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Various upgrades have been completed at the XRD1 beamline at the Brazilian
synchrotron light source (LNLS). The upgrades are comprehensive, with
changes to both hardware and software, now allowing users of the beamline to
conduct X-ray powder diffraction experiments with faster data acquisition times
and improved quality. The main beamline parameters and the results obtained
for different standards are presented, showing the beamline ability of
performing high-quality experiments in transmission geometry. XRD1 operates
in the 5.5-14 keV range and has a photon flux of 7.8 x 10° photons s™* (with
100 mA) at 12 keV, which is one of the typical working energies. At 8 keV
(the other typical working energy) the photon flux at the sample position is

3.4 x 10" photons s~ and the energy resolution AE/E =3 x 107*.

1. Introduction

The XRD1 beamline at the Brazilian Synchrotron Light
Laboratory (LNLS) is a dedicated X-ray diffraction beamline
(Cusatis et al., 1998) in operation since 1998. The beamline is
installed at the D12B bending magnet (1.67 T) and operates in
the 5.5-14 keV range.

This beamline was upgraded recently. The mechanical stress
on the optical elements and floor instabilities began causing
beam stability problems as well as affecting the repeatability
of the monochromator positions. Furthermore, user require-
ments for in situ powder diffraction experiments and faster
detection speeds meant that the X-ray Powder Diffraction
beamline (XPD) was becoming increasingly congested. The
XRD1 diffractometer did not allow for easy installation of cell
reactors and fast detection systems based on a set of linear
detectors. Furthermore, the heavy detection system, which
included a metallic casing, also gave problems. These limita-
tions were the driving force for the beamline upgrade that
began in 2011. Increasing beam instabilities led the LNLS to
undertake a comprehensive restructuring of the optical hutch,
including the construction of an independent concrete
slab below the mirror and monochromator. Furthermore,
the mechanics inside the monochromator were completely
changed as well as the replacement of the two monochromator
crystals (Canova et al., 2014).

Commissioning tests of the optical elements showed that
XRD1 gave a similar performance of photon flux at the
sample position, energy resolution, motor repeatability and
beam stability as the XPD beamline but with the advantage
of a more spacious experimental hutch. Thus, the renovation
continued to the experimental hutch with the installation of a
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three-circle heavy-duty Newport diffractometer in 2013. The
new diffractometer allows for faster measurements when
combined with the MYTHEN 24K system from Dectris®™
(MYTHEN, 2014), and a robotic arm for rapid automated
sample changing. Moreover, in 2014, a second experimental
hutch was opened after the first hutch of XRD1. Both use the
same X-ray beam and operate alternately. The second end-
station (named XTMS) has a heavy-duty Huber diffract-
ometer installed inside a thermo-mechanical simulator
(Gleeble™ Synchrotron system). The main goal of this facility
is to perform structural studies on bulk metallic and non-
metallic samples during thermic and/or mechanical tests
(XTMS, 2015). The parameters of the XTMS end-station,
which is not used for X-ray powder diffraction, will not be
discussed in the present work.

The commissioning of the first end-station of the XRD1
beamline is now complete and optimized for structural char-
acterization by X-ray diffraction experiments in Debye-
Scherrer geometry, i.e. transmission mode of low-absorption
materials. Samples are placed in glass or quartz capillaries for
X-ray diffraction analyzes. Due to the relatively low energy
of the beamline, sample thickness, particle size and sample
packing have to be determined to optimize X-ray transmis-
sion. In general, low-absorption materials such as pharma-
ceuticals, ceramics, biomass, clays, catalysts and soils can be
studied at XRD1. Carvalho et al. (2016) showed that it is
also possible to obtain high-quality data for high-absorption
materials using capillaries in the same geometry, despite the
relatively low energies of the beamline. Besides the fast-
automated experiments at room temperature, it is also
possible to perform measurements at temperatures ranging
from 100 K and 1070 K using two different devices. In addi-
tion, a capillary cell reactor has been developed to allow
controlled flow of gases and/or vapor through the samples and
its commissioning is in progress.

2. Beamline overview
2.1. Beamline optics

The optical layout of the XRD1 beamline is shown sche-
matically in Fig. 1. The source is a 1.67 T bending magnet of
the LNLS ring operating at 1.37 GeV (Craievich & Rodrigues,
1997; Rodrigues et al., 1998), with a typical initial average
current around 250 mA and an 11 h lifetime (February 2016).

