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Abstract
A soft X-ray energy materials research beamline (BL20U2), a branch of energy materials beamline (E-line), has been con-
structed in the Shanghai Synchrotron Radiation Facility (SSRF) Phase-II project. It is now operational for soft X-ray resonant 
emission spectroscopy (RXES) and soft X-ray resonant elastic scattering (REXS) investigations. Optical optimization was 
implemented for high performance, e.g., photon flux, energy-resolving power, and focus spot size. RXES experiments show 
that the energy range extends from 150 to 1500 eV. The elastic peak measured near titanium absorption edge (@445 eV) 
indicates an energy resolution of the RXES spectrometer of 65 meV. The measured photon flux is 3 × 10

12 photons/s at 
244 eV at the RXES sample position for an SSRF electron energy of 3.5 GeV and a projected ring current as 300 mA. The 
spot size at the RXES sample position is 23 μm in the horizontal direction and 7.9 μm in the vertical direction, respectively. 
Moreover, the angular resolution of elastic REXS scatterometer reaches 0.005° through measurement of X-ray reflection 
from the single-crystal silicon wafers. A sample of the REXS scatterometer is vibrationally decoupled from its chamber 
and cooled using copper braids connected from an open cycle liquid helium cryo reservoir, whereas the minimum sample 
temperature is below 15 K.
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1  Introduction

The Shanghai Synchrotron Radiation Facility (SSRF) is 
a third-generation medium-energy synchrotron radiation 
source, boasting excellent characteristics such as a wide 
wavelength range, high intensity, high brightness, collima-
tion, polarization, and quasi-coherence. It facilitates ground-
breaking research across diverse fields including life science, 
material science, environmental science, information sci-
ence, condensed matter physics, and chemistry [1–5]. The 
key scientific challenges in energy development and utiliza-
tion are inseparable from the development of materials sci-
ence, particularly the need to understand, from a fundamen-
tal level [6]. The construction of a comprehensive research 
platform that combines a wide-energy range with multiple 

methods is vital to overcoming the limitations of characteri-
zation techniques and advancing in-depth research on energy 
material systems. The establishment of a wide-energy mate-
rial beamline at SSRF can target the significant national 
energy strategy demands and support users in related fields 
to achieve significant scientific research results [7]. This 
beamline will address the diverse requirements of multiple 
disciplines and interdisciplinary fields. Herein, we report on 
the newly developed soft X-ray energy materials research 
beamline (BL20U2) in the SSRF Phase-II project [8], which 
is a branch of the energy materials beamline (E-line) [9]. 
BL20U2 at the SSRF comprises both a resonant emission 
spectroscopy (RXES) and a resonant elastic X-ray scatter-
ing (REXS) endstations. Herein, the RXES spectroscopy 
is suitable for revealing electronic characteristics including 
charge transfer (CT) during the redox process in the bulks or 
at the solid–liquid interfaces of battery materials, whereas 
the REXS scattering method can be applied to study and 
distinguish various spins, charges, orbitals, and lattice orders 
very directly.

 *	 Ying Zou 
	 zouy@sari.ac.cn

1	 Shanghai Synchrotron Radiation Facility (SSRF), Shanghai 
Advanced Research Institute, Chinese Academy of Sciences 
(CAS), Shanghai 201204, China

http://orcid.org/0000-0002-5195-2234
http://orcid.org/0009-0007-8187-6424
http://crossmark.crossref.org/dialog/?doi=10.1007/s41365-025-01849-3&domain=pdf


	 Z.-H. Chen et al.30  Page 2 of 12

To date, several soft X-ray beamlines have been equipped 
with similar RXES or REXS spectroscopic endstations, 
including the RXES beamline at the Advanced Light Source 
(ALS) (beamline 8.0.1) [10] and those REXS beamlines at 
the Diamond light source [11], Stanford Synchrotron Radia-
tion Light source (beamline 13-3) [12], and Canadian Light 
Source (REIXS Beamline)  [13]. These beamlines have 
become critical implements for scientific research to elu-
cidate electronic and magnetic states in energy materials.

