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Abstract

The layout and characteristics of the hard X-ray spectroscopy beamline (BL11B) at the Shanghai synchrotron radiation
facility are described herein. BL11B is a bending-magnet beamline dedicated to conventional and millisecond-scale quick-
scanning X-ray absorption fine structures. It is equipped with a cylindrical collimating mirror, a double-crystal monochro-
mator comprising Si(111) and Si(311), a channel-cut quick-scanning Si(111) monochromator, a toroidal focusing mirror,
and a high harmonics rejection mirror. It can provide 5-30 keV of X-rays with a photon flux of ~5x 10'! photons/s and an
energy resolution of ~ 1.31 x 10~ at 10 keV. The performance of the beamline can satisfy the demands of users in the fields
of catalysis, materials, and environmental science. This paper presents an overview of the beamline design and a detailed

description of its performance and capabilities.

Keywords Bending magnet beamline - X-ray absorption fine structure - Quick-scanning XAFS - In situ - Synchrotron
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1 Introduction

X-ray absorption fine structure (XAFS) spectroscopy is an
important experimental method for synchrotron radiation
facilities. It is characterized by element selectivity and local
structure sensitivity, which renders it effective for investigat-
ing the local atomic and electronic structures of matter [1,
2]. Owing to the rapid development of XAFS spectroscopy
in recent decades, it has been widely used in cutting-edge
research fields such as energy materials, catalysis, and envi-
ronmental science [3—13]. The demand for X-ray absorp-
tion spectroscopic techniques to dynamically characterize
the structures of various reactions is increasing owing to
the continuously increasing effort toward scientific stud-
ies [14—17]. In particular, for some chemical reaction pro-
cesses, the continuous structural evolution of materials,
which involves reaction conditions and times, imposes new
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requirements for the development of in situ experimental
techniques [18-24]. Currently, owing to the XAFS scanning-
time limit of 10-30 min [25, 26], in situ characterization is
generally performed through an alternative “quasi-in situ”
protocol, in which the external conditions are fixed at a cer-
tain position for data acquisition, followed by a change in
the conditions for the next acquisition. The obtained discrete
experimental data are used to predict the actual reactions.
Recently, quick-scanning monochromator instruments have
been successfully developed that allow rapid data acquisi-
tion in the subsecond time scale, thereby outperforming
the conventional XAFS technique in terms of experimental
capabilities [27-30]. The quick-scanning XAFS technique
is advantageous for the real-time and dynamic monitoring
of reaction processes and understanding the intrinsic mecha-
nisms underlying catalytic reaction processes.

In this regard, a hard X-ray absorption spectroscopy
beamline, BL11B, which is dedicated to conventional and
quick-scanning XAFS spectroscopy, was constructed at the
Shanghai Synchrotron Radiation Facility (SSRF) [31-35].
The beamline provides a wide energy range of energy (i.e.,
5-30 keV) based on a bending magnet source. The con-
struction of the beamline was completed in December 2019,
and it was officially opened to users in January 2021. As of
July 2023, BL11B has delivered ~ 6500 h to users, and more
than 300 research papers have been published in different
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scientific fields consequently. In the following section, we
describe the optical layout and characteristics of the BL.11B
beamline. Additionally, the versatile experimental environ-
ments and methods as well as the first commissioning results
are presented.

2 Beamline
2.1 Light source

The SSREF is a third-generation synchrotron radiation light
source composed of a 3.5 GeV electron storage ring, a full
energy booster, and a 150 MeV linear accelerator [32]. The
electron-beam current in top-up mode is 300 mA. A bending
magnet is used as the photon source for the BL11B beam-
line as it offers a low thermal power density, thus reducing
the thermal load of the optics and improving the beamline
stability. A bending magnet can provide a wide energy spec-
trum, which is essential for extended X-ray absorption fine
structure (EXAFS). The most important specifications of
the bending magnet source and BL11B beamline are sum-
marized in Table 1.

