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Fig. 1. Schematic layout of UXRD set up based on FEL, a group of Be lens is used for focusing the FEL.

/j%/\\
U Xsase

Electron beam

Kl 2 FEL Yy SASE =t 22
Fig. 2. SASE mode of FELP2.
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Fig. 3. (a) Softening of the coherent phonon in Bi at high carrier densities?!; (b) percentage of excited electrons as a function of in-

teratomic distance24],

SrEE

{4 FEL 5 CEEOLREN A 1922 RN RO A GaAs UGS B9 G HETE 25 [H]_E 4R &1, /N A SCHE SACLA 2% |-
R B K S AR, BT DX R R FEL U&7 AR 1 RO B S B4 23 18] 37 1)

Fig. 4. Time difference between the FEL and the femtosecond laser is manifested as a spatial modulation of the femtosecond laser

spot reflected by GaAs. The inset shows single-shot experimental data from the SACLA facility, where the bright contrast repres-

ents the spatial modulation of the femtosecond laser reflection spot induced by FEL excitation.
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(a) 27 JEIFIE T (A% R B € . FEL 280 33 3 6™ A= 59 1 20477 55 B HIA AR TR] T8, T T 5236 /9 0 2801 H 4R () 25 29,

(b) FEIH BOGHB P Ak 30 nm SEHEIRE, 51 E A (002)X 5T LR A7 50458 BE T W I 7= A= 35 14 A8 B A7 B 35 LI20)

Fig. 5. (a) Determination of the time zero in the Laue geometry. The first-order diffraction of FEL light through a transmission

grating is used as a timing tool, synchronized naturally with the zero-order light used for the experimentPd. (b) Pump laser induces

ultrafast melting of a 30 nm Bi film, causing a decrease in the intensity of the solid Bi (002) X-ray diffraction peak and the forma-

tion of a new liquid Bi diffraction ring L[/,

SRIM, Krasniqi 55 P7 38 33 X1 @621 54K (Ga, Mn)
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Fig. 6. GaggMng g9As was measured (solid circles) and simulated (solid lines) using XRD ove

Time delay/ps

(a)—(c) %ift; (d)—(f) 60 K;

r time at different temperatures and

phonon wavelengths?”: (a)—(c) At room temperature; (d)-(f) at 60 K; (g) UXRD signals measured below and above the Curie tem-

perature, and the inset shows the spin correlation function.
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70 fs

SO, [1—¢0 0]

Scattered
X-ray

LSNiO

CO [2¢0 1]
sample )

S
Fast-CCD
detector

Substraté Film height

&7

D) UK A% AR 4k (UXRD) 76 K (b) H i B 4 22 5 Ah A% 4% ok B 29

© 15
/ o‘g‘g{)’g’@ ?é‘g\ & Phase fronts:
P e 4
oo Oo Q ‘) Q 0 " 2 o Strictural |
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(a) AR ] R FPE X B2 (time resolved resonant elastic X-ray scattering, tr-REXS) Ml % 28; (b) 7E LaAlO;/
NANiOg 5 BT 45 14 RS i 21508 & 175 5 19 45 AH WV 1 06 7 B8 290 (o) il (4 2% 1Ak

SR WA T AL (tr-REXS

Fig. 7. (a) Typical tr-REXS measurement setup®); (b) schematic of the propagation of various phase fronts induced by femto-

second mid-infrared excitation in the LaAlO3/NdNiO; heterostructurel®; (c) the different propagation speeds of electronic excita-

tion (insulator to metal transition), magnetic order melting (tr-REXS measurement), and lattice changes (UXRD) in the film shown

in panel (b) .
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Fig. 8. (a) Schematic of FT-IXS. The grayscale image shows a multi-shot averaged thermal diffuse scattering pattern?®’; (b) evolu-

tion of phonon intensity as a function of pump-probe delay time at different momentum space positions®; (¢) phonon dispersion re-
lations obtained by performing a Fourier transform on the measurement curves from panel (b) 33
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Fig. 9. Time-resolved SASE XAS setup on the FLASH-MUSIX endstation: the Oth-order is used for pump-probe experiments, while

the 1st-order diffraction is employed for spectral signal normalization!.
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Fig. 10. (a) The UXRD and tr-RXES measurement setup. The pnCCD is used for tr-RXES collection, and the Be window separ-
ates the pnCCD from the vacuum of the experimental chamber while maintaining a high X-ray fluorescence transmission ratel®.