Based on the demand of energy materials research and 
scientific characteristics, the design of the RXES spectrom-
eter for beamline BL20U2 has adopted the basic configura-
tion of the SLS spectrometer  [14] but has been tailored to 
satisfy domestic scientific research demands. The param-
eters of the RXES spectrometer have been finely tuned for 
optimal performance, including grating type, length, cur-
vature radius, grating line density, optimized energy point, 
entrance/exit arm length, charge-coupled device (CCD) 
pixels, and incident angle. The spectrometer operates in a 
wide-energy range of 150–1500 eV with a photon flux of 
3 × 1012 photons/s@244 eV at the RXES sample position, 
operating energy of 3.5 GeV at SSRF, and expected ring cur-
rent of 300 mA. The spot sizes are 23 μ m and 7.9 μ m in the 
horizontal and vertical directions, respectively, at the sample 
position of the RXES endstation. Meanwhile, the energy 
resolution of the RXES spectrometer reached 65 meV at 
the Ti absorption edge (445 eV), which is much larger than 
the design index of 90 meV. This enables resonance fluo-
rescence emission [15, 16], CT [17, 18], d–d excitation [19, 
20], multiplets [21], etc., to be investigated. Moreover, the 
first domestic soft X-ray REXS scatterometer, integrating six 
axis degrees of freedom for sample movement and three axis 
degrees of freedom for detector movement in an ultra-high 

vacuum environment, has been developed with reference to 
a CLS prototype scatterometer [22, 23]. The scatterometer 
with a minimum sample temperature as low as 15 K was 
achieved using copper braids cooling. Furthermore, an angu-
lar resolution of 0.005° degree was achieved, which is better 
than the design index of 0.01°.

2 � Beamline

SSRF is a third-generation synchrotron with an electron 
energy of 3.5 GeV and low emittance of 3.9 nm ⋅ rad [24]. 
The elliptically polarized undulator (EPU) of BL20U2 has a 
period length of 60 mm, 30 periods, and a maximum k-value 
of 5.3, which can span a soft X-ray range from 130  to 
1500 eV, covering the K-edge of nonmetal elements (B, C, 
N, etc.) and L-edge of most transition metals (Fe, Co, Ni, 
Mn, etc.) [25, 26].

2.1 � Beamline design

The optical configuration of the BL20U2 beamline is shown 
in Fig. 1a. The main optical components are plane mirrors 
(SM1, SM2, and SM3a), elliptical cylindrical mirrors (SM5 
and SM6), and a plane grating monochromator (PGM1). 
Figure 1b shows the site scene of the downstream optical 
hutch section of the beamline, whereby the beam comes in 
from lower left and passes through a mono-slit (exit slit), a 
post-focus mirror SM4, the REXS endstation, and a pair of 
post-focus KB mirrors (SM5/SM6), and reaches the RXES 
endstation at the terminus.

The beam emitted from the undulator propagates for-
ward to a plane mirror, SM1, which is located at a distance 

Fig. 1   (Color online) a Optical layout and b outside hutch site scene of the BL20U2 beamline
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of 14.63 m relative to the center of the undulator. The 
grazing incidence angle of the beam on the first mirror 
SM1 is designed as 1.2° to generate a large angular offset 
and separate another hard X-ray branch away from our 
beamline [8]. To block the Bremsstrahlung induced by 
SM1, a piece of iron tungsten nickel alloy with a size of 
(120 mm (H)× 120 mm (V)× 50 mm (L)) is employed as 
a radiation blocking material in the safety shutter at the 
front end.

The monochromatization is based on a variable line 
spacing monochromator (PGM1) and an exit slit. Three 
holographically ruled gratings with central line densities 
of 300 , 800 , and 1200 L/mm were selected, whereas a 
variable included angle is achieved using a tilting mirror 
SM2 in the monochromator. The grating monochroma-
tor focuses the beam vertically to the exit slit at 40.17 m. 
A plane mirror SM3a downstream the monochromator, 
marked by an orange dashed box (Fig. 1a), deflects the 
beam outside the optical hutch to the experimental area. A 
toroidal mirror, SM4, was designed to be moved in or out 
of the path to refocus and deflect the beam to the REXS 
station or go straight downstream. The source of the SM4 
mirror in horizontal direction locates at “0”, which is at 
the center of the undulator, whereas the vertical source 
originates from the exit slit at 40.17 m. Both sources are 
imaged by the SM4 mirror onto the REXS sample posi-
tion, 4 m downstream at 46.19 m. When the toroidal mir-
ror SM4 is offline, the beam passes through the REXS 
chamber and be refocused by an elliptical cylindrical mir-
ror SM5 in the horizontal direction and an elliptical cylin-
drical mirror SM6 in the vertical direction to the inelastic 
RXES endstation at 49.91 m. The source for the SM5 mir-
ror in the horizontal direction is upstream at the center of 

the undulator, whereas the source for the SM6 mirror in 
the vertical direction is at the exit slit.

2.2 � Beamline performance

The performance of the beamline including energy resolu-
tion, photon flux, energy range, and spot size at the RXES 
sample position is examined with the exit slit size set to 
40 μm.

