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Resonant Inelastic Soft X-ray Scattering  

R esonant inelastic X-ray scattering (RIXS) is a ‘pho-
ton in – photon out’ technique. In a RIXS process, 

monochromatic X-rays induce electronic excitations 
through a core-valence resonance to enhance the 
scattering cross section. The energy and momentum 
of the excitations are deduced from the energy loss 
and the momentum change between the incident 
and scattered X-rays. The resonant characteristic en-
ables the chemical specificity of RIXS. Beamline 41A, 
one TPS phase-I beamline, is designed for the study 
of the electronic and magnetic properties of strongly 
correlated-electron materials. Using a novel mono-
chromator-spectrometer design, this setup enables 
measurements of high-resolution resonant inelastic 
soft X-ray scattering. This beamline is optimized for 
cutting-edge research of low-energy excitations 
involved with the interplay between charge, spin, 
orbital and lattice degrees of freedom. Excitations of 
phonons, mignons, orbitons, electron pairs, band gap 
etc. are the focused topics. 

The photon source of TPS 41A originates from two 
elliptically polarized undulators in series in a 12-m 
straight section of TPS with a double-minimum 
β-function to enhance the brilliance. Each EPU has 
length 3.2 m and period length 48 mm. The brilliance 
of the EPU tandem in energy range 400-1200 eV is 
greater than 1 x 1020 photons s-1 m r-2 mm-2 (0.1% 
BW)-1 and the flux is above 1 x 1015 photons s-1 mr-2 
mm-2 (0.1% BW)-1. In this energy range, the calculat-
ed beam sizes (FWHM) of the soft X-rays are 385 μm 
(horizontal) and 29 μm (vertical); the beam diver-
gences range from 18 to 26 μrad in the horizontal 
direction and from 14 to 22 μrad in the vertical direc-
tion.

Figure 1 shows the focusing optics in vacuum before 
the grating monochromator. The first optical element 
is a water-cooled horizontal-focusing mirror (HFM) 
positioned at distance 25.805 m from the center of 
the EPU tandem. The second optical element is a 
vertical plane mirror (VPM) located 1.2 m away from 
the HFM. A bendable water-cooled vertical focusing 
mirror (VFM) with demagnification 28.2 at distance 
1.2 m from the VPM focuses the X-ray beam onto 
the entrance slit of the monochromator. The dis-
persed soft X-rays are filtered with an exit slit to set 
the energy bandwidth of the incident photons. To 
achieve a high resolution of RIXS measurements with 
a satisfactory throughput, the optimization of the 
surface profiles of VFM and gratings is crucial. For TPS 
41A, an active-optics design is used for the VFM and 
gratings to eliminate this effect. A specially designed 
bender is used to change the curvature of the VFM 
and to correct for thermal deformation created by 
incident photons. This bender exploits 19 parallel 
ridges glued to the back of the Si grating substrate 
to correct for a local deformation as shown in Fig. 2. 
The estimated vertical FWHM beam size at the en-
trance slit is 1 μm, so a small photon source enabling 
high-resolution RIXS. With a horizontal refocusing 
mirror placed 0.6 m before the sample and a vertical 
beam size 5 μm set by an exit slit that gives incident 
energy bandwidth 90 meV, the FWHM beam size at 
the sample is about 5 x 5 μm2. To achieve a high ener-
gy resolution and highly efficient RIXS measurement, 
an energy-compensation scheme1 of grating disper-
sion for inelastic X-ray scattering is adopted. Incident 
X-rays from an entrance slit are focused and dispersed 
with a grating monochromator onto a sample with 
a selected energy bandwidth. Scattered X-rays are 
focused and dispersed onto a detector with a grating 
spectrometer. This scheme has two important fea-