(b) Internal environment of the experimental chamber: the closed-loop helium cooling system is connected to the sample holder via

copper braids, providing cooling while also isolating vibrations!¢,
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Fig. 11. (a) Principle of tr-RXES measurement: when the valence band is occupied, transitions (represented by the red pulse) are

forbidden. However, when pump laser excitation induces a bandgap transition and creates holes, it leads to enhanced absorption.

This is followed by an emission spectrum resulting from the transition from energy level B to A. The B energy level can be in the

inner shell or near the bandgap. (b) Experimental observation of RXE data showing changes after time zero.

R

o i) 2R

SRS T

ﬁ e

12 SR HPE AR B O A [ I AR

Fig. 12. Simultaneous measurement concept of resonant elastic scattering and inelastic scattering.
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Fig. 13. Dynamic changes of three-dimensional magnetic ordering in SryIrO, under laser pumpingP”: (a) Intensity variation of the

(-3, —2, 28) magnetically ordered Bragg peak within 1 ps before and after laser pumping; (b), (c) the evolution of magnetic ordered

Bragg peak intensity over time after laser pumping at different intensities.
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Fig. 14. Schematic of the optical layout for a soft X-ray 2D-RIXS spectrometer.
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Fig. 15. (a) SHG signal generated by the 800 nm laser in the spin-orbit coupled metal CdyRe O, and the angular distribution of

SHG represents the polarization direction in the materiall®’); (b) soft X-ray FEL is applied to the graphite generating SHG (above),

and the resonance enhances the generated SHG signall*4l.
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Fig. 16. LCLS setup for hard X-ray and optical wave mixing.
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Fig. 17. Schematic view of the fs laser and FEL wave mix-

ing, the arrows represent the sequence of excitation and
generation of SFG and DFG*.
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Fig. 18. Schematic of the X-ray TG set-up: (a) The incid-
ent FEL light is split by a splitting mirror and then reflec-
ted by the DL1—4 mirror group to form two beams with
adjustable time delays, which overlap on the sample sur-
face to form the TGPZ; (b) the incident FEL pulse (blue) is
diffracted by a transmission phase grating. Interference
between the diffraction orders creates a periodic structure.
The probe pulse (red) is diffracted by the transient grating
onto the area detector. By adjusting the time delay of the
probe pulse, the dynamics of the sample following TG excit-

ation can be measured.
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SPECIAL TOPIC—Correlated electron materials and scattering spectroscopy

Advances in free-electron-laser based scattering
techniques and spectroscopic methods

Zhong Yin-Peng#  Yang Xia#
(Institute of Advanced Science Facilities, Shenzhen 518107, China)

( Received 5 July 2024; revised manuscript received 15 August 2024 )

Abstract

In 2005, the FLASH soft X-ray free-electron laser (FEL) in Hamburg, Germany, achieved its first lasing,
which began an intensive phase of global FEL construction. Subsequently, the United States, Japan, South
Korea, China, Italy, and Switzerland all began building such photon facilities. Recently, the new generation of
FEL has started to utilize superconducting acceleration technology to achieve high-repetition-rate pulse output,
thereby improving experimental efficiency. Currently completed facility is the European XFEL, ongoing
constructions are the LCLS-II in the United States and the SHINE facility in Shanghai, and the facility in
preparation is the Shenzhen superconducting soft X-ray free-electron laser (S?°FEL).

These FEL facilities generate coherent and tunable ultrashort pulses ranging from the extreme ultraviolet
to hard X-ray spectrum, which advances the FEL-based scattering techniques such as ultrafast X-ray scattering,
spectroscopy, and X-ray nonlinear optics, thereby transforming the way we study correlated quantum materials
on an ultrafast timescale.