2.2.1 � Energy range

The determination of photon energy range at BL20U2 
is conducted by detecting the X-ray absorption near 
edge structure (XANES) of aluminum (Al). The Al 1 s 
peak is located at 1559.6 eV, and the Al 2 s peak is at 
117.8 eV [27, 28]. The total electron yield (TEY) mode is 
employed to characterize the XANES spectra of a piece 
of single-crystal Al(100) at the RXES endstation. The 
TEY was measured under a ring current of 200 mA with 
a white slit size of 1000 μm × 3200 μm and an exit slit size 
of 40 μm . The acquisition scanning step for the spectra 
near the Al 1 s absorption peak is 0.25 eV, whereas the 
step near the Al 2 s absorption peak is 0.1 eV. The acqui-
sition time is 1 s at each energy point. The 2 s absorp-
tion spectrum of Al with an absorption peak position of 
118 eV is shown in Fig. 2a , whereas the Al 1 s absorption 
edge at 1560 eV is shown in Fig. 2b. These two meas-
urements demonstrate the photon energy range is from 
118 to 1560 eV, which exceeds that designed energy range 
between 130 and 1500 eV.

Fig. 2   TEY measurement of Al XANES features with the exit slit size at 40 μm. a Al 2 s absorption peak using 300 L/mm grating, b Al 1 s 
absorption peak using 800 L/mm grating
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2.2.2 � Energy resolution

An ionization chamber was installed downstream of the 
exit slit to measure the inner shell excitation spectra for 
standard gases, from which the beamline energy resolution 
can be obtained. The ionization chamber includes a vac-
uum cavity, leak valve with gas inlet, microchannel plate 
(MCP) detector, and nuclear electronics module (ORTEC 
584/996) for amplifying and counting ion pulses [29, 30].

The advantage of such a setup is that gas core–shell 
ionization spectra can be measured under a very low 
working pressure such that collision broadening becomes 
negligible. In our experiments, the spectra were recorded 
for a gas pressure of 1 × 10−6 Torr with a white slit size 
of 1000 μm × 3200 μm and an exit slit size of 40 μm . The 
spectrum peak measured bears a Voigt profile: a natural 
life time broadened peak with a Lorentzian linewidth ΔL 
convolved by the beamline instrumental resolution with a 
Gaussian width ΔG.

Figure  3 shows the core–shell excitation spectra 
for Ar obtained using the 300  L/mm grating. The Ar 
L2,3 absorption-edge transitions to the Rydberg levels 
2p3∕2 → 4s, 3d, 4d, 5d, 6d and 2p1∕2 → 4s were all observed, 
as shown in Fig. 3a [31]. The 2p3∕2 → 4s transition ( h� = 
244.39 eV) was used to characterize the energy resolution. 
The peak was simulated via a Voigt profile, assuming a 
Lorentzian linewidth ΔL = 112 meV [32, 33] and Gauss-
ian width of ΔG = 32.5 meV as the beamline resolution 
was deconvolved. This yielded a resolving power of 7518 
(relative energy resolution 1.33 × 10−4 ), shown in Fig. 3b, 
which surpasses the designed resolving power of 5000.

2.2.3 � Photon flux

The flux was measured under a synchrotron ring current 
of 200 mA. The photon flux at the expected RXES sample 
position was obtained using an AXUV100G photodiode, 
whose photocurrent, induced by its incident beam, is lin-
early proportionally to the flux. The EPU fundamental is 
tuned at 244 eV (near Ar L2,3 edge), precisely at which the 
energy resolution was assessed. The scanning energy range 
is between 220 and 260 eV, with a white slit size of 1000 μ m 
× 3200 μ m, and an exit slit opening of 40 μ m. The experi-
mental photon current obtained for the 300 L/mm grating 
at the EPU fundamental’s maximum is 2.81 μ A, as shown 
in Fig. S1 (Supplementary Material). The photon flux can 
be calculated according to the photoelectric conversion effi-
ciency of the photodiode, as shown in Eq. 1 [34]:

where I is the photocurrent (A) recorded by the photo-
diode at the sample position, e is the electron charge of 
1.6 × 10−19C , ΔEbeam is the energy broadening (eV) at 
244 eV, and IBC is the ring current (mA) during flux meas-
urement. The calculated photon flux reduced to a ring cur-
rent of 300 mA beam intensity at the RXES sample position 
is 3 × 1012 phs/s/0.1%BW, which is beyond the acceptance 
index of 2 × 1012 phs/s/0.1%BW.

2.2.4 � Beam spot sizes at the RXES sample

The vertical size of the beam spot at a sample is an important 
factor in determining the energy resolution of the RXES 
spectrometer, which is designed to be better than 10 μ m. 