From the source, the beam passes through a set of home-
made automated slits (identified as WBS in Fig. 1). The slits
are independent and water-cooled. This set of slits has the
main function of limiting the horizontal and vertical dimen-
sions and divergence of the incident beam. The horizontal
divergence of the beam is regulated by the horizontal slits,
which are typically separated by 27.4 mm, resulting in a
divergence of 6 mrad.

After passing through the white-beam slits, the beam
reaches a ULE (ultra-low expansion) Rh-coated glass mirror,
located at about 5.4 m from the source, inside the optical
hutch. The mirror is used to focus/collimate the white beam
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Figure 1

Schematic diagram of XRDI1 beamline (excluding the second end-
station). The diagram shows the bending magnet; white-beam slits
(WBS); the vertical focusing mirror (VFM); the double-crystal mono-
chromator (DCM); slits (S1 and S2); and the sample position on the
heavy-duty diffractometer.

vertically, as well as filter off the high-energy photons. The
mirror was fabricated with a curvature radius of 2.8 km. The
cut-off energy of the photons is ~15 keV and it is defined by
the rhodium coating as well as the incident angle of the white
beam on the mirror, which is about 3.7 mrad. The mirror
dimensions are 750 mm x 80 mm. The mirror is accom-
modated in a vacuum chamber produced in-house, under a
pressure of ~1077 Pa. Three independent motors (with a
Heidenhain encoder) allow the mirror position to be adjusted
(height and vertical and horizontal angles). Another motor
(with a potentiometer-like encoder) is used to bend the
mirror. The position of this motor is read by a 12-bit LOCON
board. Home-made software (SPEGULO) controls the mirror
movements and positions.

Monochromatization of the X-ray beam is performed using
a double-crystal Si (111) monochromator developed in-house.
The first crystal is flat (80 mm x 80 mm x 3 mm) and is water-
cooled. The second crystal is bent for sagittal focusing. The
double-crystal monochromator is mounted over a disc-shaped
goniometer under high vacuum (~107° Pa), located inside the
optical hutch 6.7 m from the source. With this system, the
incident angle of the white beam over the first crystal (8,,) is
determined with precision and provides good stability.

There are two other sets of slits (identified as S1 and S2 in
Fig. 1) inside the first-end station that are used to define the
beam size at the sample position. The first set, located 12.5 m
from the source, are similar to the WBS, but not water-cooled.
The second set, closer to the diffractometer (15.5 m from the
source), are a compact set of automated slits (from ADC
company).

2.2. Diffractometer, detection system and accessories

The XRD1 beamline is equipped with a three-circle N3050-
P1 diffractometer from Newport™ (Fig. 2), which is installed
18.2 m from the source. Its goniometer is based on a one-axis
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Figure 2

Photograph of the heavy-duty diffractometer at XRD1 beamline. (1) 6-
circle; (2) 20-circle; (3) O-circle; (4) XYZ sample positioner; (5) housing of
the MYTHEN 24K system; (6) Gas Blower system.

object-positioning 6-circle and in line, centered on the same
horizontal axis as the second- and third-circle detector holder.
The 26- and §-circles are designed to support a variety of
heavy accessories such as detectors. Loadings of more than
100 kg for the 26-circle and 60 kg for the é-circle are possible.
The O-circle is capable of supporting a 35 kg load, up to 20 kg
with the open frame XYZ sample positioner. According to the
manufacturer, the three circles have the same angular reso-
lution (0.0001°), accuracy (0.001°) and zero position error
(0.001°).

Although it is possible to use the 6- and 260-circles to
perform X-ray powder diffraction in Bragg-Brentano
geometry, in practice we have only been using the §-circle,
which supports the detectors for fast measurements in Debye—
Scherrer geometry. Rigidly fixed onto the §-circle is a housing
for the MYTHEN 24K system (Dectris), from Dectris™. Inside
the housing, there is a continuous flow of helium in order to
reduce the absorption and scattering of the diffracted beam.
The MYTHEN 24K system consists of 24 linear MYTHEN
detectors installed 760 mm from the sample position, leading
to a fixed angular resolution of 0.0037°. These detectors are
320 pm thick and recommended to operate between 5 and
12.5 keV, according to the manufacturer. A complete
description of the MYTHEN detectors was reported by
Bergamaschi ef al. (2010) and the instrumental profile of a
MYTHEN detector in Debye-Scherrer geometry is discussed
by Gozzo et al. (2010). These kinds of position-sensitive
detectors have been used in different synchrotron facilities
around the world, such as the Swiss Light Source (Berga-
maschi et al., 2010), Diamond Light Source (Thompson et al.,
2011) and Beijing Synchrotron Radiation Facility (Du et al.,
2016).