2.2 Beamline optics

A schematic illustration of the BL11B beamline is shown in
Fig. 1. A water-cooled four-blade slit is equipped at 18.2 m
from the source, which controls the maximum acceptance
angle of the white beam to 1.5 mrad X 0.17 mrad. The main
optical elements are described as follows:

2.2.1 Collimating mirror

The collimating mirror is the first optical element down-
stream of the white-beam slit. It collimates a white beam
in the vertical direction to improve the energy resolution.
Additionally, it can increase the vertical acceptance of the
focusing mirror to increase the X-ray flux.

In BL11B, the collimating mirror is placed 19.65 m from
the source. It is a cylindrical mirror bent from a plane mir-
ror, whose tangential curvature radius can be adjusted via a
bending mechanism. The mirror comprises a single-crystal
Si substrate with Rh and Pt coatings, with each coating
measuring 1000 mm (length) x40 mm (width) and featur-
ing incident angles of 3.5 and 2.8 mrad, respectively. Owing
to the two coatings, the collimating mirror affords an energy

Table 1 Specifications of bending magnet source and BL11B beamline

Parameters of storage ring

Parameters of bending magnet

Storage ring current (mA) 300
Electron energy (GeV) 35
Horizontal emittance (nm-rad) 422
Horizontal electron size (pm) 72.99
Horizontal electron divergence (prad) 118.6
Vertical electron size (pm) 23.24
Vertical electron divergence (prad) 1.947

Magnetic field intensity (T) 1.27

Critical energy (keV) 10.346

Acceptance angle (mrad?) 1.5x0.17

Maximum photon flux (phs/s/0.1%BW) 1.74x10%@7.5 keV
Power density (W/mrad?) 310

Total radiant power (W) 66.2

Coupling ratio 1%

5 gt“&
& & e
Q‘?é\c. v \\é \\‘Q\\
& = ®
‘bz“bw% ‘
Y
[y
A
Y [ ] 1 | ! Y 0
. A [ I | I A = ®
I I I I I I I I I
Om 18.2m 19.65m 22.55m 23.9m 27.5m 39m 40.45m 41.25m

Fig. 1 (Color online) Schematic illustration of optical layout of BL11B beamline
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Fig.2 (Color online) Simulated reflectivity of Pt and Rh coatings of
collimator mirror [33]

range of 5-30 keV and exhibits high reflectivity, as shown
in Fig. 2. The two coatings can be switched via the horizon-
tal translation of the mirror in the vacuum chamber. Owing
to the different incident angles, the switching of the coat-
ings will change the height of the downstream optical path.
Therefore, the height of the optical elements after the col-
limation of the mirror must be adjusted. To reduce thermal
deformation on the mirror surface, the edge of the substrate
is water cooled using a copper clamp.

2.2.2 Monochromators

To satisfy the different experimental requirements, an inde-
pendent double-crystal monochromator (DCM) system and
a quick-scanning monochromator system were installed
sequentially at the BL11B beamline, as shown in Fig. 3.
The DCM system is located at 22.55 m from the source
and comprises two sets of flat silicon crystals, i.e., Si(111)
and Si(311). Si(111) crystals are suitable for intermediate
energies of 5-18 keV, whereas Si(311) crystals are used for
high energies of 10-30 keV. Meanwhile, Si(311) can provide
a higher energy resolution to satisfy specific experimental
requirements. The two crystal sets can be easily switched
via a horizontal translation mechanism outside the vacuum
chamber. The monochromator is designed for bounce-up
operation with a fixed-exit beam offset of 20 mm. When the
Bragg angle is changed, the second crystal propagates in a
cascade along the Z-direction to maintain a constant 20 mm
beam offset between the exit and incoming beam. A coarse
stepper motor and a fine piezoactuator are used to adjust
the crystal parallelism. When the two sets of crystals must
be removed from the beam path, the vertical stepper motor

IR

Fig.3 (Color online) Independent monochromator systems equipped
at BL11B. Left: double-crystal monochromator. Right: quick-scan-
ning channel-cut monochromator

can be operated such that the crystals shift up and down
simultaneously.