(1)Flux = I × 3.66 × 300∕(e × IBC × ΔEbeam × 1000)

Fig. 3   Ion yield spectra measured with the 300 L/mm grating. The opening for the exit slit is 40 μm. a Excitation spectra for Ar gas at the Ar 
L-edge from 244.5 to 250.5 eV. b The resolving power is 7518, as calculated from the 2 p

3∕2-4 s transition peak. Color figure online
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An X-ray beam position monitor (BPM) system has been 
installed at the RXES endstation and ready to measure the 
spot sizes at any time. This system consists of a bottom-
mounted manipulator at the main chamber configured with 
a L-shaped blade and YAG:Ce scintillator and a downstream 
mounted AXUV100G photodiode. The YAG:Ce scintillator 
is employed to locate the X-ray beam position, whereas the 
photodiode is used to measure the photon intensity of direct 
soft X-ray beam.

The L-shaped blade is driven using stepper motors to scan 
across the beam spot at the supposed sample position, result-
ing in a step change of the intensity of photocurrent before 
and after shading. To obtain the spot profile in the horizontal 
or vertical direction, the step signal of the recorded photo-
current is taken as the first derivative, and the spot size is 
determined using its full width at half maximum (FWHM) 
value.

In our measurements, these scans were performed at 
244 eV with a white slit size of 1000 μm × 3200 μm and 
exit slit size of 40 μ m under a ring current of 200 mA. The 
measured beam spot size at RXES endstation is 23 μ m (H)× 
7.9 μ m (V), which is demonstrated in Fig. S2 (Supplemen-
tary Material). The vertical size (7.9 μ m) is considerably 
smaller than the designed value for the RXES spectrometer, 
which indicates a superior performance of the RXES spec-
trometer at the BL20U2 beamline.

Next, we compare the performance of the designed soft 
X-ray energy material beamline with that of the international 
similar soft X-ray resonant inelastic scattering beamlines, 
such as beamline 8.0.1 at the ALS and the ADRESS beam-
line at the Swiss light source. Beamline 8.0.1 initially covers 
the photon energy range between 130 and 650 eV, enabling 
the study of emission spectra of sulfur, carbon, nitrogen, 
and oxygen atoms in battery materials, achieving a sufficient 
resolving power of E∕ΔE ≥ 1200 [7]. The direct photon 
flux from the beamline monochromator is 1013 photons/s. 
At the sample position, the beam can be focused to a 
100 μm × 100 μm spot. In recent years, a high-throughput 
in-situ resonant inelastic X-ray scattering (iRIXS) endstation 
was developed at ALS beamline 8.0.1. The iRIXS endstation 
features two slit-less VLS spectrographs with different prior-
ities on efficiencies, both featuring a wide operation energy 
range up to 1500 eV [12]. In addition, the ADRESS beam-
line at the Swiss light source covers the 0.4 − 1.8 keV energy 
range. It has a high photon flux up to 1013 photons/s inci-
dent at the sample for a resolving power of approximately 
12,000, which enables the detecting energy scale from that 
of CT and crystal field multiple excitations to that of collec-
tive orbital and magnetic excitations [35]. Compared with 
these beamlines, the constructed soft X-ray energy materi-
als beamline has a wide-energy range ( 0.13−1.5 keV ) while 
also providing a decent photon flux (>3e12 cnts/s@244 eV) 
with a weighed up energy resolution (RP = E∕ΔE = 7518 ). 

These features make the beamline suitable for studying elec-
tron excitation related process(e.g., CT or d–d excitation) in 
battery and catalytic materials.

3 � RXES and REXS stations

3.1 � RXES station

The RXES endstation primarily contains a sample main 
chamber and RXES spectrometer. The main sample cham-
ber is a circular cavity with ultra-high vacuum standards, 
fabricated from SS316, and its base pressure is higher than 
2 × 10−10 mbar . A low-temperature five-axis sample manipu-
lator is top-mounted, with a variable temperature range of 
10–500 K. The sample chamber is vacuum interconnected 
with a fast loading chamber backup using a glove box to 
offer a seamless sample loading for environmental sensi-
tive samples. For enhanced efficiency of the fluorescence 
emission collection, two parabolic collection mirrors can be 
installed at the vicinity of the sample in the main chamber.

The RXES spectrometer is connected to the RXES sam-
ple chamber through its grating chamber. Soft X-rays irradi-
ate the surface of samples at an incidence angle of 45°. The 
important geometric parameters of the RXES spectrometer 
include the length of the entrance arm ( r1 ), length of the exit 
arm ( r2 ), incident angle ( � ) and diffraction angle ( � ) of the 
grating, curvature radius (R) of the spherical grating, and 
CCD detector inclination angle ( � ) (Refer to Fig. 4a). The 
entrance arm is at 80° to the incident X-ray and has a fixed 
length of one meter.