The self-amplified spontaneous emission (SASE) process in FEL leads to timing jitter between FEL pulses
and the synchronized pump laser, influencing the accuracy of ultrafast time-resolved measurements. To address
this issue, timing tools have been developed to measure these jitters and reindexed each pump-probe signal after
measurement. This success enables ultrafast X-ray diffraction (UXRD) to be first realized, and a systematic
study of Peierls distorted materials is demonstrated. In addition, the high flux of FEL pulses enables Fourier
transform inelastic X-ray scattering (FT-IXS) method, which can extract the phonon dispersion curve of the
entire Brillouin zone by performing the Fourier transform on the measured momentum dependent coherent
phonon scattering signals, even when the system is in a non-equilibrium state.

The UXRD is typically used to study ultrafast lattice dynamics, which requires hard X-ray wavelengths. In
contrast, time resolved resonant elastic X-ray scattering (tr-REXS) in the soft X-ray regime has become a
standard method of investigating nano-sized charge and spin orders in correlated quantum materials on an
ultrafast time scale.

In correlated quantum materials, the interplay between electron dynamics and lattice dynamics represents
another important research direction. In addition to Zhi-Xun Shen's successful demonstration of the combined
tr-ARPES and UXRD method at SLAC, this paper also reports the attempts to integrate UXRD with resonant
X-ray emission spectroscopy (RXES) for the simultaneous measurement of electronic and lattice dynamics.

Resonant inelastic X-ray scattering (RIXS) is a powerful tool for studying elementary and collective
excitations in correlated quantum materials. However, in FEL-based soft X-ray spectroscopy, the wavefront tilt
introduced by the widely used grating monochromators inevitably stretches the FEL pulses, which degrades the
time resolution. Therefore, the new design at FEL beamlines adopts low line density gratings with long exit
arms to reduce pulse stretch and achieve relatively high energy resolution. For example, the Heisenberg-RIXS

instrument at the European XFEL achieves an energy resolution of 92 meV at the Cu L3 edge and
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approximately 150 fs time resolution.

In recent years, scientists at SwissFEL’s Furka station have drawn inspiration from femtosecond optical
covariance spectroscopy to propose a new method of generating two-dimensional time-resolved resonant inelastic
X-ray scattering (2D tr-RIXS) spectra. This method involves real-time detection of single-shot FEL incident
and scattered spectra, followed by deconvolution calculation to avoid photon waste and wavefront tilt caused by
monochromator slits. The SQS experimental station at European XFEL, built in 2023, features a 1D-XUV
spectrometer that utilizes subtle variations in photon energy absorption across the sample to induce spatial
energy dispersion. Using Wolter mirrors, it directly images spatially resolved fluorescence emission from the
sample onto the detector to generate 2D tr-RIXS spectra without the need for deconvolution. However, this
design is limited to specific samples. Currently, the S’FEL under designing has a novel 2D tr-RIXS instrument
that uses an upstream low line density grating monochromator to generate spatial dispersion of the beam spot,
allowing the full bandwidth of SASE to project spatially dispersed photon energy onto the sample.
Subsequently, an optical design similar to the 1D-XUV spectrometer will be employed to achieve 2D tr-RIXS
spectra, thereby expanding the applicability beyond specific liquid samples. These new instruments are designed
to minimize pulse elongation by fully utilizing SASE’s full bandwidth, approaching Fourier-transform-limited
RIXS spectra in both time and energy resolution.

Nonlinear X-ray optical techniques, such as sum-frequency generation (SFG) and second-harmonic
generation, are adapting to X-ray wavelengths and opening up new avenues for detecting elementary
excitations. The X-ray transient grating spectroscopy extends its capabilities to studying charge transport and
spin dynamics on an ultrafast timescale. The future development of these scattering methods provides unique
opportunities for detecting dynamical events in various systems, including surface and interface processes,

chirality, nanoscale transport, and so-called multidimensional core-level spectroscopy.
Keywords: free electron laser, ultrafast X-ray scattering, ultrafast X-ray spectroscopy, X-ray nonlinear optics
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