The quick-scanning monochromator system is located
23.9 m from the source. It comprises a Si(111) channel-cut
crystal that can encompass an energy range of 5-26.5 keV.
The rapid rotation of the crystal is afforded by a direct-
drive torque motor with a small oscillatory amplitude of
approximately 4°. The oscillation frequency and amplitude
of the crystal can be adjusted rapidly and smoothly. The
drive mechanism is mounted coaxially inside a Huber 430
goniometer. The goniometer precisely aligns the center angle
of the channel-cut crystal based on the selected absorption
edge, and a torque motor is used to drive the oscillatory
movement of the crystal during the QXAFS operation. The
maximum oscillatory frequency of the channel-cut crystal is
50 Hz, which results in a time resolution of 10 ms. In addi-
tion the QXAFS operation, we can adjust the goniometer
to perform a conventional step scan. For the channel-cut
crystal, the two reflection surfaces of the crystal are rigidly
connected, thus resulting in high stability during EXAFS
scanning. Considering the relatively low heat load of the
bending magnet source, both types of monochromators are
water cooled.

To satisfy the requirements of different experiments,
the two sets of monochromators can be switched rapidly.
When the stepping-scanning mode of the DCM is required,
the channel-cut crystal should be laid flat and shifted down
to remove the crystal out of the beam path. When the
quick-scanning mode of the channel-cut monochromator
is required, the DCM crystals are laid flat, and the crystal
spacing is increased to allow the white beam to pass through
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them. Additionally, the attitude and height of the focusing
mirror are adjusted to optimize the spot size and photon
flux at the sample position. The switching process can be
completed within 30 min.

2.2.3 Toroidal focusing mirror

Following the monochromators, a toroidal focusing mirror
that is bent from a cylindrical mirror is installed 27.5 m from
the source. It focuses the parallel and divergent beams in the
vertical and horizontal directions to the sample, respectively.
The focusing mirror is shown in Fig. 4. Similar to the col-
limating mirror, it comprises two strips of cylindrical single-
crystal Si substrates with Pt- and Rh-coated regions. The
Pt-coated region features an incident angle of 2.8 mrad and
a sagittal radius of 51.3 mm. The Rh-coated region features
a grazing angle of 3.5 mrad and a sagittal radius of 64.2 mm.
These two coating regions can be bent to the theoretical
meridional radius, i.e., 19.6 and 7.9 km, respectively, via
a stepper motor. The mirror is placed horizontally down-
ward and 27.5 m from the source. To minimize the effect of
aberration caused by the toroid focusing mirror, a horizontal
focus ratio of 2:1 was implemented by placing the sample
13.75 m downstream of the focusing mirror.

2.2.4 Harmonics-rejection mirror

To realize high-quality XAFS experiments, a specific har-
monics-rejection mirror is necessitated to suppress the high-
order harmonics photons of the crystal monochromators.
The harmonics-rejection mirror was placed 40.45 m from
the source and on an optical table in the experimental end-
station, as shown in Fig. 5. It comprised two planar mirrors

Fig.4 (Color online) Toroid focusing mirror system equipped at
BLI11B
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placed face-to-face and parallel to each other to maintain the
beam direction. Moreover, it featured three reflection regions
with different coatings, i.e., Si for 5-7, Cr for 6.5-11, and Rh
for 7.5-15 keV. For energies above 15 keV, the harmonics-
rejection mirror was shifted directly out of the beam path
owing to the negligible high-order harmonics. Combining
the above with the collimating and focusing mirrors, the
higher-harmonic contents can be reduced to less than 107,
thus satisfying the requirement of high spectral purity for
XAFS experiments.

3 Experimental end-station

The experimental end-station hutch was located
37.35-45.35 m from source and measured 8 m
(length) X 3.5 m (width) X 3.4 m (height). Various hardware
communication control cabinets, instruments, and equip-
ment were equipped in the hutch, including optical tables,
detector systems, sample stages, in situ sample cells, and
other auxiliary equipment.

The experimental platform was an optical table, on which
most of the instruments were placed, as shown in Fig. 5. A
harmonics-rejection mirror chamber was placed on an opti-
cal table. A high-precision four-blade slit was connected to
the outlet of the harmonics-rejection mirror chamber and
was used to shield stray X-rays. Furthermore, it can limit
the spot size of the monochromatic X-rays on the sample,
depending on the experimental requirements. After the slit,
detector systems and a sample stage with vertical and hori-
zontal translations with micrometer accuracy were installed.
An automatic gas-distribution system was used to deliver
gas to the ionization chambers, thus achieving the optimal
distribution of He, N,, Ar, and Kr gases at different ener-
gies in the ionization chambers. The automatic gas-inflation
function was integrated into the data-acquisition software
and operated with a single click.