The RXES spectrometer adopts a configuration scheme 
of variable line spacing spherical gratings and a CCD detec-
tor [14]. The advantage of this scheme lies in fully utilizing 
the self-focusing characteristics of a variable line spacing 
grating to focus the fluorescence emitted by the sample on 
a focal plane, thereby effectively collecting the dispersive 
emission spectra in parallel using a CCD array detector with 
its detector plane coinciding with the focal plane, as shown 
in Fig. 4b.

According to the energy range and energy resolution 
requirements to be detected, three VLS gratings, referred 
as LEG, MEG, and HEG, with parameters as specified in 
Table 1, are employed to cover the photon energy range 
of 150 to 1500 eV. These parameters are optimized using 
the algorithm by Strocov [36] at energies of 225, 450 , and 
900 eV, respectively. The central line density (a0) of each 
spherical grating is proportional to the reference optimized 
energy value such that the curvature radius of each remains 
unchanged, thereby the entrance arm of the spectrometer 
remains stationary to simplify the mechanical design of the 
RXES spectrometer.
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The incident grating angle is precisely optimized to mini-
mize coma aberration at each energy, variable from 87.85° 
to 88.16° to cover the entire working energy range. Each 
grating is anticipated to have efficiencies of approximately 
21%(LEG), 14%(MEG), and 7%(HEG), respectively, when 
operating at an incident angle of 88°. The dispersed light is 
allowed to propagate in the exit arm until it strikes the CCD 
camera. The length of the exit arm can vary from 1800 to 
2130 mm to correlate the position of the CCD detector with 

the incident grating angle. The CCD detector has a device 
pixel size of 13.5 μm×13.5 μ m and operates at an inclination 
angle of 20° to match the effective pixel size to the charge 
distribution caused by a single photon. Ultimately, the CCD 
is cooled to −70 ◦C , significantly reducing dark current to 
negligible levels. The entire spectrometer system, compris-
ing the grating and CCD, is mounted onto a 3-m girder, as 
depicted in Fig. 4c. This configuration enables precise con-
trol over the vertical (Z motion) and transverse (X, Y motion) 
positioning of the spectrometer, ensuring accurate alignment 
with the scattered beam.

Various factors play important roles in determining the 
comprehensive energy resolution of the RXES spectrometer 
( ΔEspectrometer ), such as the size of the beam spot incident on 
the sample, resolution of the spectrometer grating, lengths 
of the RXES spectral arms, and pixel size and aberration 
in the dispersion direction of the detector. During the spec-
trometer’s design process, a theoretical energy resolution 
of 90 meV at 445 eV was proposed. In practice, the spec-
trometer energy resolution can be measured via the elas-
tic peak of amorphous carbon film samples with bandless 
structures [37]. The total broadening of the elastic peak is 
formed by the convolution of the bandwidth of the beam 
line itself ( ΔEbeamline ) and the energy resolution bandwidth 
of RXES spectrometer ( ΔEspectrometer ). Therefore, the energy 
resolution bandwidth of the spectrometer ( ΔEspectrometer ) 
can be obtained by subtracting the beam line bandwidth 
( ΔEbeamline ) from the peak width of the elastic peak ( ΔEtotal ), 
as expressed in Eq. 2:

The design index for ΔE spectrometer is set up for an energy 
of 445 eV because (1) it is near the absorption edge of 
titanium, one of the well-known transition metals used in 
oxide form as a photocatalyst; (2) it is close to the energy 
at which the MEG grating is optimized. Nevertheless, the 
beamline resolution at 445 eV has yet to be extrapolated 
out based on gas ionization spectra measured at 244 eV (Ar 
2 p3∕2 ) and 401 eV(N 1 s) in the same manner as described 
in Sect. 2.2.2. The measurements were performed with a 
white slit size of 1000 μm × 3200 μm and exit slit size of 
100 μ m under a ring current of 200 mA. The derived beam-
line broadening values ( ΔEbeamline ) are 56 meV(@244 eV) 
and 119 meV (@401 eV) using Voigt fitting, as shown in 
Fig. 5a and b. Herein, the beamline resolution at 445 eV is 
overestimated as 134 meV through extrapolation (Fig. 5c).