The angular calibration of the MYTHEN 24K system was
performed using a well determined energy at 12 keV. In order
to convert from channel number to 26 angle, a series of

diffraction patterns of the silicon standard were acquired
while shifting the detector by 0.1°. Different reflections of the
silicon were fitted with Gaussians to determine their positions
in terms of channel numbers. With a linear regression of the
data, we obtain the number of channels per degree (c') and the
central channel (C._.) for each module i The correct
distance R’, in millimeters, of the module i from the diffract-
ometer center was calculated using the relation
i p

k= tan(1/c?)’ @
where p is the pixel (channel) size, 0.05 mm, and ¢’ is the
number of channels per degree in each module i. The corre-
sponding angular value for each channel j inside each module i
was obtained using the relation

’i p(Cl - Ccien er)
6/" = arctan |:’R—ll] , )

where Cji is the corresponding number of the channel j of the
module i; C!. ... is the central channel of each module. Finally,
the angular offset of each module, 95, was obtained through a
diffraction pattern of the LaB¢ NIST standard and the angular
position refinement of the observed reflections in comparison
with the calculated values. Therefore, the refined angular

value for each channel j inside each module i is given by
Gji = Qj’i +6;. 3)

The flat-field correction for the detectors was performed by
the manufacturer.

At the XRD1 beamline, it is possible to perform X-ray
powder diffraction experiments as a function of temperature.
We have been using two different devices for variable
temperature measurements: from 100 K up to 460 K, using the
Cryojet5™ (OXFORD Instruments); from room temperature
to 1070 K, using the Gas Blower GSB 1300 (FMB Oxford)
(see Fig. 2). According to the manufacturers, the working
temperature ranges are larger. Nevertheless, we have limited
these ranges after appropriate calibrations were conducted.

In order to increase the efficiency of the beamline during
measurements, we have installed a robotic arm (Yaskawa-
Motoman) to change samples quickly and automatically. This
robotic arm is also used to hold both Cryojet5® and Gas
Blower systems when performing measurements as a function
of temperature.

2.3. Beamline parameters and performance

The photon flux at the sample position was measured at
different X-ray wavelengths (Fig. 3) using a silicon photodiode
(model AXUV-20HE1). The current from the photodiode
was measured using a picoammeter (Keithley 6485). The
maximum photon flux is about 3.8 x 10'° photonss™" at
1771 A (7 keV), at 100 mA. Comparing with the results
obtained in 2013, reported by Canova et al. (2014), we observe
that the photon flux has been increased, mainly at higher
wavelengths. Generally, the wavelength is kept at 1.033 A
(12 keV), unless it is necessary to perform resonant X-ray
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Figure 3

Photon flux at the sample position as a function of the X-ray wavelength.
The data obtained in 2013 were reported by Canova et al. (2014).

diffraction experiments or to avoid fluorescence from specific
atoms. At this wavelength, the photon flux is about 7.8 X
10° photons s, at 100 mA. The beam is focused on the
sample position with a size of 2.0 mm (horizontal) and
between 0.6 and 0.7 (vertical), depending on the energy. These
and other information are listed in Table 1.

The vertical size (FWHM) of the X-ray beam was deter-
mined by translating a silicon single-crystal across the beam
at the sample position. The section of the beam not blocked
by the crystal was measured by an ionization chamber. We
observe that the vertical size of the beam has a minimum value
at 15% curvature of the mirror (Fig. 4).

In order to determine the wavelength resolution of the
X-ray beam with A = 1.54877 (4) A, rocking curves of the (111)
and (333) reflections of a silicon single-crystal were recorded
for different curvatures of the mirror. The wavelength reso-
lution is evaluated using the following relation (Ferreira et
al., 2006),

T T T T T T T T T

3.5
12 A =1.54877(4) A o =
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Figure 4

Wavelength resolution and vertical size of the beam at the sample
position as functions of the curvature of the mirror [0% and 100%
correspond to minimum (3.5km) and maximum (1.4 km) allowed
curvature, respectively].