3.1 Experimental methods
3.1.1 Transmission-mode XAFS

Transmission measurement is the basic principle of XAFS
spectroscopy and is typically performed on concentrated
samples (generally > 5 wt%). The setup for this measurement
is shown in Fig. 6. Three parallel-plate ionization chambers
are set in a straight line and the sample is placed between
the first two ionization chambers, whereas a reference foil
is placed between the second and third ionization cham-
bers. This layout is useful for monitoring slight shifts in the
absorption edges. Several standard foils have been measured
at room temperature in this mode as reference.
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Fig.5 (Color online) Schematic diagram of experimental station at BL11B

Sample Foil

X-rays I

Fig.6 Arrangement for transmission and fluorescence XAFS meas-
urements. Green region represents fluorescence-sample direction. I,
I,, I,, and I; indicate X-ray intensities from first, second, and third
ionization chambers as well as fluorescence detector, respectively

Typically, the L; edge of the Pt foil is measured at
BL11B, as shown in Fig. 7. It exhibits excellent quality with
sharp absorption features and a low noise of k3-x(k), which
extends to high wavenumbers of up to 20 A~ (more than
1500 eV above the edge). In most studies, an energy range
of 800-1000 eV above the edge is sufficient and allows all
EXAFS spectrum data to be measured within 10 min.

3.1.2 Fluorescence-mode XAFS

For samples with low absorbing-element concentrations
or those that cannot be penetrated by X-rays, fluorescence
measurements are the best option. The layout for such
measurements is shown in Fig. 6. A fluorescence detec-
tor is placed perpendicular to the beam path on the side
of the sample. Four types of detectors for fluorescence
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Fig.7 L;-edge absorption spectra of Pt metal foils measured in trans-
mission mode at BL11B; inset shows k3~x(k)

measurement are equipped at BL11B. The most commonly
used detector is the Lytle-type detector [36], which is an
ionization chamber with a large detection area. The second is
the PIPS detector (Mirion Technologies, Inc.), whose rapid
response enables effective conventional XAFS and QXAFS
measurements [37]. These detectors cannot distinguish
between X-ray photons of different energies. The other two
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detectors include a monolithic 36-pixel high-purity germa-
nium detector [38] (Canberra) with XIA FalconX electronics
and a four-element silicon drift detector [39] (SDD, Hitachi
Vortex) with Xspress3 electronics. These detectors feature
high energy resolution and are optimal for measuring sam-
ples of lower concentrations.

Typically, the spectra of a Co;0, sample with a Co con-
centration of approximately 0.5 wt% is measured at BL11B.
As shown in Fig. 8, the normalized spectra and kS'X (k) with
different detection modes and detectors are almost identical.

For ultralow-concentration or complex systems, the SDD
is advantageous for XAFS measurements. For comparison,
we measured a sample with 0.5 wt% Pt supported on Fe,0,
using Lytle and the SDD, respectively, as shown in Fig. 9.
Because of the strong background fluorescence signal of Fe,
the signal-to-noise ratio of the spectra acquired by the Lytle
detector was unsatisfactory. By contrast, the SDD exhibited
a high energy resolution and easily separated the fluores-
cence signal of Pt from the background. Additionally, the
SDD acquired much better data quality, thus demonstrating
that it can acquire high-quality absorption spectra of com-
plex systems or ultralow-concentration systems.

3.1.3 QXAFS

The time-resolved XAFS technique is effective for investi-
gating dynamic structural changes in materials during physi-
cal processes or chemical reactions [40]. The quick-scanning
monochromator system is described in Sect. 2.2.2 and the
data-acquisition system is described in Sect. 3.2. Both the
gridded ionization chambers [41] with a fast response time
(< 10 ps) and the parallel-plate ionization chambers with
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Fig.9 (Color online) Comparison of L;-edge XAFS of Pt/Fe,0; sam-
ple with Pt concentration of approximately 0.5 wt% acquired using
SDD and Lytle detector. Inset shows IS x (k)

a slow response time (~220 ps) can be used to perform
QXAFS measurements within a resolution of 100 ms to 1 s.