Next, we measured the elastic peak width of a carbon 
film sample with the RXES spectrometer at an incident pho-
ton energy of 445 eV (as shown in Fig. 6). A peak width 
of 4.95 pixels and a dispersion constant of 30 meV/pixel 
were recorded using the CCD detector, which provided a 
total broadening of 149 meV(ΔEtotal ). Through Eq. (3), the 

(2)ΔEspectrometer =

√

ΔE2
total

− ΔE2
beamline

.
Fig. 4    a Conceptual representation of the RXES spectrometer. b 
Configuration or arrangement of the RXES spectrometer. c Photo-
graph of the RXES spectrometer at the beamline BL20U2. Color fig-
ure online

Table 1   Main specifications of three varied line spacing gratings

Grating name LEG Item

MEG HEG

Energy range (eV) 130–330 300–800 600–1500
Grating line density (L/mm) 600 1200 2400
Blaze angle ( ◦) 1.4 ± 0.1 1.5 ± 0.1 1.6 ± 0.1
Curvature radius (mm) 41261.2 41261.2 41261.2



Design and performance of the soft X‑ray energy materials research beamline at SSRF﻿	 Page 7 of 12  30

beamline resolution has an overestimated value ( ΔEbeamline 
= 134 meV at 445 eV),

The resolution bandwidth of the RXES spectrometer 
is conservatively estimated to be smaller than 65 meV, 
which is significantly superior to the desired resolution 
(90 meV@445 eV). As double-checking, the total broad-
ening of the elastic peak at the incident photon energy of 
401 eV was measured. A peak width of 4.90 pixels and dis-
persion constant of 29 meV/pixel were registered. This pro-
vides a total broadening of 142 meV. For a beamline resolu-
tion of 119 meV, directly measured using N 2 gas ionization 
at 119 meV, the resolution bandwidth of the spectrometer at 
401 eV is calculated using Eq. 4,

(3)ΔEspectrometer =

√

1492 − 1342 = 65meV.
As a side note, this shows that for an energy (445 eV) close 
to the optimized energy point(450 eV), the resolution is 
greater than 77 meV. Moreover, the elastic peak at 244 eV 
(Ar L-edge) is depicted in Fig. 6d for the RXES spectrom-
eter. The photon energy of the Ar L-edge was calibrated 
according its dispersion constant (Fig. 6e).

To demonstrate the functionality of the RXES spec-
trometer, Fig. 7 presents an XAS and RXES study for 
anatase TiO2 nanocrystals. Figure 7a shows the Ti L2,3
-edge XAS spectra of TiO2 nanocrystals. The 3d-orbitals 
split into two different sublevels, t2g and eg , resulting from 
the spin orbit and other crystal field interactions, respec-
tively. Moreover, the eg sublevel undergoes an additional 

(4)ΔEspectrometer =

√

1422 − 1192 = 77meV.

Fig. 5   Beamline resolution measurement (exit slit size of 100 μ m) 
using a Ar gas ionization, the 2 p

3∕2 absorption peak, and its Voigt 
fitting; b N 

2
 gas ionization, the 1  s absorption peak, and its Voigt 

fitting. c Based on the measured value in (a, b), linear extrapolated 
beamline resolution at 445 eV is 134 meV, overestimated compared 
with the theoretical ray tracing value (152 meV). Color figure online
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Fig. 6   (Color online) a Raw CCD mapping of the elastic peak from 
an carbon film measured using the RXES spectrometer at 445  eV 
with exit slit size of 100 μm. b Binned and Gaussian-fitted line spec-

trum of the elastic peak. c Dispersion constant measurement around 
445 eV. d CCD mapping of the elastic peak at the Ar L-edge. e Cali-
brated photon energy at Ar L-edge (244 eV)

Fig. 7   (Color online) a TEY and b XES spectra obtained from differ-
ent incident photon energy (a–i) of nanocrystals TiO