Fig. 1: The focusing optics in vacuum before the grating monochromator.
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tures: the energy-loss spectra are measured through 
the superposition of the inelastic scattering excited 
with incident X-rays of varied energy within the 
bandwidth of the monochromator, as demonstrated 
in Fig. 3(a), and the measurement efficiency is pro-
portional to that energy bandwidth. Hence this novel 
design greatly enhances the measurement efficiency 
of inelastic scattering of soft X-rays. The energy-com-
pensation principle for RIXS has been successfully 
tested at TLS 05A. The results lead us to conclude 
that the energy-compensation principle is effective 
for soft X-ray spectroscopy, and greatly increases the 
measurement efficiency of RIXS.2 Users have bene-
fited from this design to study the low- energy exci-
tation of transition-metal oxides, such as the collec-
tive excitations in electron- and hole-doped cuprate 
superconductors,3 Raman- and fluorescence-like RIXS 
excitations of doped superconducting cuprate,4 and 
orbital engineering in nickelate heterostructures 
driven with anisotropic oxygen hybridization.5 Our 
simulations show that the expected energy-resolv-
ing power of the TPS 41A setup will be better than 
60,000 for photon energies from 500 eV to 1000 eV. 

The key optical components of TPS 41A are an active 
grating monochromator (AGM) and an active grat-
ing spectrometer (AGS). Both gratings have a line 
density of varied line spacing (VLS). Two heavy-duty 
highly precise manipulators are used to position the 
two gratings with sub-micrometre precision in all six 
degrees of freedom.  The design of the two grating 
manipulator systems is similar to that of a hexapod 
manipulator; it is constructed with six rods connect-
ing a movable plate and a fixed base plate through 
linear slides. The linear and angular resolutions are 
0.1 μm and 0.1 μrad, respectively; the linear and 
angular positioning ranges are ± 8 mm and ± 0.5°, re-
spectively. The heat load on the AGM can introduce a 
thermal bump on the grating surface and increase its 
slope error to 5 μrad (rms) or more. A bender design 
identical to that of the VFM is used for both AGM and 
AGS. The grating surface profile can be adjusted to 
eliminate any local deformation; the residual slope 
error is within 0.1 μrad. Comprising two bendable 

gratings, the AGM-AGS setup effectively diminishes 
the defocus and coma aberrations. Figure 3(b) shows 
a photograph of the AGM grating chamber with a 
positioning system that includes a pitch-scanning 
mechanism. 

The horizontal refocusing optics after the sample, 
the AGS grating and a two-dimensional charge-cou-
pled-device (CCD) detector are all mounted on a 
rotational platform that includes two movable gran-
ite blocks. The refocusing optics and the AGS grating 
are placed on one granite block and the CCD is on the 
other. Through an air-cushion mechanism, the AGS 
can swing about a vertical axis at the sample position, 
while the gap between the movable granite block 
and the fixed granite floor is between 30 and 35 μm. 
The scattering angle ranges from 17° to 163°. The de-
tection system includes a multilayer polarimeter and 
is equipped with CCD of single-photon sensitivity.  
Figure 4 shows a photograph of the RIXS chamber 
and the AGS scanning mechanism. 

Fig. 2: The bender exploits 19 parallel ridges glued to the back 
of the Si grating substrate to correct for a local deforma-
tion.

Fig. 3: (a) The energy compensation principle used for record-
ing the energy-loss spectra through the superposition 
of the inelastic scattering excited with incident X-rays of 
varied energy within the bandwidth of the monochro-
mator. (b) The AGM grating chamber with a positioning 
system that includes a pitch-scanning mechanism.

(a)

(b)
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To detect a single soft X-ray photon, the detector 
requires great sensitivity because only about 222 
electron-hole pairs can be generated with an 800-eV 
photon if a regular silicon-based detector is used. To 
meet the requirement of single-photon detection, a 
detector of high-energy transfer efficiency and low 
noise is required; a custom-made electron-multiplied 
CCD (EMCCD) without anti-reflection coating is used. 
The EMCCD is back-illuminated to avoid absorption 
by the device on the front side of a wafer. The cam-
era head is cooled to -40 °C; the data are transferred 
through an optical link to decrease electronic noise. 
Through the electron- multiplication mechanism, 
the ratio of signal to noise (SNR) is greatly enhanced. 
An average SNR can be more than 20 for an 800-eV 
photon event. This condition makes possible the 
detection of a single-photon soft X-ray. The CCD also 
requires small pixel sizes to achieve energy-loss mea-
surements of great energy resolution. Although the 
pixel size of EMCCD is 13 μm, a centroid algorithm 
will be used to achieve a sub-pixel spatial resolution. 
(reported by Wen-Bin Wu and Di-Jing Huang)
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Fig. 4: The RIXS chamber and the AGS scanning mechanism. Inset: a close-up view of the sample manipulator.