The XANES region of the Cu metal foil with an oscilla-
tion frequency of 25 Hz was measured. During the acquisi-
tion process, the angle encoder values changed over time, as
shown in Fig. 10. The measured “up” and “down” spectra
were identical, as shown in Fig. 11. The shoulder peak at
8981.3 eV was clearly distinguishable, thus exhibiting high
energy resolution.

In addition, the EXAFS spectra of the Cu metal foil with
an oscillation frequency of 5 Hz were measured to inves-
tigate the capabilities of the fast EXAFS measurements.
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Fig.8 (Color online) a Comparison of K-edge absorption spectra
of Co;0, samples with different detection modes. b Comparison of
extracted k*-weighted EXAFS at Co K-edge of Co;0,. Spectrum
of sample with Co concentration greater than 5 wt% is measured in
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transmission mode (black line, marked Co;0,-tran), whereas spec-
trum of sample with Co concentration of approximately 0.5 wt% is
measured in fluorescence mode using Lytle (red line, Co;0,-FY) and
PIPS (blue line, Co;0,-FY-PIPS) detectors, respectively
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Fig. 10 Angle encoder values based on oscillation frequency of
25 Hz over time. Direction of increasing the energy is defined as
“up”, whereas direction of decreasing energy is defined as “down”. A
40 ms cycle period comprises “up” and “down” spectra [42]
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Fig. 11 (Color online) “Up” and “down” XANES spectra meas-
ured at Cu K-edge of Cu metal foil at oscillation frequency of 25 Hz
(20 ms per spectrum). Although angular encoder values for “up” and
“down” XANES spectra differ, they can be corrected using a standard
Cu metal foil

We compared the k>-weighted fine structures of a single
100-ms QXAFS spectrum and the conventional 10-min
step-scanning spectra, as shown in Fig. 12. The two
EXAFS spectra exhibited comparable results. Although
the QXAFS spectrum exhibited minimal noise in the high-
k region, the data quality was sufficient for precise struc-
ture analysis. These results show that BL11B can perform
time-resolved XAFS measurements on a millisecond scale.
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Fig. 12 (Color online) Extracted k*-weighted EXAFS at Cu K-edge
of Cu metal foil at quick-scanning mode in 100 ms (red) and step-
scanning mode in 10 min (black)

3.1.4 Insitu XASF sample environments

To facilitate in situ XAFS experiments at BL.11B, various
in situ cells have been developed, as shown in Fig. 13. They
include a high-temperature in situ cell (Fig. 13a), an elec-
trochemical in situ cell (Fig. 13b), and an ion battery in-situ
cell (Fig. 13¢).

3.2 Beamline control and data-acquisition system

The control system for all the beamline stations at the SSRF
uses the Experimental Physics and Industrial Control System
(EPICS), which is a widely used distributed control system
worldwide. All components in BL11B were controlled using
control software based on the EPICS.

The motion control system of BL11B comprises an
upper-layer operator interface (OPI), an input/output con-
troller (IOC), and a local area network that connects the OPI
and IOC. It uses Control System Studio, which is an Eclipse-
based set of tools developed by DESY, SNS, and BNL, to
design the control and display the interface of the system.

The data acquisition [43, 44] in BL11B was com-
piled using the QT software, which is an across-platform
C+ + GUI application-development framework that can be
combined with the Python scripting software. It is an easily
controllable model for different types of hardware and fea-
tures a user-friendly graphical interface. It integrates several
functions, such as automatic gas distribution, monochroma-
tor control, harmonics-rejection mirror control, detector con-
trol, and data acquisition, thus significantly improving the
efficiency and reliability of XAFS measurements. Figure 14
shows a schematic illustration of the XAFS measurement
system.
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Fig. 13 (Color online) Various
XAFS in situ cells. aThe high-
temperature in situ cell, b the
lectrochemical in situ cell, ¢ the
ion battery in-situ cell

Fig. 14 Schematic layout of ﬂ
data-acquisition system at System
BL11B
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4 Beamline performance beamline was commissioned. The acceptance of the