Table 1
XRD1 information.

Beamline name
Source type
Monochromator
Mirror
Energy range
Photon flux
(photons s™' @ 100 mA)
Beam size (focused)

Beam divergence

(at the sample position)
Resolution (AE/E)
Diffractometer

Detector
Temperature range

XRD1

Bending magnet

Si(111) double-crystal

Rh-coated

5.5-14 keV

7.8 x 10° photons s~ at 12 keV
3.4 x 10" photons s at 8 keV
2.0 mm (horizontal)

0.6-0.7 (vertical)

116 prad (vertical) (unbent mirror)

3 x 107 at 8 keV

Three-circle N3050-P1 diffractometer
from Newport™

MYTHEN 24K from Dectris®

100-1070 K

(at the sample)

12
Ak AE

A E

(W.%33 - W%n) - (“%333 - W%)m)
[tan(Gm) - t21n(492)]2 — [tan(@m) - tan(fS’l)]2
“4)

where wqq; and ws3;3 are the widths of the rocking curves; wp1;
and wps33 are the theoretical Darwin widths of the (111) and
(333) reflections, respectively, of the silicon crystal used; 6; and
6, are the angles of the (111) and (333) reflections, respec-
tively; 6., is the monochromator angle. At 8 keV, the theore-
tical Darwin widths for silicon are wp;;; = 6.79 arcsec and
Wpasz = 2.03 arcsec. In Fig. 4, we observe that the variation of
the wavelength resolution with the curvature of the mirror is
almost linear. Since the best resolution is achieved with the
smallest curvature of the mirror, we keep this condition during
experiments.

X-ray powder diffraction measurements were conducted on
NIST standard reference materials (SRM): Si (SRM 640d),
AlL,O3 (SRM 676a) and LaBg (SRM 660b). The LaBg standard
was diluted in corn starch (LaBg 34% wt and corn starch 66%
wt) in order to reduce the X-ray absorption. The SRMs were
placed inside 0.3 mm-diameter borosilicate capillaries, which
are the thinnest capillaries used at XRD1 beamline. The
capillaries are fixed in ferromagnetic stainless steel holders.
Each capillary holder is fitted with a magnetic tip attached to
the three-circle diffractometer. This magnetic tip is able to
rotate, spinning the sample (~300 r.p.m.) during measure-
ments. The measurements were conducted using the standard
operating conditions (parameters) of the beamline: minimum
curvature of the mirror; beam size of ~2.0 mm x 0.7 mm at
the sample position; MYTHEN 24K. Two different wave-
lengths were used, 1.54877 (4) A (8 keV) and 1.03324 (3) A
(12 keV), keeping the temperature at 296 (1) K. Representa-
tive Bragg peaks of each diffraction pattern were fitted with
a pseudo-Voigt function, using the software PyMca (Version
5.0.3). The linewidths (FWHM) of the peaks of each standard
sample as a function of 20 (Fig. 5) were fitted with the Caglioti
function (Caglioti et al., 1958),

FWHM = (Utan2 0+ Vtan6 + W)l/z. 5)
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Table 2

Agreement R-factors and wavelength values from the structural refinements of NIST standards Si and Al,O; measured at 12.0 keV.

U, V and W parameters used to fit the experimental linewidths of these standards (Fig. 5) are also listed.

) =1.54877 A A =1.03324 A
Standards Rexp Ryp A (A) U 1% w U 1% w
Si (SRM 640d) 482 10.32 1.033303 (1) 0.001983 0.000182 0.000759 0.002774 0.000002 0.000415
AlLO; (SRM 676a) 3.08 6.75 1.033167 (2) 0.002906 0.001209 0.002886 0.004289 0.000548 0.001102

The parameters U, V and W used to obtain the fits shown in
Fig. 5 are listed in Table 2. The largest contribution for the
linewidths of the standard Si comes from the Gaussian part of
the pseudo-Voigt function. Since this standard is claimed to
have no microstrain (NIST, 2010), its linewidths may be taken
as good estimates of the instrumental resolution (including the
contribution of the 0.3 mm-diameter capillary).