2
 excited at Ti 2p 

threshold for the LV polarized configurations. c Schematic depiction 

of the Ti L
3
-edge RXES process. d TEY and e XES spectra obtained 

from different incident photon energies (a–h) of TiO
2
 excited at O 1s 

threshold. f O XES mapping near the O K-edge
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asymmetric splitting at the Ti L3-edge  [37]. Incident 
X-rays with energies near the Ti L3-edge (460 eV) excite 
the Ti 2p core electrons in the TiO2 sample, which has a 
total angular momentum of 3/2, into unoccupied 3d states. 
The excited electrons can then relax via primarily three 
distinct channels, as demonstrated by the RXES processes 
(Fig. 7c). One is the direct deexcitation without energy 
loss, which results in an “elastic” peak (Fig. 7b). Another 
channel is inelastic deexcitation, producing a low energy 
loss (LEL, <1 eV) owing to certain charge-neutral ele-
mentary excitations such as magnons and polarons. Both 
elastic and LEL processes occur ubiquitously, independ-
ent of the existence of d electrons in the valence shell. 
Another channel involves an inelastic process, whereby 
other electrons with energies lower than the photoexcited 
electron may refill the 2p core hole instead. For the TiO2 
( Ti4+ ) host lattice, after photoexcitation, electrons from the 
O 2p valence band may directly fill the Ti 2p core hole, 
emitting X-rays referred to as “O 2p” fluorescence [38]. 
Alternatively, an electron from adjacent O2− ions can vir-
tually hop into either the lower-energy t2g or the higher-
energy eg subshell of Ti4+ through a CT process. Subse-
quently, this electron may undergo decay in place of the 
photoexcited electron. Because both the O 2p fluorescence 
and CT process require large additional energy costs, they 
manifest in the RIXS spectrum within a high energy-loss 
region ( 4 − 11 eV , see Fig. 7b). A schematic depiction of 
the deexcitation details in the Ti L3-edge RXES process is 
shown in Fig. 7c.

The features observed in the O K-edge XAS of the 
TiO2 in the TEY mode (Fig. 7d) can be interpreted by the 
splitting of the 3d states, t2g and eg orbitals, which cor-
respond to electronic transitions from the O 1s orbital to 
a covalently mixed state derived from the O 2p and Ti 3d 
states of TiO2 , whereas the broader bands located between 
536 eV and 550 eV are related to transitions between the 
O 2p and Ti 4sp hybrid bands. The crystal field strength is 
defined as the energy difference between t2g and eg orbit-
als in the TiO2 . Generally, the eg orbitals are more easily 
affected by the local environment than the t2g bands [39]. 
Figure 7e shows RXES features of fluorescence peaks 
from the Ti3d–O2p and Ti4sp–O2p states near the O K-edge in 
TiO2 sample, corresponding to a decay from the relatively 
broad (delocalized) oxygen valence band states to fill the 
excited O1s core hole. The RXES intensity map presented 
in Fig. 7f is plotted with incident photon energy in the 
y-axis (the same as the x-axis in the XAS plot) against the 
emission energy in the x-axis.

The RXES sample manipulator is equipped with a LHe-
cryostat and cartridge heater (Lakeshore HTR-25-100). 
In actual operation, this configuration enables the sample 
temperature to be variable from a base tested temperature 

of 7.276 K to a high elevated temperature of 803 K (Fig. 
S3 in Supplementary Material), which surpasses the 
designed temperature range of 10–500 K.

3.2 � REXS station

REXS has emerged as a probing method with unique sensi-
tivities to spin, charge, and orbital long range order [40–44]. 
The key of the technique is to combine X-ray spectroscopy, a 
probe of electronic structure, with X-ray diffraction, a probe 
of spatial order. Through tuning the energy of X-ray to spe-
cific X-ray absorption edges, X-ray scattering can be made 
very sensitive to particular atomic orbitals of an element. 
This makes REXS valuable sensitive not only to specific 
elements but also to specific atomic orbitals (e.g., O 2p or 
Cu 3d states) of a given element, as well as the spin and 
symmetry of those orbitals (e.g., the projected O 2px states).

This REXS experimental station at the BL20U2 beamline 
is primarily composed of an ultra-high vacuum chamber, 
in-vacuum scatterometer, sample holder with cryostat, and 
vacuum interconnection system for sample transfer (Fig. 8). 
Among them, the core part is a four-circle UHV scatterom-
eter with a total of nine degrees of motion. The scatterometer 
has a full range of � and 2� motions, each spanning −20° to 
170°, and limited � and � motions, each spanning ±4.5°. 
In addition, the sample position can be moved ±7.5mm in 
the x, y, and z directions to position a sample into the center 
rotation of the scatterometer. In addition to these seven 
motions, the detector arm enables a height adjustment of 
90 mm to position any of the three detectors (a photodiode, 
channeltron, and CCD detector) into the horizontal scatter-
ing plane. A slit wheel with unlimited 360° rotation enables 
any one of ten slits to be positioned in front of the chan-
neltron. All of these motions are achieved using in-vacuum 
stepper motors. Either � or 2 � motion provides a designed 
precision greater than 0.01°.

For alignment adjustment and vibration isolation during 
the measurement process, the three stainless steel support 
screws at the bottom of the scatterometer are connected to 
the vacuum chamber through bellows to isolate the vibra-
tion passed on by the chamber wall. The three screws are 
fixed on a stainless steel chassis as a whole, and the chassis 
can be adjusted in two dimensions in the x and y directions 
within a range of ±2.5 mm and can move within a range 
of ±10 mm in the vertical direction (z), ensuring � and 2 � 
axis of the turntable intersects vertically with the beam of 
incident X-ray beam.