BL11B beamline was conducted in December 2019. The

After the installation of the optical equipment and the  detailed commissioning results are summarized in the fol-
distribution of the control system were completed, the ~ lowing subsections.
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4.1 Energy resolution

Energy resolution is the most important parameter for a
spectroscopy beamline and depends on all the optical com-
ponents of the beamline [45]. An energy-resolution meas-
urement system was constructed at the BL11B experimental
end-station. The system comprises a Si(111) analyzer crys-
tal, a high-precision rotating stage, a Si PIN photodiode,
and software for motion control and data acquisition. A
schematic illustration of the measurement process is shown
in Fig. 15. The X-rays passing through the sample and ioni-
zation chambers hit the downstream analyzer crystal and
are diffracted into the Si PIN photodiode. Subsequently, the
photodiode records the X-ray intensity as a function of the
analyzer crystal’s Bragg angle [46].

The energy resolution of the beamline is sensitive to the
divergence of the incoming beam in the DCM crystal, which
depends on the bending radius of the cylindrical collimating
mirror. Therefore, the radius of the collimating mirror was
optimized meticulously. First, we set the analyzer crystal to
approximately 61.71° relative to the incident beam, which
corresponds to the Bragg angle of Si(444) at 8981.3 eV. A
series of different bending radii of the collimating mirror
was obtained using the stepper motor. For each bending
radius, we scanned the DCM from 8960 to 8990 eV and
obtained 1, I;, and Ig;ppy values simultaneously. The XANES
spectra of the Cu K-edge and the diffraction curves of the
analyzer crystal with different bending radii were obtained,
as shown in Fig. 16. Clearly, the height and width of the
diffraction curves varied with the bending radius of the colli-
mating mirror. When the bending radius approached the the-
oretical optimum, the diffraction curve exhibited the highest
amplitude and the minimum full width at half maximum

- WP . _—YTT L

Cu foil

(FWHM), as indicated by the black line in Fig. 16a. In other
words, the optimal bending radius that resulted in the high-
est energy resolution for the beamline was obtained. Mean-
while, the sharpest shoulder peak appeared at §8981.3 eV in
the Cu K-edge XANES spectrum, as shown in Fig. 16b. This
indicates that the energy resolution of BL11B satisfies the
requirements of XAFS measurements.

Subsequently, the beamline energy resolution was tested
quantitatively. The analyzer crystal was set to approximately
81.32° relative to the incident beam, which was approxi-
mately the Bragg angle of Si(555) at 10,000 eV. We meas-
ured the rocking curve of the analyzer crystal by obtaining
the Ig;p;y While scanning the Bragg angle at the optimal
bending radius of the collimating mirror. The rocking curve
for Si(555) is shown in Fig. 17. The energy resolution can be
expressed as AE/E= A@X cotdy, where 6 is the Bragg angle
of Si(555) at 10 keV, which is 81.32° theoretically, and A8
is the FWHM of the rocking curve, which is 176.5 arcsec in
this study. The total resolution is primarily reflected by the
convolution of the beamline energy resolution, the effect
of X-ray divergence, and the Darwin width of the crystal
analyzer. Based on calculations, the energy resolution of the
BL11B beamline exceeds 1.31 x 10 at 10 keV for Si(111)
of the DCM.

4.2 Photon flux

Using the DCM of the Si(111) crystal, the photon flux at
10 keV was measured using a parallel-plate ionization cham-
ber. The chamber was 15 cm long and filled with pure N,
gas at atmospheric pressure. The gain of the DLPCA-200
current amplifier used was 10° V/A. Using the Hephaestus

- [ - 1

__________

Fig. 15 (Color online) Energy-resolution measurement device, whose
schematic illustration is shown in dotted brown box in inset. Si PIN
photodiode is encapsulated in copper shell with aluminized paper

AN Y

window. Intensity of diffracted X-rays is sensitive to angle of analyzer
crystal due to its narrow Darwin width
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Intensity

Fig. 16 (Color online) Diffraction curves (a) and XANES spectra
(b) measured simultaneously. Different bending radii of collimating
mirror (CM) are adjusted by stepper motor. (a) As bending radius
deviates from theoretical value, diffraction spectra widen gradually,
and vice versa. Based on Gaussian fitting and calculations, black

software, the actual photon flux was calculated to be
4.98x 10! photons/s [47].

