ray emission intensity at each beam energy

and one high-energy-resolution XAS (HR-XAS) that was

obtained by selecting only the signal of the maximum of the

L�1 emission line to construct the XAS. The effect of shar-

pening of the near-edge features in this type of experiment

was predicted in 1991 by Hämäläinen and co-workers

(Hämäläinen et al., 1991). As expected, the HR-XAS exhibits

sharper and more pronounced features, allowing the extrac-

tion of detailed electronic structure.

Alternatively, the RXES spectrum can be presented using a

constant energy transfer axis (Eincoming � Eemission). In this

mode, the cuts along the energy transfer result in spectra with

final states equivalent to those of the M4- and M5-edges.

Additionally, the effects of core-hole spectral broadening can

be easily separated from those arising from the instrumental

beamlines
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Figure 10
L� RXES map of hexachloroplatinic acid measured around the platinum L3-edge using the von
Hamos RXES installed at XDS. Total fluorescence yield (blue) and HERFD-XAS (red) data are
shown on the right. The bottom pannel shows the resonant L�1 and L�2 XES spectra.
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contribution, i.e. incident beam and spectrometer energy

resolution.

The RXES data shown in Fig. 10 were measured in

approximately 1 h; however, an excessively long acquisition

time per incoming energy point was used in order to obtain

data of excellent quality, in particular around the L�2 emission

line (see above). Using a shorter integration time per point

can decrease the total experimental time to less than 5 min.

3.4. Non-resonant X-ray emission spectroscopy

Non-resonant XES experiments are also interesting due to

their capability of delivering information about the electronic

structure, in particular about the details of the valence levels

(Glatzel et al., 2013; Gallo & Glatzel, 2014; Pollock & DeBeer,

2015). The K� mainline of XES spectra is often used as an

experimental fingerprint of the oxidation and spin states of the

metal absorber (Gamblin & Urch, 2001; Glatzel & Bergmann,

2005), whereas the VtC region shows a unique sensitivity to

the nature of the ligand bound to the metal (Pollock &

DeBeer, 2011, 2015; Beckwith et al., 2011; Gallo & Glatzel,

2014).

Density functional theory (DFT) is often used to model the

VtC region in a straightforward one-electron scheme, as

detailed in previous works (Lee et al., 2010; Beckwith et al.,

2011; Pollock & DeBeer, 2011). Combination of experiment

and DFT calculations has proved to be a powerful approach to

obtain insight into the environment around a metal absorber,

e.g. identification of a central carbide in the FeMo and FeV

cofactors of nitrogenase (Lancaster et al., 2011; Rees et al.,

2015), the discrimination of the two sub-complexes in [FeFe]-

hydrogenase (Lambertz et al., 2014). On the other hand,

quantitative analysis of the K� mainline region has been

hindered by limitations associated with the computational

approaches mostly used (Lee et al., 2010; Lancaster et al., 2011;

Kumar et al., 2013). Recently, Pollock et al. (2014) have

improved the interpretation of the K� mainlines by using

restricted active space configuration interaction calculations

(RAS-CI). This allowed the quantification of metal–ligand

covalency and establishment of a relationship with the relative

splitting observed in the K� mainlines.

The capabilities of the von Hamos spectrometer installed at

XDS to measure small signals was further demonstrated by

measuring the K� and VtC non-resonant XES spectrum of a

Co2O3 solid sample (Fig. 11). To perform this experiment the

incoming X-ray energy was set to 8.15 keV, which is above the

Co K-edge absorption (7709 eV). A Ge(111) crystal analyzer

was posed at a Bragg angle of about 82.9�. In this configuration

the (444) reflection corresponds to an energy of approximately

7650 eV, which is close to the cobalt K� emission lines. A total

integration time of 3 h was used in order to obtain a good

signal-to-noise ratio in the VtC region above 7670 eV. In this

configuration the total energy resolution was 1.44 eV, with a

contribution of 1.12 eV from the incoming beam. Thus, all the

contributions to the final energy resolution in the von Hamos

spectrometer amount to about 0.91 eV.

The XES spectrum in Fig. 11 contains the strong K�1,3

emission line at 7650 eV and, at higher energy, the VtC

emission at about 7705 eV. The inset in Fig. 11 shows that the

VtC region consists of two main features, K� 00 and K�2,5. The

K�1,3 line arises from 3p ! 1s dipole-allowed transitions

which are dominated by 3p–3d exchange correlation with a

small contribution of 3p spin–orbit coupling, and the VtC

features come from transitions from the filled ligand valence

ns and np orbitals refilling the metal 1s core-hole (Pollock &

DeBeer, 2011, 2015; Gallo & Glatzel, 2014). The quality of the

obtained K� XES spectrum allows a detailed analysis of line

shape and position, as is commonly done with these data (Lee

et al., 2010; Pollock & DeBeer, 2011, 2015; Beckwith et al.,

2011; Pollock et al., 2014; Boubnov et al., 2014; Hugenbruch et

al., 2016; Kowalska et al., 2016a). Furthermore, the relatively

large energy range detected by von Hamos spectrometers

allows the detection of several emission lines at once, which is

useful in the case of multi-metal systems or when dealing with

sensitive samples that do not stand the X-ray beam for long

periods of time.

4. Discussion and conclusions

The multi-purpose materials science beamline XDS at the

Brazilian synchrotron provides intense and high-energy (up to

30 keV) X-rays to the LNLS community. The three different

crystal choices of the monochromator [plane Si(111), sagittal

Si(111) and plane Si(311)] enable energies between 5 keV and

30 keV to be reached, with both focused or collimated beam,

according to experimental needs. The beamline is suitable

for regular XAS experiments in transmission or fluorescence

modes, and XRD experiments can be performed using the

heavy-duty 6+2-circle Huber diffractometer.

The XDS beamline is equipped with a broad range of

detectors and equipment allowing experiments under non-

ambient conditions: temperatures varying from <2 K up

beamlines
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Figure 11
K�1,3 and valence-to-core (VtC) X-ray emission spectrum for a Co2O3

sample recorded with the von Hamos spectrometer installed at XDS.
During the data acquistion of this non-resonant XES spectrum neither
beamline nor spectrometer components need to be scanned.
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to 1200 K, high magnetic fields up to 6 T, high pressures

up to about 80 GPa, and also in situ/in operando conditions.

Analysis of the polarization of the diffracted X-rays is also

possible via the combination of the goniometers in the Huber

diffractometer, polarimeter and crystal analyzers. Moreover,

combined XAS–XRD experiments can be performed by

exploiting the unique beam characteristics at LNLS. Novel

experimental techniques at LNLS, e.g. X-ray total scattering,

X-ray diffraction at high pressures, resonant/non-resonant

X-ray emission spectroscopy with high energy resolution and

XAS at high energies (above 18 keV) are becoming routine at

XDS (Boita et al., 2014; Saleta et al., 2014; Saccone et al., 2015;

Hunt et al., 2015).

5. Related literature

The following references are mentioned in the supporting

information: Larson & Von Dreele (2000), NIST (2005),

Rietveld (1969), Toby (2001).
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