To test the rotation resolution of the in-vacuum REXS 
scatterometer, we trace the motion of the reflection peak 
of silicon wafer near 20° on the CCD camera upon � axis 
jogging. Each jogging rotates the sample rotation axis ( � ) 
with a fixed step of angular degree of 0.005°. The full test 
includes jogging in the same direction continuously more 
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than five times. At each position, the CCD detector is used 
to capture the reflection peak image, and the angle distribu-
tion is determined by binning or segmenting data along the 
vertical axis. The position of peak (pixel position) is fitted to 
obtain the number of crossed pixels, PX, upon each jogging. 
When PX ≥ 1 , the rotation resolution 0.005° is considered 
to be reached.

The measurements were performed at 244 eV with the 
CCD exposure time set as 1 s, a white slit size of 200 μm×

200 μ m, and an exit slit size of 40 μ m under a ring current 
of 200 mA. Figure 9 compares the positions of the reflected 
light spot on the CCD format before and after ten joggings; 
correspondingly, the detailed pixel position/crossed pixels 
of each jogging with a step size of 0.005° are tabulated in 
Table 2. From the test results, the average number of crossed 

pixels, PX = 1.34, is greater than 1 pixel. This showed that 
a minimum jogging size of 18 arcseconds (0.005°) was 
achieved. Therefore, we obtained a rotation resolution of 
0.005° for the REXS sample axis, which surpasses the 
design index of 0.01°.

The temperature of the sample holder is monitored and 
controlled using two silicon diode temperature sensors 
(Lakeshore DT-670B-SD), with one sensor close to the 
sample position and a second one on the second stage of the 
cryostat. The sample is heated using a 25Ω 100 W cartridge 
heater (Lakeshore HTR-25-100) located above the sample 

Fig. 8   (Color online) a Schematic of the REXS in-vacuum scatterometer. b Photograph of the REXS scatterometer at BL20U2

Fig. 9   Comparison of the positions of reflected beam on the CCD 
format before and after ten theta joggings

Table 2   Pixel position and crossed pixels of the reflected beam upon 
single � jogging as tabulated, the average crossed pixel is 1.34 ± 0.13

Sample rotation ( ◦) Item

Pixel position 
(pixel)

Crossed pixels (pixel)

20 323.98
20.005 325.29 1.31
20.01 326.73 1.44
20.015 328.12 1.39
20.02 329.66 1.54
20.025 330.96 1.3
20.03 332.25 1.29
20.035 333.38 1.13
20.04 334.81 1.43
20.045 336.02 1.21
Average crossed pixel 1.34 ± 0.13
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position. This heater is thermally connected but electrically 
isolated from the sample receptacle using a sapphire plate 
and ceramic hat washers. This is performed to eliminate 
leakage currents from the heater to avoid errors in the TEY 
absorption measurements by sample drain current. This con-
figuration of the heater enables the sample temperature to be 
increased from a base tested temperature of 14.837 K up to a 
high elevated value of 500.27 K (Fig. S4 in Supplementary 
Material), which surpasses the designed temperature range 
of 10–500 K.

4 � Summary

The BL20U2 soft X-ray energy materials beamline at SSRF 
has been constructed for inelastic RXES and elastic REXS 
experiments. The beamline is optimized by using two sets 
of post-focus mirrors for the two different experimental sta-
tion to ensure high performance. The beamline has a wide 
working energy range of 130 − 1500 eV . The tested photon 
flux at 244 eV is 3 × 1012 photons/s with a resolving power 
7519 at the RXES sample position for the SSRF electron 
energy of 3.5 GeV and an expected ring current of 300 mA. 
The RXES endstation measures a spot size of 23 μm hori-
zontally and 8 μm vertically. Meanwhile, the energy resolu-
tion of RXES spectrometer was verified as 65 meV at the 
Ti absorption edge (445 eV), which enables the study of 
fluorescence emissions, CTs, and d-d excitations or multi-
ples. A variable temperature of RXES sample stage range 
from 7.276 K to 803 K has been achieved, which surpasses 
the designed temperature range of 10–500 K. Moreover, the 
first domestic soft X-ray REXS scatterometer, integrating six 
axis degrees of freedom of sample movement and three axis 
degrees of freedom of detector movement in an ultra-high 
vacuum environment, has been developed. A controllable 
sample temperature range of 14.837–500.27 K has been 
achieved. A rotation resolution of 0.005° was confirmed at 
the scatterometer, which enables the REXS endstation to be 
used to study and distinguish between various spins, charges, 
orbitals, and lattice orders very directly and in considerable 
detail.
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