4.3 Spotsize

The beam-spot shape was displayed in real time using an
X-ray imaging detector (X-ray FDS 6.02MP, PSEL) placed
at the sample position. The detector was a SCMOS camera
with a scintillator (Gadox: Tb) coupled through a fiber-optic
input. Its pixel size was 4.54 pm X 4.54 pm, which was suffi-
cient for the precise commission of the beamline optics. The
spot size was measured by scanning the four-blade slits at
the sample position in the vertical and horizontal directions.
A parallel-plate ionization chamber was placed behind the

o Exp. data %
Fitting g

Intensity

81.33

6(°)

Fig. 17 Rocking curve of Si(555) at optimal bending of collimating
mirror. FWHM is 176.5 arcsec based on Gaussian fitting
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n(E)

Mcndmy fadius of (g

line exhibits the minimum FWHM, which corresponds to the opti-
mal bending radius. (b) Shoulder peak of Cu K-edge at 8981.3 eV in
XANES spectra becomes sharper as bending radius approaches theo-
retical value

four-blade slits, which recorded the X-ray intensity during
scanning. Vertical and horizontal spot sizes were obtained
by fitting the first derivative of the X-ray intensity. Fig-
ure 18 shows that the FWHM focused spot size was 214 pm

(H) X244 pum (V).

4.4 Stability

To verify the performance and stability of the beamline,
continuous EXAFS was performed on the Cu metal foil for
more than 130 times over 20 h, as shown in Fig. 19. All the
spectra in both the E- and k-spaces were almost identical
without a noticeable energy shift, thus demonstrating the
excellent long-term stability and capacity of the beamline
for continuous measurements over a long duration.

The static beam positions on the sample were monitored
using a quadrant beam position monitor when using the
DCM. Assuming that the change in the beam position in
the horizontal direction was much smaller than that in the
vertical direction, we focused on the vertical position stabil-
ity over time, as shown in Fig. 20. The standard deviation
was approximately 0.27 pm, which demonstrates favorable
stability at the beam position.

4.5 Experimental results

The overall performance of BL11B was first demonstrated
by measuring the K-edge XAFS spectrum of the Cu metal
foil in transmission mode, as shown in Fig. 21. Both the
XANES spectrum with a clear shoulder peak and the
k>-weighted EXAFS spectrum up to 18 A~ confirmed the
high performance of BL11B.
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Fig. 18 Focused spot size at
sample position. a Horizon- a
tal and b vertical beam-spot
profiles. FWHMs obtained via
Gaussian fitting
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Fig. 19 (Color online) Comparisons of XANES of Cu metal foil in
continuous cycle. All spectra in E-and k-spaces are coincident with-
out energy shift

standard deviation: 0.27 um
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Fig.20 Vertical position of beamline spot with time. Effects of low-
frequency oscillations and electron-beam slow drifts are removed via
high-pass filtering

Fig.21 K-edge XAFS of Cu metal foil. Green line in lower inset
indicates XANES feature, and blue line in upper inset indicates k-
weighted EXAFS in k-space

5 Summary and conclusion

The BL11B beamline at the SSRF is dedicated to conven-
tional and millisecond-scale QXAFS spectroscopy. The
beamline is currently in operation and has been available
for general user proposals since January 2021. The BL11B
beamline offers a wide energy range (i.e., 5-30 keV), a
submillimeter-focused spot size, high energy resolution
and stability, and various types of in situ experimental
equipment. Various experimental techniques have been
developed, including transmission XAFS, fluorescence
XAFS, QXAFS, and in situ XAFS. Consequently, more
than 300 papers have been published in various scientific
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fields, thus demonstrating the excellent performance of the
beamline. Meanwhile, new experimental techniques are
being devised, including the combination of XAFS, XRD,
and high-energy-resolution XAFS, which are expected to
be operable by the general user community in the future.
In conclusion, the BL11B beamline is an effective research
platform for the fields of energy materials, catalysis, envi-
ronmental science, and condensed matter physics. Further-
more, the beamline is advantageous to industrial applica-
tion studies.
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