The X-ray powder diffraction patterns of the standards
obtained at 12.0keV were analyzed using the Rietveld
method (Rietveld, 1969) and TOPAS (Version 4.1) software.
The agreement R-factors for Si and Al,O; obtained from the
Rietveld refinements are listed in Table 2. The measured and
calculated X-ray diffraction profiles for the NIST standard
Al,O; are shown in Fig. 6. The inset shows five consecutive
reflections with more detail: (342), (138), (0210), (0012) and
(144) at 20 ~ 54.62°, 54.70°, 56.07°, 56.99° and 57.24°,
respectively. The differences between the calculated and
observed profiles for the three standard samples are relatively
small (the fittings are very satisfactory), as exemplified for
Al O; (Fig. 6). The refinement of the LaBg4 standard diluted
in corn starch resulted in the agreement R-factors Ry, = 4.47
and R,,, = 9.09.

The influence of the capillary diameter on the linewidths
can be observed in Fig. 7(a). The NIST standard Si (SRM
640d) was measured inside capillaries with three different
diameters: 0.3, 0.5 and 0.7 mm. These measurements were
executed off the optimal conditions of resolution. It is easy to
notice that the linewidth becomes larger with the size of the
capillaries in a non-linear way. The widths of the observed

0204 Si: A=1.54877(4) A
--------- Si: A=1.03324(3) A )
] ALO,: A=1.54877(4) A
2 0154 —ALO,: A =1.03324(3) A 3
o
()]
[0)
o)
= 0.104
&L
<
[T
0.05{ "
0.00 T v T T T v T T T T T L T
20 40 60 80 100 120 140
20 (degrees)
Figure 5

Bragg peak widths (full width at half-maximum in 26) as a function of 26
for the standards Si and Al,O;. The lines are fits for the experimental
FWHM values.

peaks are dominated by the contribution of large capillaries.
In Fig. 7(b) we show the experimental data and the refinement
results for two silicon reflections at high angles. The data were
obtained using a 0.3 mm-diameter capillary. Comparing with
the results obtained on I11 beamline at Diamond Light Source
(Thompson et al., 2011), we noticed that, for a similar angle
range, the linewidths from our results are about 54% larger.
Nevertheless, at low angles, the linewidths are small enough to
solve the great majority of the scientific cases related to X-ray
powder diffraction submitted to LNLS nowadays.

3. Facility access

Access to the Brazilian Synchrotron Light Laboratory is
merit-based. Researchers submit scientific proposals to XRD1
beamline once a semester. All proposals are independently
peer-reviewed and scored by an external scientific committee.
The execution of the accepted proposals is always (and only)
in the following semester. In the near future, it will be possible
to conduct experiments at XRD1 remotely. Further informa-
tion can be requested from the beamline coordinator by email
(alexandre.carvalho@Inls.br).

4. Conclusions

The commissioning of the first end-station of XRD1 beamline
is now complete and we are able to conduct high-quality X-ray
powder diffraction experiments. This is optimized for experi-
ments with low-absorption materials (such as medicines) in

6x10° : z
s
—~ 8
S 4x10°- 5
Q : =
&
‘» 545 550 555 56.0 565 57.0 57.5
5 2x10* 20 (degrees)
=
0. e
4 Lv A
T " T ¥ - T x T ¥ T ¥ T L T
20 30 40 50 60 70 80
20 (degrees)
Figure 6

Observed and calculated X-ray powder diffraction intensities for Al,O3
reference powder (NIST SRM 676a). Acquisition time: 140 s.
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(a) Reflection (311) of NIST standard Si (SRM 640d) analyzed inside
capillaries with three different diameters (0.3, 0.5 and 0.7 mm). (b)
Reflections (642) and (553) of Si obtained inside a 0.3 mm-diameter
capillary.

powder form. The instrumental resolution is sufficient to solve
the great majority of the scientific cases related to X-ray
powder diffraction submitted to LNLS nowadays. The devices
for variable-temperature measurements are operating well.
For low-absorption materials, we obtain good quality data
using either dynamic or isothermal processes. For superior
results with high-absorption materials, we suggest diluting

them before the measurements. A capillary reactor cell has
been developed and its commissioning is in progress. This and
other developments and improvements will be transferred to
the new X-ray powder diffraction beamline (Paineira) at the
new fourth-generation Brazilian synchrotron (Sirius).
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